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ABSTRACT…….. 

Mine ventilation and cooling systems ensure adequate air temperature and flow in underground 

working areas. These are large and complicated systems that are integrated and interdependent. 

As underground mines expand to deeper and hotter levels where ore reserves are found, the 

efficient operation of ventilation and cooling systems becomes increasingly important. 

Simulations are vital tools in the planning and optimisation of mine ventilation and cooling 

systems. The dynamic nature of underground mining operations, fluctuating ambient conditions, 

and dynamic cooling systems lead to a system that is seldomly in a steady state. Only a simulation 

that incorporates a true instantaneous heat flux model can simulate the thermal history effect 

seen in deep-level mines accurately. 

Literature has shown the benefits of using true transient simulations that incorporate the thermal 

history effect. These studies applied true transient ventilation simulations to theoretical models or 

sections of deep-level mines and compared them with conventional steady-state simulations. 

There was therefore a need to apply a true transient simulation to entire mine ventilation systems 

and to integrate transient cooling simulation. 

This study developed a novel methodology for simulating integrated true transient ventilation and 

cooling systems for underground mines. This method incorporated the thermal history effect and 

can practically be applied to entire deep-level mine ventilation and cooling systems with different 

infrastructure and mining methods. 

The new methodology was used to develop simulations of three case study deep-level mine 

ventilation systems. Two of these case studies had integrated cooling systems providing 

secondary cooling to the mine. The case studies showed that a true transient simulation could 

accurately predict the underground airflow and temperatures. 

Comparisons with a conventional steady-state simulation showed that the new true transient 

simulation had increased accuracy, which improved planning and optimisation. The case study 

simulation showed an average improvement of 1.0°C in the maximum error of temperature 

predictions. The improved accuracy further validated the true transient simulation in real-life 

applications.  

Key words: Deep-level mines, ventilation, cooling, simulation, transient simulation.  
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CHAPTER 1: INTRODUCTION 

1.1 Background 

Ventilation systems are essential for the operations of underground mines [2]. These systems 

and supplementary cooling systems ensure conducive underground environmental conditions 

[3]–[5]. Mine ventilation councils enforce ever-stricter regulations to ensure the health and safety 

of underground workers [5]–[11]. 

Ensuring good underground environmental conditions is becoming increasingly difficult as 

shallower mineral resources are depleted. The increasing depth of underground mines requires 

a constant increase in infrastructure and intensification of underground mining equipment use 

such as refrigeration, localised refrigeration, ventilation, administrative controls, and engineering 

controls [5], [6], [12]–[15]. The average depth of South African metal mines is over 2 km, with the 

deepest reaching up to 4.8 km [16], [17]. 

Ventilation and cooling systems, which require electricity to operate fans and refrigeration 

networks, use a significant portion of a mine's overall power consumption [7]. These systems may 

account for up to 40–50% of the total energy costs in mining [16], [18]. For deep South African 

mines, the extensive use of ventilation and cooling systems is a significant cost driver [11], [19]. 

In 2020, the mining industry made up 15% of Eskom's electricity sales [20]. Eskom is the power 

utility for the energy-constrained South Africa and has had extraordinarily high electricity price 

increases of 9.4%¹ per year over the past decade [21]–[23]. Figure 1-1 illustrates the historical 

and predicted (dashed lines) Eskom electricity tariffs against inflation in South Africa. 

The increasing cost of ventilating and cooling resulting from an increase in electricity tariffs and 

inflation adds to the financial strain and uncertainties of the future of mining operations [24]. The 

mining industry is required to look at all possible improvements to make long-term financial sense 

[25]. 

 
 
 
 
 
 
 
 

¹ Compiled from https://www.eskom.co.za/distribution/rates-in-excel-format/  
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Figure 1-1: South Africa electricity cost versus inflation¹ 

1.2 Mine ventilation and cooling systems 

1.2.1 Overview 

A mine ventilation system provides fresh air to underground workplaces that is used as a source 

of oxygen as well as to dilute and exhaust hot and contaminated air [26], [27]. An adequate 

quantity good quality fresh air is required to maintain ambient temperatures that provide a 

conducive and safe working environment [27]–[29]. Proper mine ventilation minimises and 

possibly prevents mine disasters [3], [30]. McPherson [31] described ventilation as the lifeblood 

of a mine. The intake airways are arteries that carry oxygen to the working areas, and the return 

airways are the veins that conduct pollutants from underground to be expelled to surface. 

In South Africa, the Mine Health and Safety Act 29 of 2006 stipulates rigid temperature exposure 

limits that apply to underground workplaces [10], [32]. Mines must adhere to these exposure limits 

to continue mining and prevent heat stress on equipment and personnel [13]. Table 1-1 shows 

the maximum allowable temperatures for underground working areas in South Africa. 

Table 1-1: Temperature limits in South African mines [10] 

Parameter Limit 

Maximum wet-bulb (WB) temperature 32.5°C 

Maximum dry-bulb (DB) temperature 37.0°C 

 

 

¹ Adapted from https://greeneconomy.media/the-price-of-water-and-electricity-in-south-africa-a-tale-of-two-tragedies/ 
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Deep underground mines use a network of tunnels and ventilation equipment to control 

airflow [33]. Conventional mining involves rock being excavated by drilling and blasting, usually 

from a narrow reef ore bodies, and transported by track bound machinery [11], [34], [35]. 

Figure 1-2 illustrates a simplified ventilation system on a conventional narrow-reef mine.  
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Figure 1-2: Simplified schematic of a conventional mine ventilation system 

Block-caving mining method is used to mine large vertical and relatively low-grade ore deposits. 

This method undermines the orebody with undercut drifts and progressively collapses ore under 

its weight [36]. Mechanised mines use mobile diesel or electric machinery, which can be a 

significant contributor to the overall heat load and increase the ventilation and cooling 

requirements of an underground mine [11], [31], [35].  

The mine ventilation system is the primary method of removing heat and contamination from the 

mine. Artificial mine cooling systems are incorporated when the ventilation system cannot provide 

acceptable and adequate working conditions [37]. Refrigeration and cooling systems supply 

artificial cooling to the underground ventilation system [38]. 

Figure 1-3 illustrates a simplified mine refrigeration cycle. The heat from the condenser side of 

the cycle is rejected to ambient air with cooling towers or to the return airway systems with 

condenser ponds. 
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Figure 1-3: Simplified schematic mine fluid cooling system(adapted from [35]) 

Cooling can be applied to underground mines in many different ways, such as surface bulk air 

coolers (BACs), underground BACs, ice storage and spot coolers. Each has its advantages and 

disadvantages [39]. 

In deep and hot underground mines, the ventilation and cooling systems are integrated and 

interdependent [37], [40]. The planning and optimisation of these systems go hand in hand when 

planning the life-of-mine of an underground mine [41]. Mine ventilation and cooling are often 

investigated separately due to the complexity of the system [39], [42]. 

1.2.2 Heat loads in underground mines 

Many potential heat sources contribute to elevated temperatures in deep underground mines [13]. 

Heat sources can differ considerably between mines, so all sources must be identified and 

quantified to determine the cooling requirements [24], [31]. Heat sources include geothermal 

(strata) heat, auto-compression, electrical, diesel machinery, human metabolism, explosives and 

fissure water. The average heat balance for hot mines is 48% from geothermal heat, 11% from 

auto-compression, 20% from equipment and 21% from other sources [5]. 

The ventilation system must supply adequate cooling to mitigate the identified heat sources. 

Cooling sources are also called heat sinks; defined as the phenomenon that extracts heat from 

the environment [11]. Heat sinks include air-cooling power, refrigeration and water-cooling 

duty [31]. 
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Detailed heat load studies are used as a design tool for life-of-mine planning [11], [24]. Climatic 

monitoring and simulation software programs are vital tools for managing heat loads in 

underground mines [43]. 

1.2.3 Monitoring of ventilation and cooling systems 

Traditional techniques for monitoring mine ventilation systems involve manual measurements that 

can be time-consuming [44], [45]. Although these methods often involve travelling on foot through 

the mine, they are still used in some mines today [46], [47]. Numerous handheld instruments are 

available to measure the different parameters of underground air [43], [47]: 

• Vane anemometer – air velocity (m/s), 

• Tube manometers – differential pressure (Pa), 

• Sling hygrometer – WB and DB temperature (°C), 

• Barometric pressure – digital barometer (kPa), and 

• Temperature loggers (°C). 

The integration of Industry 4.0 technologies provides improved monitoring and management of 

mine ventilation systems [24]. This paradigm is crucial for ensuring that the mining sector can 

remain profitable [48]. Underground climatic monitoring technology is critical for evaluating 

climatic conditions and developing heat control strategies [49], [50]. 

Climatic monitoring systems continuously record their data to a central supervisory control and 

data acquisition (SCADA) system [51]. These systems allow for the time-dependent assessment 

of cooling systems and underground climatic conditions [38], [43], [52]. The dynamic nature of 

mining and temperature variations requires the time-dependent assessment of ventilation 

networks [41], [50]. 

1.2.4 Dynamic nature of mine ventilation and cooling systems 

Typical mine ventilation systems are complicated and comprise hundreds of airways with 

numerous branches and connections. Multiple controlling equipment such as doors, fans and 

regulators control the airflow to and from working areas. The dynamic nature of underground 

operations, fluctuating ambient conditions and dynamic cooling systems lead to a system that is 

seldom in a steady state [43], [53], [38]. 

The underground rock mass has a heat capacity that stores and releases heat to the air flowing 

underground. Heat storage and release cause thermodynamic dampening processes in an 
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underground mine [24], [43]. Diurnal temperature fluctuation is reduced as the rock absorbs and 

releases heat [54]. The cyclic time-based heat-dampening processes in underground mines are 

widely known as the thermal damping effect and thermal flywheel effect [52], [55]. 

Figure 1-4 illustrates the surface intake DB temperatures and the DB temperatures at 1 290 m 

below surface of a mine over 24 hours. The thermal damping and thermal flywheel effects can be 

seen in the decrease in amplitude and phase shift of the 24-hour time cycle. 

 

Figure 1-4: Thermal history effect at 1 290 m below surface over 24h* 

The decrease in the amplitude of the temperature fluctuation as air travels down the mine is the 

thermal damping effect. The intake air temperature is higher than the virgin rock temperature 

(VRT) at some locations during the daytime. At these times, the sensible heat is transferred from 

the intake air to the surrounding rock, cooling the surrounding air. With lower temperatures during 

the night, there is an increased potential for heat flow from the rock to the ventilating air, increasing 

the air's temperature [43], [52], [54]. 

The heat capacity of the surrounding rock and the distance that the ventilation air travels result in 

a time lag of temperature fluctuations. This time lag or phase shift in temperatures peaks as the 

air travels through the mine is the thermal flywheel effect [43]. The collective phenomenon is 

referred to as the thermal history effect [4], [56]. 
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Dynamic underground operations and thermodynamic processes make it difficult to measure and 

optimise these systems. Specialised software can be used to capture and quantify the dynamic 

nature of mine ventilation and cooling systems [8], [32]. 

1.3 Mine ventilation and cooling simulation 

1.3.1 History of mine ventilation simulation 

Mine ventilation systems have been around for centuries, with the first texts dating to 1556 [57]. 

During the mid-1800s, Atkinson developed formulas for calculating pressure and airflow in 

underground tunnels [58]. These formulas formed the foundation for solving fundamental 

ventilation design problems [55]. 

The complexity of an underground ventilation system meant that the ability to predict ventilation 

conditions accurately was only realised with the development of analogue and digital  

computers [55]. During the second half of the twentieth century, the use of digital computers for 

ventilation planning became widespread throughout the mining industry [59], [60]. 

Historically, fires and explosions contributed to mining accidents and deaths, which were often 

caused by poor ventilation practices [55], [61]. Conventional steady-state modelling could not 

simulate the outcome of time-dependent ventilation problems like fires and explosions. This 

prompted the development of non-steady-state or transient behaviour simulations [59]. 

The main focus of transient ventilation simulations was on gas and fires. In the late 1970s, 

transient heat and airflow were successfully introduced into simulations [59]. During this time, the 

US Bureau of Mines developed the MFIRE program. MFIRE software is still widely accepted as 

the standard for the transient simulation of ventilation systems and underground fires [62]. 

Today, mine ventilation simulation is an indispensable tool used for planning and optimising mine 

ventilation systems across the world [7], [32], [63]. These simulations have proven to be reliable 

and flexible when applied to complex ventilation systems [47]. It is a valuable tool for making the 

right decisions and ensuring compliance with legislative requirements [42]. 

In his research on transient ventilation simulations, Stewart noted that there had been remarkably 

little research on improving transient network simulations since the 1990s, as a result of the 

computing power required. There has been, however, further research and validation on the 

MFIRE code. Only a few transient ventilation simulation software packages are available, namely 

VUMA, MFIRE, MineFire, VentGraph, Ventsim, Multiflux, and Process Toolbox (PTB) [55], [63]. 
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These transient ventilation simulation software packages can solve non-steady-state solutions 

but not all can incorporate true transient heat exchange. In standard transient ventilation 

simulations, short time variations in ambient temperatures can induce significant modelling 

errors [43]. Only software that incorporates a true instantaneous heat flux model is capable of 

simulating the thermal history effect seen in underground mines and can solve true transient heat 

exchange processes [43], [55], [56]. 

The first documented use of true transient mine ventilation simulation was in 2012 when Danko 

et al. developed Multiflux [64]. This software incorporates a true instantaneous heat flux model to 

simulate heat from strata accurately. Since then, little research has been published on applying 

true transient mine ventilation simulations, possibly a testament to the computing power required 

for transient simulation [55]. 

Figure 1-5 shows the cumulative number of studies on transient mine ventilation simulations from 

1987 until 2021. Since the first publication in 2012, there has been a growing interest in the true 

transient simulation of mine ventilation systems. 

 

 

Figure 1-5: Cumulative transient mine ventilation simulation literature* 

Figure 1-6 shows the full chronological record of literature on transient mine ventilation simulation 

(see Appendix A for literature descriptions). Most recent studies from 2017 discussed or applied 

a true transient simulation. 
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Only a handful of simulation software packages are capable of solving true transient heat 

exchange processes. Table 1-2 shows a summary of true transient mine ventilation simulation 

software and the studies in the literature that applied each software. 

Table 1-2: True transient mine ventilation simulation software literature (2022) 

Name  Owner Studies that applied true transient simulation 

Multiflux University of Reno 

• Analysis of the effects of thermal history of the strata upon temperature 
variations in underground airways [4] 

• Temperature variations in underground tunnels [64] 

• Subsurface flow and transport process model for time dependent mine 
ventilation simulations [65] 

MFIRE 
National Institute for 
Occupational Safety 
& Health  

• Rapid dynamic ventilation modelling for improving health and safety in 
underground mining [55] 

Ventsim  Chasm Consulting 

• Managing heat in underground mines: The importance of incorporating the 
thermal flywheel effect into climatic modelling [2] 

• Rapid dynamic ventilation modelling for improving health and safety in 
underground mining [55] 

 

These studies have shown the benefits of using true transient ventilation simulations. 

Incorporating thermal history will allow these simulations to consider true transient heat exchange 

processes such as the thermal damping and the thermal flywheel effects [4]. This is necessary to 

predict underground temperatures accurately [2], [65]. True transient mine ventilation simulation 

is an important research topic that may apply to many other uses [55]. 
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1985 1990 1995 2000 2005 2010 2015 2020

2021

2021: Challenges and solutions in the 

development of the VentFIRE mine 

network fire simulator

2020: Managing heat in underground mines: 

the importance of incorporating the thermal 

flywheel effect into climatic modeling 

2021: Rapid dynamic ventilation modelling 

for improving health and safety in 

underground mining 

2021: Utilizing nonlinear autoregressive 

with exogenous input neural networks to 

evaluate the thermal flywheel effect along 

intake shafts at Nevada mines 

2020: Applications and verification of a 

computational energy dynamics model for 

mine climate simulations 

2020: Using seasonal temperature 

difference in underground surrounding rocks 

to cooling ventilation airflow: A conceptual 

model and simulation study

2019: Quality evaluation and error 

mitigation for mine climate models

2019: Analysis of the effects of thermal 

history of the strata upon temperature 

variations in underground airways 

2019: Dynamic models in atmospheric 

monitoring signal evaluation for safety, 

health and cost benefits

2019: Improving the performance 

of the Hardy Cross algorithm for 

large ventilation models

2019: Sensitivity analysis of 

ventilation models - where not to 

trust your simulation

2018: Quantifying the thermal damping 

effect in underground vertical shafts 

using the nonlinear autoregressive 

with external input (NARX) algorithm

2017: Use of live sensor data in 

transient simulations of mine 

ventilation models

2017: Reducing electrical costs for a 

mine ventilation system with the aid 

of simulation software

2017: Use of IT equipment and 

specialized programs for solving 

ventilation networks

2017: Diurnal thermal flywheel 

influence on ventilation temperatures 

in large underground mines

2017: Predictive network modelling 

with live sensor data

2017: Underground climatic 

monitoring and modeling: Are we 

missing something?

2017: Managing and controlling the 

thermal environment in underground 

metal mines

2016: New improvements to 

MFIRE to enhance fire-modeling 

capabilities

2015: Investigating the importance 

of climatic monitoring and modeling 

in deep and hot US underground 

mines

2013: Subsurface flow and transport 

process model for time dependent 

mine ventilation simulations 

2013: Fire modelling in underground 

mines using Ventsim Visual 

VentFIRE software

2013: Computer simulation of 

dynamic influence of outburst gas 

flow on mine ventilation network

2011: Ventilation and climate 

simulation with the Multiflux code

2011: The use of 3D simulation 

system in mine ventilation 

management

2004: Monitoring and control of 

underground ventilation systems 

using VUMA-network

2004: Use of mine fire simulation 

for emergency preparedness

2003: The integration of mine simulation 

and ventilation simulation to develop a 

‘life-cycle’ mine ventilation system

2001: VUMA mine ventilation 

software

1997: Computer simulation of mine 

ventilation disturbed by fires and 

the use of fire extinguishers

1995: Transient flows in ventilation 

networks

1991: Computer simulation of 

transient climatic conditions in 

underground airways

1993: A simplified computational approach 

for prediction of transient climatic 

conditions in underground mine airways

1988: Computer models of 

underground mine ventilation and 

fires

1987: The transient-state 

simulation of mine ventilation 

systems

1995: MFIRE users manual

2019: Predicting annual 

underground thermal flywheel 

effects 

2012: Temperature variations in 

underground tunnels 

2007: Ventilation strategies to meet 

future needs of the South African 

platinum industry

2021: Development of energy efficient and 

sustainable cooling strategies for hot 

underground mines

Transient ventilation simulation Discusses true transient ventilation simulation Applies true transient ventilation simulation

 

Figure 1-6: Chronological record of transient mine ventilation simulation literature*
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1.3.2 History of mine cooling simulations 

Like mine ventilation simulations, the simulation of mine cooling systems became more prevalent 

with the advancement of computers during the late twentieth century [66], [67]. These simulation 

models solve various thermal equations by calculating the operating variables (temperature, 

pressure, and flow rates of energy and fluids). Conventional simulations solve for a thermal 

system in a steady state [21]. 

Mine cooling system simulation has proven to be crucial in the planning and optimising of mine 

cooling systems [66], [68]. Today, various software packages can simulate mine cooling systems 

accurately. Some well-known software packages include PTB, VUMA, Flownex, REMS, MVB, 

ENVIRON, QuickControl, VisualQEC, and WinMOD [21]. Of these softwares, only VUMA, PTB, 

Flownex, QuickControl, and VisualQEC can simulate transient systems [21]. Transient simulation 

is needed to evaluate the true operation of a mine cooling system and has been proved beneficial 

for energy management, future planning and optimisation [38], [66]. 

1.3.3 Integrated mine ventilation and cooling simulation 

Mine ventilation and cooling simulations are vital tools in the planning and optimisation of these 

systems [31], [62], [65], [67], [68]. The integration of these system simulations allows for an 

iterative process to determine cooling needs. It is used to select the most viable size and position 

of air coolers and refrigeration components [40], [41]. 

Various mine ventilation simulation software has integrated components of refrigeration and 

cooling systems [21]. For example, VUMA mine ventilation software has steady-state and 

transient software that can integrate ventilation and cooling [41], [68]. PTB is also a component-

based model capable of integrated ventilation and cooling simulations [21]. 

1.4 State of the art 

The literature that incorporated true transient heat exchange processes plays a critical role in the 

current state-of-the-art simulation of ventilation and cooling networks. The studies in Section 1.3.1 

that investigated the true transient simulation of mine ventilation systems are critical for improved 

environmental predictions. 

Literature was reviewed according to a set of criteria. These criteria are determined by 

investigating how these simulations are used in the mining industry. The first criterion is to 
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incorporate a true transient ventilation simulation. Literature has discussed the advantages of true 

transient simulation, which incorporates the thermal history effect.  

True transient simulation incorporates the transient heat exchange between the underground rock 

and the ventilating air. These simulations can simulate the thermal history effect caused by the 

transient heat exchange to improve the accuracy of simulated environmental conditions. Accurate 

simulations are vital in the planning and optimisation of mine ventilation and cooling systems. 

The development of transient ventilation models can be laborious and time-consuming [68]. 

A sound methodology to develop mine ventilation simulations is essential to enable accurate 

simulation and improved decision-making [58]. The second criterion is to investigate studies that 

include a methodology for developing true transient ventilation and cooling simulations. 

Deep-level mine ventilation systems are complicated and dynamic, and simulations of these 

systems are used for planning and optimisation, which require an accurate representation of the 

entire system [7], [32], [63], [66], [68], [69]. These systems must ensure adequate underground 

environmental conditions to all areas of the mine [3]–[5]. The third criterion is to investigate studies 

that apply a true transient simulation to an entire mine ventilation system. 

Cooling systems are incorporated when the ventilation system cannot adequately mitigate the 

heat in an underground mine ventilation system [37]. Ventilation and cooling systems are 

interdependent and are integrated using conventional simulations [21], [37], [40]. The fourth 

criterion is to investigate studies that integrate transient mine cooling simulations into the true 

transient mine ventilation simulation. Table 1-3 gives a summary of the criteria used. 

Table 1-3: Literature review criteria 

Criteria  Description 

1. True transient ventilation 
Studies that incorporate the thermal history effect in the simulation of a 
ventilation system. 

2. True transient methodology 
Studies that include a methodology on building and calibrating an 
integrated true transient simulation. 

3. Entire mine ventilation network Studies that are applied to an entire mine ventilation network. 

4. Integrated transient cooling simulation 
Studies that integrate the transient simulation of cooling systems into 
the true transient simulation of ventilation networks. 

The following sections investigate the literature incorporating true transient heat exchange into 

simulations of underground mine ventilation systems. Each section gives an overview of the study 

and highlights the key outcomes relevant to this study. 
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1.4.1 Temperature variations in underground tunnels [64] 

i) Overview 

Year 2012 

Authors G. Danko, D. Bahrami, W. Asante, R. Grymko, and P. Rostami 

Type Conference proceedings  

Conference 14th US/North American Mine Ventilation Symposium 

This was the first study during which the thermal history effect was investigated using simulation 

software. Danko et al. developed simulation software named Multiflux, which incorporated a “true 

temperature history model”. 

A 3 km long theoretical tunnel was modelled to investigate the true temperature and heat flow 

variations over 25 months. This tunnel had a width of 3.5 m and a height of 5.7 m. The VRT was 

set to 57°C. The inlet was supplied with an airflow rate of 50 m³/s with a mean temperature of 

28°C and a variation of 5°C amplitude. 

The results from the Multiflux model were compared with other commercial mine ventilation 

simulation software available at the time, namely Climsim, Ventsim and VUMA. The true transient 

simulation was referred to as “with history”, and the quasi-steady-state simulation was referred to 

as “without history”. This method is called quasi-steady-state as it is time-dependent but does not 

fully incorporate the thermal history effect.  

ii) Key outcomes 

This study showed that the Multiflux's true temperature history model could incorporate the 

thermal history effect. The model further showed that seasonal temperature variations remain 

significant at a distance of 3 km. 

The comparison of Multiflux with other commercially available software illustrated that none of the 

software packages incorporated the thermal history effect. Figure 1-7, 1-8, and 1-9 and compare 

Multiflux with Climsim, Ventsim, and VUMA, respectively. 

The main findings from this study were that the short time and seasonal temperature variation are 

subject to significant modelling errors in steady-state models. It was further discovered that a 

phase shift accompanies an amplitude change in temperature predictions. Finally, these results 

have implications for future model solutions. 
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From the review criteria, the limitations of this study are that it did not include a methodology, was 

not applied to an entire mine ventilation system, and did not integrate transient cooling 

simulations. Furthermore, conference papers are not peer-reviewed and their findings can be 

questionable. 

 

Figure 1-7: Critical literature – Comparison between Multiflux and Climsim [64] 

 

Figure 1-8: Critical literature – Comparison between Multiflux and Ventsim [64] 
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Figure 1-9: Critical literature – Comparison between Multiflux and VUMA [64] 

1.4.2 Subsurface flow and transport process model for time dependent mine ventilation 

simulations [65] 

i) Overview 

Year 2013 

Authors G. Danko 

Type Journal article 

Journal Transactions of the Institutions of Mining and Metallurgy, Section A: Mining 
Technology 

In this study, Danko built on his previous study, “Temperature variations in underground tunnels”, 

by incorporating the time-dependent simulation of contaminants. His previous study used a 

theoretical underground tunnel to simulate the time-dependent transport of ventilation, climate 

and contaminants [64]. 

ii) Key outcomes 

The results and findings from the study “Temperature variations in underground tunnels” were 

reiterated in this study. The new findings primarily focused on the dispersion of contaminants in 
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the model. These findings included methods to reduce the numerical and systematic errors and 

that the Multiflux model is prepared for real-time gas concentration predictions in ventilation-on-

demand scenarios. 

According to the review criteria, the limitations of this study are that it did not include a 

methodology for building a true transient simulation, was not applied to an entire mine ventilation 

system, and did not integrate transient cooling simulations. 

1.4.3 Managing and controlling the thermal environment in underground metal 

mines [70] 

i) Overview 

Year 2017 

Authors P. Roghanchi 

Type PhD dissertation 

University University of Nevada 

The main aim of this dissertation was to discuss methods for identifying and controlling heat in 

underground environments. The research contained three main sections, of which the last was to 

quantify the thermal damping effect in underground vertical openings (downcast shaft). 

ii) Key outcomes 

The author demonstrated that artificial neural network models can predict the temperature at the 

bottom of a shaft accurately. Further research was completed with linear regression models to 

quantify the damping coefficients of production and ventilation shafts. 

This study further investigated the accuracy of the standard ventilation software programs, 

Climsim and Ventsim. A comparison between measured climatic conditions and the climatic 

predictions at the bottom of the intake shaft from this study is shown in Figure 1-10. The 

comparison indicates that commercially available mine ventilation software did not consider the 

thermal history effect at the time of this study. 

From the review criteria, the limitations of this study are that it did not include a methodology, was 

not applied to an entire mine ventilation system, and did not integrate transient cooling 

simulations. 
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Figure 1-10: Critical literature – Comparison between standard ventilation software [70] 

1.4.4 Quantifying the thermal damping effect in underground vertical shafts using the 

nonlinear autoregressive with external input (NARX) algorithm [52] 

i) Overview 

Year 2018 

Authors P. Roghanchi and K. C. Kocsis 

Type Journal article 

Journal International Journal of Mining Science and Technology 

This study continued from the previous study but published in a journal format. It is important to 

note that these studies were only applied to vertical downcast shafts of an underground mine 

ventilation system. 

ii) Key outcomes 

This study had the same outcomes as the previous study. 

1.4.5 Analysis of the effects of thermal history of the strata upon temperature variations 

in underground airways [4] 

i) Overview 

Year 2019 

Authors C. Lu 
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Type PhD dissertation 

University  University of Nevada  

The objective of this dissertation was to investigate and compare ventilation simulation programs 

based on their dynamic capabilities. The goal was to understand the magnitude of modelling 

errors if the wrong inputs are used or if a software that cannot simulate the thermal history effect 

is used. Different scenarios were tested with Multiflux mine ventilation simulation software on 

theoretical underground tunnels. 

ii) Key outcomes 

There were multiple valuable outcomes and conclusions from this study: 

• Mine ventilation software that does not consider the thermal history effect gives erroneous 

predictions, even if constant maximum or minimum constant temperatures are used. 

• The mean absolute error of conventional steady-state mine ventilation software increases 

with the size of the mine. This shows that the thermal history effect is more important for 

deep and large underground mines. 

• Mine ventilation software at the time of this study could not conduct dynamic ventilation 

simulations accurately. 

From the review criteria, the limitations of this study are that it did not include a methodology, was 

not applied to an entire mine ventilation system, and did not integrate transient cooling 

simulations. 

1.4.6 Quality evaluation and error mitigation for mine climate models [56] 

i) Overview 

Year 2019 

Authors G. Danko 

Type Journal article 

Journal Quality – Access to Success 

It is well recognised that mine ventilation software without a thermal history component give 

erroneous results; however, simulations with a thermal history component are rarely available. 

This study aimed to find the best way to use simulation software that does not incorporate the 

thermal history effect. A long single-drift theoretical model was used to model three different 

scenarios. 
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ii) Key outcomes 

An accurate solution model was set up that included a thermal history component and was used 

as the baseline for the other scenarios. Outcomes included recommendations for mine ventilation 

engineers to improve the predictions of simplified simulations. 

From the review criteria, the limitations of this study are that it did not include a methodology, was 

not applied to an entire mine ventilation system, and did not integrate transient cooling 

simulations. 

1.4.7 Managing heat in underground mines: The importance of incorporating the 

thermal flywheel effect into climatic modelling [2] 

i) Overview 

Year 2020 

Authors K. A. Scalise, M. B. Teixeira and K. C. Kocsis 

Type Journal article 

Journal Mining, Metallurgy and Exploration 

This paper investigated two popular modelling softwares on how well they incorporate the thermal 

damping and thermal flywheel effects. A case study intake shaft model was developed in both 

simulation software packages. Actual weather data was used as the surface ambient conditions 

to compare the simulation with the temperatures measured at the bottom of the intake shaft. 

ii) Key outcomes 

Results showed that Ventsim could simulate the thermal flywheel effect on an annual flywheel 

heat simulation, while Climsim could not. The functionality to perform an annual flywheel heat 

simulation in Ventsim was new at the time of this study as it has not been used in previous studies 

[64], [70]. 

Figure 1-11 illustrates the Ventsim annual average temperatures simulation results in this study. 

The dashed red and blue lines are the ambient DB and WB temperatures, respectively. The solid 

red and blue lines are the DB and WB temperatures at the bottom of the shaft, respectively. The 

figure shows the average monthly WB and DB temperatures. 
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Figure 1-11: Critical literature – Ventsim annual average temperatures [2] 

This study showed that Ventsim can incorporate the thermal flywheel to some extent. When 

compared with the actual measurements at the bottom of the shaft, the Ventsim model had an 

average WB temperature error of 7.9°C. The authors attributed this error to out-of-date continuous 

temperature data. 

From the review criteria, the limitations of this study are that it did not include a methodology, was 

not applied to an entire mine ventilation system, and did not integrate transient cooling 

simulations. 

1.4.8 Utilizing nonlinear autoregressive with exogenous input neural networks to 

evaluate the thermal flywheel effect along intake shafts at Nevada mines [71] 

i) Overview 

Year 2021 

Authors K. Scalise and K. Kocsis 

Type Journal article 

Journal Mining Metallurgy & Exploration 

This study proposed a new method for using neural networks to determine the WB temperatures 

at the bottom of an intake shaft. WB temperature was selected as the crucial parameter as it 

significantly affects the working conditions and cooling capacity of ventilating air. 

ii) Key outcomes 

The neural network accurately predicted the WB temperature at the bottom of the intake shaft. 

However, this program only provides accurate results if it is kept up to date with large data sets 

collected with data loggers placed at the bottom of the shaft. 
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From the review criteria, the limitations of this study are that it did not include a methodology, was 

not applied to an entire mine ventilation system, and did not integrate transient cooling 

simulations. 

1.4.9 Rapid dynamic ventilation modelling for improving health and safety in 

underground mining [55] 

i) Overview 

Year 2021 

Authors C. Stewart 

Type PhD dissertation 

University The University of Queensland 

In this study, the author identified a need for real-time dynamic ventilation modelling with the main 

goal of predicting environmental conditions in the case of underground emergencies such as fires. 

The study aimed to develop a new method of dynamic ventilation modelling that can rapidly 

predict ventilation hazards. 

ii) Key outcomes 

New algorithms and methods provided rapid transient simulation modelling while maintaining 

sufficient accuracy. The rapid dynamic network algorithm was validated with a range of 

randomised models prepared for this study. 

A new method was developed to estimate the dynamic heat transfer from rock strata. This model 

comes with the caveat that it is an approximation that lacks a complete air temperature history. 

This model was validated with the actual measurement of a section of Waldo mine fire 

experiments. 

The research presented several applications that demonstrate the value of rapid dynamic network 

simulation. The applications include the simulation of: 

• Explosive fume spread and clearance, 

• Enhanced dynamic fire simulation, 

• Real-time mine atmospheric monitoring, and 

• Escapeway prediction. 
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From the review criteria, the limitations of this study are that it did not include a methodology, was 

not applied to an entire mine ventilation system, and did not integrate transient cooling 

simulations. 

1.4.10 Summary of the literature 

The true transient simulation of underground mine ventilation systems has improved and 

progressed since the first study in 2012. Appendix B shows how these critical studies have cited 

one another to get to the current practices. 

Table 1-4 reviews the literature with the criteria listed in Table 1-3. These studies incorporate true 

transient ventilation simulation. The key outcomes of these studies were to show the advantages 

of true transient mine ventilation simulation. 

The literature showed that there are currently no methods available for developing a true transient 

mine ventilation and cooling simulation. The studies have not been applied to entire mine 

ventilation systems, and none of the studies incorporated cooling simulations. 
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Table 1-4: Summary of the literature 
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Conference 
proceedings 

Temperature variations in underground 
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 [65] 2013 
Journal 
article 

Subsurface flow and transport process 
model for time dependent mine ventilation 
simulations 

        

 [70] 2017 
PhD 
dissertation 

Managing and controlling the thermal 
environment in underground metal mines 

        

 [52] 2018 
Journal 
article 

Quantifying the thermal damping effect in 
underground vertical shafts using the 
nonlinear autoregressive with external 
input (NARX) algorithm 

        

 [4] 2019 
PhD 
dissertation 

Analysis of the effects of thermal history of 
the strata upon temperature variations in 
underground airways 

        

 [56] 2019 
Journal 
article 

Quality evaluation and error mitigation for 
mine climate models 

        

 [2] 2020 
Journal 
article 

Managing heat in underground mines: the 
importance of incorporating the thermal 
flywheel effect into climatic modeling 

        

 [71] 2021 
Journal 
article 
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evaluate the thermal flywheel effect along 
intake shafts at Nevada mines 

        

[55]  2021 
PhD 
dissertation 

Rapid dynamic ventilation modelling for 
improving health and safety in 
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1.5 Need for this study 

The literature and the fundamental shortcomings were highlighted in Section 1.4. Three critical 

problems were identified. The current needs in literature can be summarised as follows: 

The study contains information on this criterion 

The study does not contain information on this criterion 
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• A methodology needs to be developed to apply a true transient simulation to the integrated 

mine ventilation and cooling system. This methodology should be practical so that it can 

be applied to real-life case studies. 

• True transient ventilation simulation has been proven to improve the prediction of the 

underground environment. There is a need for these simulations to be applied to an entire 

mine ventilation network. This will give insight into the feasibility of applying complicated 

true transient simulations to a large real-life case study. 

• The integration of ventilation and cooling simulation is standard practice with conventional 

simulation. There is a need to integrate transient cooling simulation with true transient 

ventilation simulations. This will improve the environmental prediction for an integrated 

ventilation and cooling system to improve optimisation and life-of-mine planning. 

The need for this study forms the foundation of the novel contributions discussed in the next 

section. 

1.6 Novel contributions 

1.6.1 Development of a methodology for integrated true transient mine ventilation and 

cooling simulations 

i) Need 

Developing ventilation simulations that incorporate the thermal history effect can be complicated 

and time-consuming [68]. A sound methodology is essential to enable accurate simulation and 

improved decision-making [58]. 

ii) State of the art 

Steady-state and conventional transient ventilation and cooling simulations are widely used in the 

mining industry [7], [32], [63]. Numerous studies discuss a method for developing conventional 

ventilation and cooling simulations. 

iii) Shortcomings 

Current mine ventilation and cooling simulation methodologies do not take into account the 

development of a true transient simulation, which requires the detailed calibration of the thermal 

history effect. The literature that considers true transient simulation, as discussed in Section 1.4, 

does not provide a clear framework for the application of the simulation software. 
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iv) The outcome of this study 

This study aims to develop a practical methodology for developing a true transient mine ventilation 

and cooling simulation for deep-level mines. An additional literature study will be conducted to 

determine the state-of-the-art methodologies for conventional mine ventilation and cooling 

simulations. 

The new methodology should be practical so that it can be applied to real-life case studies. It 

should also take into account that deep-level mines have different instrumentation, layouts and 

mining methods. The simulation developed with this methodology should be as accurate as 

possible as it will be used for optimisation and future life-of-mine planning of underground 

ventilation and cooling systems. 

1.6.2 Application of true transient ventilation simulation to an entire deep-level mine 

i) Need 

Mine ventilation planning and optimisation must ensure adequate underground environmental 

conditions for all areas of the mine. Simulations of these systems require an accurate 

representation of the entire system [7], [32], [63], [66], [68], [69]. 

ii) State of the art 

State-of-the-art true transient ventilation simulation applied to sections of mine ventilation systems 

has improved the accuracy of environmental predictions compared with conventional ventilation 

simulations [2], [4], [52], [64], [65], [70], [71]. 

iii) Shortcomings 

Section 1.4 investigated the studies that applied true transient mine ventilation software to 

underground mining networks. These studies applied the software to a theoretical model or a 

section of an underground mine. None of these studies applied the software to an entire mine 

ventilation network for comprehensive optimisation and life-of-mine planning simulations. 

iv) The outcome of this study 

This study aims to apply a true transient ventilation simulation to an entire deep-level mine 

ventilation network. The accuracy and feasibility of the simulation will be discussed. The result 

will be compared with conventional simulations to determine the benefit of this software on real-

life applications. 
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1.6.3 Integration of a transient cooling simulation with a true transient ventilation 

simulation on a deep-level mine 

i) Need 

The integration of ventilation and cooling simulations allows for the detailed optimisation and 

planning of deep-level mine cooling systems [40], [41]. 

ii) State of the art 

Integrating ventilation and cooling simulations is standard practice with conventional simulation 

[21], [40], [41], [68]. The second novel contribution aims to apply a true transient simulation to an 

entire mine ventilation system, which applies to deep-level mines that do not require secondary 

cooling systems. 

iii) Shortcomings 

Current studies have not integrated transient cooling simulations into true transient ventilation 

simulations. Integrating a cooling simulation will allow for improved prediction of environmental 

conditions, which is required when determining and optimising the cooling needs of deep-level 

mines. 

iv) The outcome of this study 

This study aims to develop an integrated true transient ventilation and cooling simulation for an 

entire mine. The results will be compared with that of a conventional simulation to determine the 

accuracy improvement and feasibility. 

1.7 Conclusion 

Mine ventilation and cooling systems are essential to the operation of deep underground 

mines [2]. These systems ensure adequate underground environmental temperatures and 

airflows as enforced by strict regulations [3]–[11]. Ensuring that these environmental conditions 

are achieved is becoming increasingly difficult as mines become deeper and more complex [5], 

[6], [12]–[15]. 

Mine ventilation and cooling simulations are vital tools in the planning and optimising of these 

systems [7], [32], [63], [66], [68]. Section 1.2.4 described the dynamic nature of underground 

mines and the resulting cyclic time-based heat-dampening processes known as the thermal 
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history effect [4], [52], [55], [56]. Only a handful of simulation software packages can incorporate 

the thermal history effect, as discussed in Table 1-2. 

The literature study in Section 1.4 investigated the application of modern true transient simulation 

to mine ventilation systems. This literature was reviewed according to a set of criteria, and the 

following gaps were identified [2], [4], [52], [55], [56], [64], [65], [70], [71]: 

• No methods are currently available for the development of true transient mine ventilation 

and cooling simulations, 

• True transient simulation has not been applied to an entire mine ventilation system, and 

• No studies have incorporated transient cooling simulation into true transient ventilation 

simulation. 

These shortcomings formed the foundation of the need for this study, discussed in Section 1.5. 

Developing a methodology and applying a true transient simulation to real-life mine ventilation 

and cooling system will give insight into the feasibility and advantages of these complicated 

simulations. Section 1.6 described the three novel contributions of this study, namely: 

• Development of a methodology for integrated true transient mine ventilation and cooling 

simulations, 

• Application of a true transient ventilation simulation to an entire deep-level mine, and 

• Integration of a transient cooling simulation with a true transient ventilation simulation on 

a deep-level mine. 

1.7.1 Thesis overview 

i) Chapter 1: Introduction 

Chapter 1 focused on the background of ventilation and cooling systems simulation of deep-level 

mines. A critical review of the literature has revealed a few shortcomings in applying true transient 

simulations. A need for the study was derived from these shortcomings, and three novel 

contributions were discussed. 

ii) Chapter 2: Methodology 

Chapter 1 showed a shortcoming in the literature for a methodology to develop true transient mine 

ventilation and cooling simulations. Chapter 2 aims to develop a methodology that incorporates 

the thermal history effect, which is fundamental to true transient simulations. This chapter will 

review the available literature on steady-state and transient mine ventilation and cooling 
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simulation methodologies. The four main tasks of conventional simulation methodologies are data 

collection, building of the model, calibration and verification. 

Each task was reviewed to incorporate the thermal history effect while remaining practically 

applicable to real-life scenarios. The novel true transient methodology developed in Chapter 2 

considered data collection, calibration, and verification of cyclic time-based heat-dampening 

processes, which have not been considered in conventional methodologies. 

iii) Chapter 3: Results 

Chapter 1 determined a need from the literature to apply a true transient simulation to an entire 

mine ventilation and cooling system. Chapter 3 aimed to meet this need by applying the new 

methodology and true transient simulation to three case study mines. 

The case studies were done on mines with different infrastructure and mining techniques, which 

gave insight into the advantages and disadvantages of applying true transient simulation. The 

results from these case study simulations aimed to validate the novel contributions of this study. 

iv) Chapter 4: Conclusion 

Chapter 4 included a review of how the needs for this study, identified in Chapter 1, were met in 

Chapter 2 and Chapter 3. The study was concluded by discussing this study's limitations, 

recommendations for further work, and a final conclusion. 
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CHAPTER 2: METHODOLOGY 

2.1 Preamble 

Chapter 1 highlighted the importance of mine ventilation and cooling simulations in the planning 

and optimisation of these systems [7], [32], [63], [66], [68]. State-of-the-art simulations 

demonstrated the benefit of incorporating the thermal history effect when simulating underground 

environmental conditions [2], [4], [52], [64], [70]. Literature was reviewed in Section 1.4 according 

to a set of criteria and the following objectives were determined: 

• Development of a methodology for integrated true transient mine ventilation and cooling 

simulations, 

• Application of a true transient ventilation simulation to an entire deep-level mine, and 

• Integration of a transient cooling simulation with a true transient ventilation simulation on 

a deep-level mine. 

This chapter aims to meet the first outcome of this study and will start by investigating 

conventional mine ventilation and cooling simulation methodologies. These conventional 

methodologies will be adapted for integrated true transient mine ventilation and cooling 

simulations. The simulation software used in this study will also be discussed. 

2.2 Conventional simulation methodologies 

Simulations are vital in the modern-day planning and optimisation of mine ventilation and cooling 

systems [32], [45]. Multiple frameworks and methodologies are available in literature to develop 

and calibrate these models. A sound methodology is essential to enable accurate simulation and 

improved decision-making [67]. 

A literature study on mine ventilation and ventilation simulation methodologies showed four main 

tasks in developing a model, namely: data collection, building of the model, calibration and 

verification. The literature available for each task must be investigated to determine the current 

state-of-the-art practices. These tasks have many sub-task variations. The following sections will 

discuss a summary of the literature for each task. 

2.2.1 Data collection 

A comprehensive strategy for collecting data is crucial to calibrate an underground ventilation 

model accurately. The collected data will be compared with environmental predictions such as 
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temperature, airflow,  and barometric pressure to determine the accuracy of the ventilation model 

[43]. 

Data can be collected at different levels of detail. Table 2-1 describes these different levels and 

gives examples of the data points to be collected for each. It is ideal to have a complete data set. 

However, collecting data at all levels can be a costly and time-intensive undertaking [24], [43], 

[67]. In the event of restricted data collection cases, only the key data points (as mentioned I the 

table below) can be used in conjunction with environmental prediction simulation [31], [60]. 

Table 2-1: Data collection detail levels [11], [24], [43], [67] 

Level Description Data measurement points examples 

Level 1 
High-level data aimed at giving a holistic 

evaluation of the mine.  

Primary intake and return airways, main fans, 

ambient conditions, fridge plants and BACs. 

Level 2 
Intermediate data aimed at evaluating each 

specific mining level. 

Level intake and return airways, level-specific 

cooling. 

Level 3 Low-level data that evaluates specific workplaces. 
Working area intake and return airways, mobile 

coolers. Leaks in the underground network. 

Steady-state and transient data are required for steady-state and transient simulations, 

respectively [4]. A wide variety of data collection instruments is available. Some instrumentation 

requires manual measurements, which involve handheld instruments for taking spot 

measurements and logging data throughout the mine [43]. Climatic monitoring systems, 

sometimes called non-handheld instruments, allow for real-time and continuous monitoring of 

environmental conditions [60], [5]. 

As discussed in Section 1.2.2, mine ventilation systems have many potential heat sources 

contributing to the heat load. Conventional methodologies account for the heat load by adding 

heat to the ventilation simulation in the calibration process. Bluhm et al. [41] conducted a heat 

load study and distributed the heat on the relevant sections instead of conventional trial-and-error 

heat calibration. 

The accuracy and reliability of ventilation and cooling simulation is dependent on the input 

data [72]. The input data is verified by establishing the accuracy of the measurements. Some 

instruments have known accuracy specifications [43], and other accuracies can be determined 

from previous empirical studies or field tests [44], [73]. Unwil et al. [74] conducted a detailed 

review of underground ventilation measurements and determined the associated accuracy of 

measurements. 
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2.2.2 Building of the model 

The building of mine ventilation and cooling simulations is not discussed in detail often since 

typical software incorporates intuitive building functions. Some software, such as PTB, uses a 

component-based drag-and-drop graphical user interface (GUI) to simplify the building 

process [48]. This allows the user to import the digital survey plan files to the simulation software 

to create a three-dimensional (3D) network [50], [70]. Thereafter, other components such as fans, 

BACs and spot coolers are linked to the main ventilation systems.  

The final step of building the model is to define all components with their standard parameters. 

This includes using empirical standards from various texts for each component [31], [75]. The 

components used to build ventilation simulations are tunnels, air pipes, and air fans. The 

components used to build cooling simulations are water-water chillers (fridge plants), water air-

cooling towers, water-air heat exchangers, water dams, ice dams, water pipes, water pumps, and 

water demand [21]. 

2.2.3 Calibration 

A well-calibrated model has a critical role in planning, optimising and controlling mine ventilation 

systems [45]. The calibration of networks differs between simulation software. Most calibration 

methods include manual iteration to determine unknown parameters [6], [21], [41], [53], [67], [76]. 

Some methods apply a dimensionless calibration factor to underground components to increase 

the accuracy of environmental predictions [75]. 

The accuracy of ventilation and cooling simulation predictions is critical, particularly when the 

parameters are close to allowable limits [43]. The required accuracy of the simulation depends 

on the desired outputs of the model [21]. The model accuracy is further limited by the accuracy 

of measured data [50], [75]. A study on mine cooling systems has shown that a simulation 

accuracy of 95% ensures an accurate representation of the actual system [38]. 

2.2.4 Verification 

The predicted simulation outputs can be compared with actual measurements to verify the 

accuracy of a ventilation and cooling simulation model. For a steady-state simulation, this involves 

a simple comparison between a single value for each location and parameter [67]. For a transient-

state simulation, this includes comparisons of time-dependent outputs [21], [45]. 
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The accuracy of a steady-state simulation is determined by calculating the absolute error between 

the measured and simulated conditions [2], [51], [67], [75]. The time-dependent outputs can be 

compared with measurements in a few ways to determine the accuracy of a transient simulation. 

It might be necessary for mines with dynamic underground operations to compare averages over 

a time period [25], [54]. In other cases, the performance of the model is determined with statistical 

estimators such as the mean square error (MSE) and coefficient of determination (R²) [52]. 

2.2.5 Summary 

Table 2-2 summarises the literature on mine ventilation and cooling simulation, including a 

methodology or application framework (See Appendix C for literature descriptions). 

Table 2-2: Ventilation and cooling simulation methodologies 
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Figure 2-1 summarises the conventional simulation development process in a flow sheet. The 

percentage shown next to each step is the percentage of studies that described that step, as in 

Table 2-2. 
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Figure 2-1: Conventional ventilation and cooling simulation flow sheet* 
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2.3 True transient simulation methodology 

The literature in Section 1.4 showed a shortcoming for a framework that applies a true transient 

simulation to mine ventilation and cooling systems. This section aims to develop a methodology 

to address the shortcoming. The conventional mine ventilation and cooling simulation must be 

adapted to incorporate true transient simulation, while remaining practically applicable. 

In order to incorporate true transient simulation, the simulation software used for this method must 

include a time-dependent underground rock mass model with heat capacity. This will allow the 

simulation of thermodynamic processes seen in the thermal history effect. The methodology must 

consider the infrastructure available for the methodology to remain practically applicable. 

This true transient methodology will primarily be based on the conventional methodologies seen 

in Section 2.2. Each of the four main tasks will be investigated separately to determine how it can 

be adapted for a true transient simulation. 

2.3.1 Data collection 

Conventional methods have shown that the data collection strategy is crucial to calibrate a 

ventilation and cooling simulation accurately. Data should be collected according to the level of 

detail required for simulation outcomes. These methods have shown how steady-state, transient 

and heat load data can be used to improve the calibration of ventilation and cooling simulations. 

Figure 2-2 shows the data collection steps involved in conventional simulation methodologies. 
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Figure 2-2: Conventional data collection flow sheet* 
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i) Incorporate true transient simulation 

In literature, the calibration of true transient heat transfer processes requires enough time-

dependent data to define the thermal history effect. Fluctuating ambient temperatures affect 

underground conditions significantly and time-dependent measurement is crucial for calibrating 

mine ventilation simulations. Underground time-dependent temperature measurements are 

compared with simulated predictions to calibrate the thermal history effect [2], [4], [43], [52], [54], 

[65]. 

From the studies in Chapter 1, the following is required to calibrate the true transient heat transfer 

processes: 

• Transient ambient temperature data, 

• Transient underground temperature data, 

• Transient cooling and refrigeration component data, and 

• Enough data to define the thermal history effect accurately.  

The amount of data required will differ between mines as the thermal history effect will result in 

different amounts of damping in the mine. Data must be collected to define the full extent of the 

thermal history effect for all mine sections.  

ii) Be practically applicable 

The data collection and development of transient ventilation models can be time-consuming. 

Some studies have used weeks or even years' worth of data to calibrate and verify models 

accurately [55], [65]. Environmental sensors allow for continuous monitoring of the underground 

environment, reducing the time required for manual data measurement. This technology is 

relatively new and not all mines have a complete set of instrumentation for capturing all the 

necessary data [24], [49]. Outstanding data has to be measured manually, making the data 

collection process laborious [43], [55]. 

The data collection should be prioritised according to the desired outcomes of the simulation while 

ensuring that enough data is collected to define the thermal history effect accurately. Before the 

data is collected, the level of detail and key performance indicators (KPIs) should be determined. 

This ensures that no unnecessary data is collected and less time is spent on data collection. The 

accuracy of the data should be determined to ensure that the simulation is calibrated to a realistic 

accuracy. 
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For mines with limited data collection infrastructure, it might be necessary to collect steady-state 

data to supplement the transient data. Airflow is an example of an environmental condition that is 

measured and calibrated in a steady state for cases where manual measurements are 

required [43]. 

True transient simulation models have longer simulation times [55]. Conventional methodologies 

have shown that steady-state heat load calculations can be used to calibrate the heat added to a 

ventilation model [41]. Other studies have shown that Industry 4.0 technology can determine and 

monitor dynamic heat loads [24]. Determining the dynamic heat load before the calibration 

reduces the simulation time by eliminating an unknown parameter that requires simulation 

iterations. The heat load calculation and data required are discussed in the following section: 

iii) Calculate heat load 

Heat load studies focused on identifying and quantifying heat sources in underground mines 

[11], [31]. True transient ventilation simulations can accurately account for geothermal and auto-

compression heat sources. The heat added by the remaining secondary heat sources is added 

to the relevant sections of a mine ventilation simulation as a kW/m heat value [41]. The secondary 

heat sources to be determined in this heat load calculation are heat added by mechanised 

machinery, electrical, human metabolism, blasting, and fissure water. The most significant 

contributors to the heat load in deep mines are usually geothermal heat, auto-compression and 

machinery [11], [31]. Mechanised machinery can be either electricity- or fuel-driven [11], [31]. 

In underground mines, heat exchangers such as BACs or mobile coolers remove the heat from 

the ventilation airflow [35]. Simulation software integrates this cooling infrastructure into the 

ventilation model as heat exchanger components [32]. In cases where a chilled water reticulation 

system supplies cooling, heat is transferred between the ventilation airflow and chilled water pipes 

if the pipes are not insulated adequately [35]. The simulation accounts for this heat transfer by 

subtracting the chilled water pipe cooling duty from the secondary heat load. 

The first step in the heat load calculation is to determine which of the heat sources listed above 

are present in the mine ventilation system. When all the heat sources have been identified, each 

source's amount of heat added can be calculated. Heat added by fuel-driven machinery is 

calculated if fuel-driven machinery operates in the underground ventilation network. The design 

duty is used to determine the transient heat of fuel-driven machinery. Detailed machine operating 

times and motor efficiencies are required to account for the transient nature of fuel-driven 

machinery [11]. 
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It is important to account for all useful work conducted by fuel-driven machinery. This includes 

any work that increases the potential energy of a mass in the underground system. This usually 

includes transporting ore or pumping water to a higher elevation. The potential energy gain of the 

mass is calculated using Equation 2-1 and is subtracted from the heat from fuel-driven machinery 

[11], [83]. 

 𝑃𝐸 =  𝑚 ×̇  𝑔 ×  𝑍 2-1 

Where: 

𝑃𝐸 = Potential energy rate 𝑘𝑊 

𝑚̇ = Rock mass flow/water mass flow 𝑘𝑔/𝑠 

𝑔 = Gravitational constant 𝑚/𝑠2 

𝑍 = Elevation 𝑚 

In cases where operating time records are not kept, the average heat releases for diesel are 

calculated. This requires the average fuel consumption data for a typical mining day. The heat 

from the combustion of fuel is calculated using Equation 2-2. 

During the operation of fuel-driven machinery, the average heat load from fuel consumption must 

be multiplied by a factor of between 2 and 3 for an accurate representation of the maximum 

temperatures that may be expected [11], [83]. 

 𝑀𝐻 =  𝑚𝑓̇  ×  𝜂𝐶𝑜𝑚  × 𝐶𝑉  2-2 

Where: 

𝑀𝐻 = Mechanised heat 𝑘𝑊 

𝑚̇𝑓 = Fuel usage 𝑙𝑖𝑡𝑟𝑒/𝑠 

𝜂𝐶𝑜𝑚  = Combustion efficiency % 

𝐶𝑉 = Calorific value of fuel 𝑘𝐽/𝑙𝑖𝑡𝑟𝑒 

 

  



 

38 

Thereafter, the effective mechanised heat is calculated using Equation 2-3. 

 𝐸𝑓𝑓𝑒𝑐𝑡𝑖𝑣𝑒 𝑚𝑒𝑐ℎ𝑎𝑛𝑖𝑠𝑒𝑑 ℎ𝑒𝑎𝑡 =  𝑀𝐻 − 𝑃𝐸 2-3 

Where: 

𝑀𝐻 = Mechanised heat 𝑘𝑊 

The electrical heat load includes mechanised and passive electric machinery that uses electricity 

but does not transport ore or water underground. As with fuel-driven machinery, it is essential to 

account for all useful work with Equation 2-1. Some electric equipment discharges its heat to the 

return airway system of the mine and should also be excluded from the electrical heat load 

[11], [83]. 

The effective electrical energy used in a mine is transformed into sensible heat. The effective 

electrical heat load is calculated using the total electrical energy supplied to the mine and 

excluding the potential energy gain and specific equipment as in Equation 2-4. 

𝐸𝐸𝐹 =  𝑇𝑜𝑡𝑎𝑙 𝑒𝑙𝑒𝑐𝑡𝑟𝑖𝑐𝑎𝑙 𝑠𝑢𝑝𝑝𝑙𝑦 − 𝑃𝐸 − 𝐸𝑥𝑐𝑙𝑢𝑑𝑒𝑑 𝑒𝑞𝑢𝑖𝑝𝑚𝑒𝑛𝑡  2-4 

Where: 

𝐸𝐸𝐹 = Effective electrical heat 𝑘𝑊 

The remaining heat sources are less significant contributors to the overall heat load. The heat 

from the human metabolism of underground workers is calculated using Equation 2-5. 
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 𝑀𝐻𝐿 = 𝑁𝐸 × 𝑀𝐻𝑅  2-5 

Where: 

𝑀𝐻𝐿 = Metabolic heat load 𝑘𝑊 

𝑁𝐸 = Number of employees − 

𝑀𝐻𝑅 = Metabolic heat rate  𝑘𝑊 

The explosive heat load is calculated using Equation 2-6. This method assumes that the heat 

energy released by an explosion is absorbed by the rock and released over a prolonged period. 

 
𝐸𝐻𝐿 =  

𝐻𝑃 × 𝑚

𝑅𝑃
  

 2-6 

Where: 

𝐸𝐻𝐿 = Explosive heat load 𝑘𝑊 

𝐻𝑃 = Heat produced by explosive type 𝑘𝐽/𝑘𝑔 

𝑚 = Total mass of explosive used 𝑘𝑔 

𝑅𝑃 = Release period 𝑠𝑒𝑐 

Finally, the heat added to the ventilation system by fissure water is calculated using Equation 2-7. 

The mass flow of the fissure water is determined by the difference in water flow entering and 

leaving the mine. The fissure water temperature entering the system is equal to that of the 

temperature of the rock at the depth that the water enters the mine. The temperature at which the 

fissure water exits the mine is assumed to be equal to the rejected air temperature of the mine 

working areas [11], [35]. 
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 𝐹𝑊𝐻𝐿 =  𝑚̇  × 𝐶𝑝  × (𝑇2 − 𝑇1)  2-7 

Where: 

𝐹𝑊𝐻𝐿 = Fissure water heat load 𝑘𝑊 

𝑚̇ = Mass flow rate of fissure water 𝑘𝑔/𝑠 

𝐶𝑝 = Specific heat of water 𝑘𝐽/𝑘𝑔 ∙ 𝐾 

𝑇2 = Inlet fissure water temperature °𝐶 

𝑇1 = Exit fissure water temperature °𝐶 

These heat sources account for the heat load in the mine ventilation system. For mines that have 

chilled water reticulation systems, the cooling duty of the pipes is included in the secondary heat 

load to ensure that the final kW/m is an accurate representation of the actual system. The cooling 

duty of the chilled water reticulation systems is determined with Equation 2-8 [31]. 

 𝑞 =  𝑚̇  × 𝐶𝑝  × (𝑇2 − 𝑇1)  2-8 

Where: 

𝑞 = Water-cooling duty 𝑘𝑊 

𝑚̇ = Mass flow rate of chilled water 𝑘𝑔/𝑠 

𝐶𝑝 = Specific heat of water 𝑘𝐽/𝑘𝑔 ∙ 𝐾 

𝑇2 = Inlet chilled water temperature °𝐶 

𝑇1 = Exit chilled water temperature °𝐶 

iv) A new approach to data collection 

Figure 2-3 shows an adapted data collection method flow sheet for true transient simulations. To 

ensure that the true transient simulation is incorporated, the transient data is prioritised, and the 

steady-state data is only collected when there is no means to collect transient data for each 

parameter. For the method to remain practical, an additional step is added to determine the level 

of detail and KPIs before starting data collection. 
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Figure 2-3: Adapted true transient data collection flow sheet* 

2.3.2 Data collection on an entire mine ventilation and cooling system 

As stated in Section 1.5, there is a need to apply this methodology to an entire mine ventilation 

and cooling system. This section will discuss the requirements for each step in Figure 2-3 when 

the method is applied to the entire integrated system. 

i) Determine level of detail and KPIs 

To fully capture all areas of the mine ventilation and cooling system, data from all levels of detail 

is required. Table 2-1 shows the data points required for conventional deep-level mine ventilation 

and cooling systems. These will vary according to the infrastructure at the mine. 

The KPIs are selected to meet the objectives of the simulation. The working area environmental 

conditions result from the aggregation of heat and cooling sources encountered by the intake air 

up to that point. For the simulation to accurately predict the environmental conditions of the intake 

air in the working area, the entire mine ventilation network has to be calibrated accurately. The 

main KPIs when simulating an entire mine ventilation and cooling network are the intake 

conditions of the working area, as shown in Table 2-3. 
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Table 2-3: Main KPIs 

Area KPI Unit 

Working area intakes 

Air mass flow rate [kg/s] 

DB temperature [°C] 

WB temperature [°C] 

The KPIs of the critical ventilation and cooling components are added to ensure that the simulation 

represents the actual components accurately. Table 2-4 shows these KPIs, available in mine 

simulation software [11], [21], [51]. Depending on the available infrastructure, additional KPIs 

might be required for each individual mine. 

Table 2-4: Component KPIs 

Component KPI Unit 

Return fans operating condition 
Air mass flow rate [kg/s] 

Static pressure [kPa] 

Fridge plants 

Condenser water flow rate [ℓ/s] 

Condenser inlet water temperature [°C] 

Condenser outlet water temperature [°C] 

Evaporator water flow rate [ℓ/s] 

Evaporator inlet water temperature [°C] 

Evaporator outlet water temperature [°C] 

BAC 
Air outlet WB temperature  [°C] 

Air mass flow rate [kg/s] 

Cold/ice dams 
Outlet water temperature [°C] 

Water outlet flow rate [ℓ/s] 

The main and component KPIs are used to measure the performance of true transient mine 

ventilation and cooling simulations. The KPIs required also depend on the available data at the 

mine. 

ii) Collect transient data 

Continuous, accurate ambient and underground transient temperature data is required to define 

the thermal history effect. All data will be available on a SCADA system in an optimal case. The 

data quality is determined by performing checks on the data, which entail maximum and minimum 

limits checks and balance checking [38]. 

In cases where not all the data is available on the SCADA system or data has poor quality, manual 

measurements are required. Manual measurements make the data collection process laborious 

and time-consuming. Only the necessary data should be collected to meet the desired outcomes 

of the simulation. Handheld temperature loggers are used to measure WB and DB temperature. 

Air psychrometric charts or psychrometric calculators can be used to determine the WB 

temperature, if the temperature logger only measures the DB temperature and humidity [31], [84]. 

Appendix D shows an example of air psychrometric calculator outputs. 
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iii) Collect steady-state data 

Steady-state data is measured with the use of handheld instruments. Table 2-5 shows the 

handheld instruments required to measure each of the parameters where supplementary steady-

state data is required. Standard measurement procedures are used to measure these 

parameters [31]. 

Table 2-5: Handheld instrumentation required for steady-state data collection 

Parameter Unit  Handheld instrument required 

Barometric pressure [kPa] • Digital barometer 

Air mass flow rate [kg/s] 

• Vane anemometer 
• Stopwatch 
• Laser distance meter/tape measure 
• Digital barometer 
• Whirling hygrometer 

Fan static pressure  [kPa] 
• Pitot tube 
• Vertical/digital manometer 

Water temperatures [°C] 
• Infrared thermometer 
• Thermometer 

The air mass flow rate is calculated using Equation 2-9. The air density is determined from the 

DB temperature, WB temperature and barometric pressure using the psychrometric charts or the 

PTB air psychrometric calculator [31]. 

 𝑚̇𝑎 = 𝑤 × 𝑄  2-9 

Where: 

𝑚̇𝑎 = Air mass flow rate 𝑘𝑔/𝑠 

𝑤 = Air density 𝑘𝑔/𝑚3 

𝑄 = Air volumetric flow rate 𝑚3/𝑠 

2.3.3 Building of the model 

No significant changes in the steps are required from conventional methods when building an 

entire true transient-state simulation. Figure 2-4 shows the flow sheet to build the model. 
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Figure 2-4: Model building flow sheet* 

2.3.4 Calibration 

Conventional methods define the system with standard parameters and incorporate manual 

iteration to determine unknown parameters. Figure 2-5 shows the calibration flow sheet for 

conventional simulation methodologies. 
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Figure 2-5: Conventional calibration flow sheet* 

i) Incorporate true transient simulation 

The underground temperature data collected for the ventilation system shows the thermal history 

effect, as seen in Figure 1-4. Historical temperatures are used to prime the model. Figure 2-6 

shows the intake temperatures of a deep-level gold mine in South Africa. The temperature history 

is used to prime the model so that the true transient heat transfer is correct at the start of the 

calibration period. The calibration should be selected for a period during which the underground 

operations were running as normal. The length of the calibration period will depend on the amount 

of thermal history present in the mine. A longer calibration period will improve the accuracy but 

comes at the cost of longer data collection and simulation times.  
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Figure 2-6: Thermal history calibration example* 

ii) Be practically applicable 

The calibration should be practical, thus it is crucial to consider the accuracy of the measured 

data. The calibration of the ventilation and cooling simulation is only as accurate as the accuracy 

of the measured data, i.e. only iterate for the unknown parameters until the simulation reaches 

the measured data's accuracy. The accuracy of the measured data was determined in the data 

collection steps of the method.  

The simulation time increases exponentially with more extensive ventilation simulation 

networks [55]. Solving many iterations to determine unknown parameters can take up an 

extensive amount of time. In cases where many iterations are required, sections of the simulation 

can be isolated. The underground measurements are used as inlet boundary conditions for the 

isolated section. The unknown parameters determined from these iterations are applied to other 

sections of the mine with similar characteristics, for example, vertical shafts, horizontal tunnels, 

decline shafts/tunnels and workings areas. 

iii) A new approach to calibration 

Figure 2-7 shows the adapted calibration methodology flow sheet for the true transient simulation. 

The additional step ensures that the true transient heat exchange is primed for the calibration 

period. 
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Figure 2-7: Adapted true transient calibration flow sheet* 

2.3.5 Verification 

Conventional methodologies usually use the mean absolute error, average error (Eave), maximum 

error (Emax) and minimum error (Emin) to determine the accuracy of a model [4], [67], [81].  

Figure 2-8 shows the flow sheet for the verification steps involved in conventional simulation 

methodologies. The verification steps of the model will not change when incorporating a true 

transient simulation. 

 

Verify steady-

state data 

Collect steady-

state data 

Collect transient 

data

Build the model

Compare results 

with measured 

data

Define the 

system with 

standard data

Determine 

statistical 

accuracy

Data collection

Verify transient 

data 

Calibration

Verification

Iterate to 

determine 

unknown 

parameters

Start

End

Building of model

 

Figure 2-8: Conventional verification flow sheet* 

i) Incorporate true transient simulation 

The most common methods for determining accuracy among the critical true transient studies 

shown in Table 1-4 are MSE and R2 [52], [70]. These methods are more applicable to continuous 

data, and using these methods will allow the results from this study to be compared with other 

true transient simulation studies. The maximum error is further used to compare the 

environmental predictions of different mine ventilation software [4], [18]. The MSE is calculated 

with Equation 2-10 [52]. 
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𝑀𝑆𝐸 =

(∑ (𝑦̂𝑖 − 𝑦𝑖)2𝑛
𝑖=1 )

𝑛⁄  
2-10 

Where: 

𝑦̂ = Simulation result − 

𝑦 = Measured data − 

𝑛 = Number of data points − 

A study by Roghanchi and Kocsis [52] used a simulation to predict the environmental conditions 

at the bottom of vertical shafts. The results from this study indicated that the model still had an 

acceptable level of accuracy with an MSE of 1.58, R2 = 0.73, and a maximum DB temperature 

error of 1.93°C. Currently, this is the only indication of the accuracy of transient environmental 

predictions. These values will be used to indicate whether the simulation has acceptable 

accuracy. The comparison between steady state and true transient simulation will be used to 

determine prediction improvements.  

ii) Be practically applicable 

The MSE and R2 indicate the model's performance. As discussed in Section 2.3.4, the accuracy 

of the measured data must be considered. The model can only be verified practically to the best 

accuracy of the measurements used to calibrate the model. A study by Mathews et al. [38] 

confirmed that a transient cooling and water simulation with an average error of less than 5% will 

represent the actual system accurately. 

2.3.6 Summary 

Figure 2-9 summarises the new methodology for the true transient ventilation and cooling 

simulation in a flow sheet. Conventional methods were adapted to ensure that the true transient 

simulation is incorporated while remaining practical. If the accuracy of the model is inadequate, 

the process will have to start from the start. 
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Figure 2-9: New true transient ventilation and cooling simulation methodology flow sheet* 
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2.4 Process Toolbox 

PTB is a simulation software package that uses a one-dimensional computational fluid dynamics 

code to solve complex thermohydraulic networks. The code includes incompressible (water), 

compressible (air), and two-phase fluids (steam). Pressure nodes/boundaries are linked to semi-

empirical components to form complex networks. 

The software uses drag-and-drop components on a 3D GUI to develop large networks to scale. 

PTB includes a predefined component library to configure simulations. Figure 2-10 illustrates the 

PTB GUI displaying a complex ventilation network. PTB is designed to be practical in industrial 

scenarios by combining fundamental principles and empirical parameters. Further detail of PTB 

is given in references [11], [21], [51]. 

Two simulation softwares were available to the author at the time of the study, PTB and VUMA. 

However, VUMA could not incorporate true transient heat exchange. No other simulation was 

financially available. PTB was selected for this study for the following reasons: 

• It is capable of incorporating true transient heat exchange, 

• It allows for the integration of ventilation and cooling systems, and 

• It is designed for a truly industrial scenario such as complex mine ventilation and cooling 

systems. 

At the time of this study, a limitation of PTB was that the internal heat input was in a steady state. 

This is the heat added to the ventilation system in the underground tunnels by the secondary 

sources calculated in the heat load in Section 2.3.1. The impact of this limitation was determined 

during the application of the simulation to the case studies and is discussed in the case study 

discussion and conclusion. 

Define the system with standard data using PTB 

During the building of the model, all components are defined with their standard parameters. The 

remainder of this section investigates the standard parameters required by PTB to define the 

components listed in Section 2.2.2. These components are linked with air nodes, which connect 

the components and do not need to be defined. 

The standard parameters for the air tunnel component in PTB simulation software are shown in 

Table 2-6. This information is available from the mining plans and literature. The VRTs differ for 
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rock types and are defined by a gradient. Equation 2-11 shows the VRT formula for the Free State 

area in South Africa [11], [35], [37]. 

Table 2-6: PTB tunnel standard parameters 

Parameter Unit Source 

Flow area [m²] Mining plans 

Flow perimeter [m²] Mining plans 

Friction coefficient - Literature 

VRT gradient [°C/m] Literature 

Tunnel age [days] Mining plans 

Rock thermal conductivity [kW/m·K] Literature 

Rock specific heat [J/kg] Literature 

Rock density [kg/m³] Literature 

 

 𝑉𝑅𝑇 =  20 + 14.6 × (𝐷𝑒𝑝𝑡ℎ 𝑖𝑛 𝑘𝑚) 2-11 

Where: 

𝑉𝑅𝑇 = Virgin rock temperature °𝐶 

The standard parameters of air pipes can be found in the product specification. The standard 

parameters for the air pipe component in PTB simulation software are shown in  

Table 2-7. 

Table 2-7: PTB air pipe standard parameters 

Parameter Unit Source 

Surface roughness [mm] Product specifications 

Hydraulic diameter [m] Product specifications 

Flow area [m²] Product specifications 
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Figure 2-10: PTB interface*
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The final ventilation component is an air fan that is defined by the specification fan curves of the 

component. Appendix E shows an example of the fan specification and curves of a standard 

45 kW booster fan and the defined PTB fan curve with the simulated pressure and flow. 

The cooling system simulation components are defined much like the ventilation components. 

The water-water chiller (fridge plant) component uses measured data to calculate the 

performance curves of the component. Table 2-8 shows the measured data required to define the 

component. 

Table 2-8: Fridge plant standard parameters 

Parameter Unit Source 

Evaporator outlet temperature [°C] Measured data 

Evaporator inlet temperature [°C] Measured data 

Evaporator flow rate [ℓ/s] Measured data 

Condenser outlet temperature [°C] Measured data 

Condenser inlet temperature [°C] Measured data 

Condenser flow rate [ℓ/s] Measured data 

The water air-cooling tower component, used for BACs, and the water-air heat exchanger 

component, used for mobile coolers, use specifications and measured data to calculate the overall 

heat transfer coefficient of the water to air heat exchange. Table 2-9 shows the component 

specifications and measured data required to define this component. Appendix F shows the heat 

exchanger specifications for a mobile cooler. The BAC water catchment is included in the 

simulation as a water dam component and is specified according to the actual size of the 

catchment dam. 

Table 2-9: Water air-cooling tower and heat exchanger standard parameters 

Parameter Unit Source 

Design water flow rate [ℓ/s] Component specifications 

Design airflow rate [kg/s] Component specifications 

Barometric pressure [kPa] Measured data/component specifications 

Water inlet temperature [°C] Measured data/component specifications 

Water outlet temperature [°C] Measured data/component specifications 

Water flow rate [ℓ/s] Measured data/component specifications 

Air inlet temperature [°C] Measured data/component specifications 

Air inlet relative humidity [%] Measured data/component specifications 

Airflow rate [kg/s] Measured data/component specifications 

The water and ice dams require the volume of the dam to define the component. The ice dam 

further requires the ice mass fraction, which is the percentage of the water that enters the dam 

as ice. Table 2-10 shows the standard parameters required to define the ice dam component. 
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Table 2-10: Ice dam standard parameters 

Parameter Unit Source 

Dam volume [m3] Dam specifications 

Ice mass fraction [%] Measured data 

The water pipes are defined the same way as the air pipe. It is crucial to account for heat losses 

in chilled water pipes that are not covered in insulation. The heat transferred to airflow over the 

outside of pipes depends on the temperature difference between the water and air. The heat 

transfer coefficients depend on the material of the pipe and the air temperature and velocity over 

the pipe [35]. Table 2-11 shows the parameters that are required to define water pipe 

components. 

Table 2-11: Water pipe standard parameters 

Parameter Unit Source 

Surface roughness [mm] Product specifications 

Hydraulic diameter [m] Product specifications 

Flow area [m²] Product specifications 

Ambient air temperature [°C] Measured data 

Air convective heat transfer coefficient [kW/m°C] Literature 

Conduction heat transfer coefficient [kW/m°C] Literature 

The water pumps are defined with each pump's specific pump curves; a process that is similar to 

the process of defining the air fans. Finally, the water demand components are used to specify 

the water flow rate required by the working areas and mobile coolers. 

Iterate unknown parameters with PTB 

The parameters that need to be calibrated by iteration in a PTB ventilation simulation are the 

tunnels' wetness fraction and door fraction. The wetness fraction adds humidity to the air travelling 

through the tunnels, and the door fraction restricts airflow through the tunnels. 

Literature shows that the average wetness fraction of underground tunnels is between 0.1 and 

0.25 [26], [31], [83], [85]. All tunnel components in the intake system are given an initial average 

wetness fraction value of 0.175. This is the baseline from which the door fraction is iterated to 

calibrate the airflow. 

The door fraction of tunnels allows for calibrating leakages over doors, walls and seals. Iterations 

are required to determine the exact door fraction value for each leak as there is no standard value. 

The doors, walls and seals in the simulation are started at a door fraction of 0%, representing a 

fully closed tunnel with no leaks. The door fractions are increased until the leaks correlate with 

the measured data. 



 

54 

2.5 Overview of the application of these methodologies 

In Chapter 1, a critical review revealed the shortcomings in the literature for a true transient 

simulation of mine ventilation and cooling systems. These shortcomings formed the foundation of 

the need and the novel contributions of this study. The objectives of this study, as seen in Section 

1.6, are: 

• Development of a methodology for a true transient mine ventilation and cooling simulation 

for deep underground mines, 

• Application of a true transient ventilation simulation to an entire mine ventilation network, 

and 

• Integration of a transient cooling simulation with a true transient ventilation simulation on 

a deep-level mine. 

This chapter developed a methodology to meet the first objective of this study. The methodology 

incorporates the thermal history effect while remaining practically applicable. This methodology 

is genuinely novel as the state-of-the-art studies in Section 1.4 do not provide a method for 

building and calibrating a true transient simulation. Case studies of real-life underground mine 

ventilation and cooling systems was used to meet this study's other needs and validate the new 

methodology. The mines in these case studies were also selected according to the information 

available to the author at the time of this study. 

2.5.1 Case study 1 

This case study applied a true transient ventilation simulation to a conventional underground mine 

with no cooling system installed. The new methodology developed in this chapter was used to 

meet the need of the second novel contribution of this study, namely: 

• Application of a true transient ventilation simulation to an entire mine ventilation network. 

2.5.2 Case study 2 

In this case study, a true transient simulation was applied to a large underground mine ventilation 

system with a cooling system. The new methodology developed in this chapter was used in this 

case study. This case study met the needs of the second and third novel contributions of this 

study, namely: 

• Application of a true transient ventilation simulation to an entire mine ventilation network, 

and 
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• Integration of a transient cooling simulation with a true transient ventilation simulation on 

a deep-level mine. 

2.5.3 Case study 3 

The third case study applied a true transient ventilation and cooling simulation to a mechanised 

underground mine. This further validated the new methodology by applying it to an underground 

mine with a different mining technique. 

2.6 Summary 

This chapter aimed to meet the first outcome of this study and started by investigating 

conventional mine ventilation and cooling simulation methodologies. These conventional 

methodologies were adapted for integrated true transient mine ventilation and cooling 

simulations. The flow sheet for the adapted true transient methodology is shown in Figure 2-9. 

The simulation software used in this study was also discussed. The next chapter applies the new 

methodology to the case study mine ventilation and cooling systems, as discussed in  

Section 2.5. 
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CHAPTER 3: RESULTS 

3.1 Preamble 

The literature study in Chapter 1 investigated the literature on transient mine ventilation and 

cooling simulations. The following objectives were determined in Chapter 1: 

• Development of a methodology for integrated true transient mine ventilation and cooling 

simulations, 

• Application of a true transient ventilation simulation to an entire deep-level mine, and 

• Integration of a transient cooling simulation with a true transient ventilation simulation on 

a deep-level mine. 

Chapter 2 developed a novel method for true transient mine ventilation and cooling simulations. 

This method incorporates the thermal history effect while remaining practically applicable. This 

chapter aims at meeting the second and third objectives by a applying true transient simulation 

to three case studies. The results from these case studies will validate the use of the methodology 

developed in Chapter 2 and the application of a true transient simulation to an entire mine 

ventilation and cooling system. The three case studies were summarised in Section 2.5. 

3.2 Case Study 1 

3.2.1 The objective of Case Study 1 

Case Study 1 investigated the true transient simulation of an underground mine ventilation 

system. For confidentiality, the mine investigated in this case study is referred to as Mine A. This 

case study aimed at meeting the second objective of this study. 

This case study aimed at verifying that this objective would be met by determining whether a true 

transient ventilation simulation could produce accurate results. Comparing the new true transient 

simulation to conventional steady-state simulations would validate using the true transient 

simulation in the mining industry. The true transient simulation results were compared to actual 

measured data to determine if it could produce accurate results. These results would further 

validate the use of the new true transient methodology. The results from this case study were 

published in an article which is included in Appendix G.  
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3.2.2 Description of Mine A 

Mine A is an underground gold mine in Free State, South Africa. This mine started production in 

1986 and was mining at an average depth of 1 290 m at the time of the study. The maximum 

mining depth was 1 370 m underground. The mine produced 1 400 kg of gold per year and had 

around 2 000 employees. 

Figure 3-1 illustrates an overhead view of the underground layout of Mine A. This mine had three 

shafts, two downcast (intake air) and one upcast (return air). Apart from taking fresh air 

underground, the main downcast shaft was also used to transport broken rock, while the 

secondary downcast shaft was used to transport people and materials. The current working areas 

were on the northeastern section, which was also the deepest section of the mine. 

Mine A used a conventional or narrow-reef mining technique. This technique involves the 

excavation of rock by drilling and blasting in the working areas. An electric tram and conveyor 

system transported the ore from the working areas to the shaft, where it was hoisted in a skip to 

the surface with a winder. 

A simplified conventional underground mine ventilation system was shown in Figure 1-2. Fresh 

air entered the mine through the downcast shafts and flowed through a network of tunnels (intake 

airways) to the working areas. Thereafter, the contaminated air flowed through a network of 

tunnels (return airways) to the upcast shaft. 

On the surface, Mine A used two exhaust fans with a design capacity of 1 MW to exhaust 

contaminated air from the mine ventilation system. These fans extracted around 500 kg/s of 

contaminated air from the underground system to surface at an operating static fan pressure of 

1.5 kPa. 



 

58 

Main upcast shaft Secondary downcast shaft

Main downcast shaft

Current working areas

 

Figure 3-1: Mine A underground layout* 

Mine A used underground ventilation controlling equipment to ensure that adequate fresh air 

reached the working areas. The controlling equipment such as doors, walls and booster fans was 

installed on the underground levels as per the ventilation plans. Figure 3-2 illustrates a section of 

a level ventilation plan for Mine A. The tunnels on the level were used as the intake airways for 

the working areas and also for transporting people, material, equipment and broken rock. In some 

cases, the return airways were used to access working areas to reduce travelling time. 
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Figure 3-2: Section of a level ventilation plan for Mine A* 

The airflow in the intake and return airways was in a relatively steady state because mine fans 

and underground booster fans controlled the airflow. During the mining shifts, there was a great 

deal of movement of people, materials, equipment and broken rock underground. At Mine A this 

movement often required the ventilation doors to be opened and closed, and in some cases, the 

booster fans to be turned on and off. The ventilation network at Mine A was very interconnected, 

and a change in one section could affect other sections. The changes in ventilation controlling 

equipment caused by the underground operations led to dynamic airflow in the ventilation system 

during the mining shifts. 

Mine A had a variety of heat sources underground. There were no fuel-driven machines 

underground, thus the heat sources present in the mine were strata heat (geothermal gradient), 

auto-compression, electric machinery, human metabolism, blasting, and fissure water. The 

ventilation infrastructure could provide enough ventilation airflow (air-cooling power) to mitigate 

the heat sources. Mine A did not have refrigeration or cooling systems installed. 

3.2.3 Data collection 

The data was collected according to the steps developed in Section 2.3.1 and Section 2.3.2. 

Figure 3-3 shows the true transient data collection method flow sheet. This method remained the 
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same when applied to the ventilation system of Mine A, even though it did not have refrigeration 

or cooling systems installed. 

Mine A did not have a SCADA system and no environmental monitoring instruments were 

installed. All data had to be collected manually with handheld instruments. As stated in 

Section 2.3.1, only the necessary data had to be collected to meet the desired outcomes of the 

simulation. However, enough data had to be collected to define the thermal history effect 

accurately. As mentioned in Section 2.3.1, the required data depends on the mine.  
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Figure 3-3: True transient data collection flow sheet* 

i) Collecting transient data 

Figure 3-4 illustrates the ambient and underground temperature measured at Mine A with 

temperature loggers placed at a working area intake. The thermal history effect can be seen in 

the change in temperature as the air travelled in the mine. A temperature logger was placed at a 

working area intake underground. The temperature loggers were installed for a total of three 

weeks to ensure that the thermal history was adequate. This data was collected during a time of 

normal mining operations. 
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Figure 3-4: Ambient and underground temperatures at Mine A* 

The valid supplier's calibration certificate was used to determine the accuracy of the temperature 

logger. The temperature loggers were rated to be accurate to within 0.5°C DB temperature and 

3% for relative humidity between 0°C to 40°C. Table 3-1 summarises the accuracy of the transient 

data measured at Mine A. 

Table 3-1: Mine A transient data accuracy 

Measurement  Unit  Accuracy 

DB Temperature  [°C] ±0.5 

Relative humidity [%] ±3.0 

ii) Determining heat load 

The heat load of underground heat sources was used to calibrate the secondary heat added to 

the ventilation air in the simulation. As discussed in Section 2.4, the limitation of PTB is that the 

internal heat input is in a steady state. For this case study, the heat from secondary sources was 

calculated in a steady state. The total heat added to the ventilation system of Mine A by the 

secondary heat sources is summarised in Table 3-2. The calculation of the heat from these 

sources is summarised in Appendix H. 
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Table 3-2: Total heat load from secondary sources for Mine A 

Parameter  Unit Value 

Effective electrical heat load [kW] 958 

Metabolic heat load [kW] 216 

Explosive heat load [kW] 2 

Fissure water heat load [kW] 236 

Total heat load from secondary sources [kW] 1 412 

The amount of heat from each category was not constant over time. The heat load of Mine A was 

dynamic over 24 hours. As an example of how dynamic the heat load could be, Figure 3-5 shows 

the effective electrical heat load over 24 hours.  

 

Figure 3-5: Mine A effective electrical heat load* 

iii) Collecting steady-state data 

The outstanding data that could not be collected using transient methods are listed below: 

• Surface and underground barometric pressure, 

• Airflow of the mine ventilation network, and 

• Return fan static pressure. 

These parameters were measured using the techniques discussed in Section 2.3.2. The vane 

anemometer had a calibration certificate that guaranteed a certain level of accuracy. However, 

the method for measuring the airflow increased the difficulty of defining the accuracy of airflow 
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measurements. Studies have shown that underground airflow measurements with a vane 

anemometer can be accurate within 5–23%; therefore, the airflow could not be practically 

calibrated to more than 95% accuracy [74], [86]. 

3.2.4 Building of the model 

Figure 3-6 shows the steps for building a ventilation and cooling simulation in PTB. 

Collect transient 

data

Build the model

Compare results 

to measured 

data

Define the 

system with 

standard data

Determine 

statistical 

accuracy

Data collection

Verify transient 

data

Calibration

Verification

Prime the model 

with thermal 

history

Start

End

Building of model

Determine 

different heat 

sources

Determine 

transient heat 

load

Is supplementary 

steady-state data 

required?

Collect steady-

state data

Verify steady-

state data

Yes

No

Determine level 

of detail and 

KPIs

Iterate to 

determine 

unknown 

parameters

 

Figure 3-6: Model building flow sheet* 

i) Building the model 

The digital mining layouts seen in Figure 3-1 were imported into PTB and the drag-and-drop 

function was used to add the components to the layouts. Figure 3-7 illustrates the final 3D PTB 

ventilation model.  
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Figure 3-7: PTB ventilation simulation of Mine A* 
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ii) Defining the system with standard data 

The final step of building the model was to define all the components with their standard 

parameters. The components used to build the ventilation simulations of Mine A were tunnels, air 

pipes and air fans. The components were defined according to the standard parameters sources 

discussed in Section 2.4. The values used to define the system are summarised in Appendix I. 

3.2.5 Calibration 

Figure 3-8 shows the true transient calibration flow sheet developed in Chapter 2. This method 

remained the same when applied to the ventilation system of Mine A. 
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Figure 3-8: True transient calibration flow sheet* 

A description of the heat load is shown in Section 3.2.3, and the heat load is calculated in 

Appendix H. The secondary heat sources were distributed across the intake airways as a kW/m 

value. The simulation was simplified by distributing the heat evenly across all active intakes of the 

mine. The total heat load of 1 412 kW was distributed over the total intake airways length of 

12 022 m, resulting in an average heat load of 0.12 kW/m. 

The calibration process was simplified by dividing the mine into sections with the same mining 

characteristics. Each section was extracted from the simulation and calibrated individually, 

providing that the section's intake and outlet environmental conditions were known. The wetness 

fraction of that section was applied to similar sections in the mine. Mine A was divided into two 

sections, namely vertical downcast shafts and horizontal tunnels. 

i) Priming the model with temperature history 

To incorporate true transient heat exchange for the calibration period, it is essential to prime the 

model with temperatures leading up to the period. This ensures that the heat exchange is correct 

at the start of the calibration period. The calibration period was selected for three days during 

which underground mining continued as usual. 
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The ambient environmental conditions were recorded for three weeks to provide a suitable 

temperature history for an accurate heat exchange. The average ambient environmental 

conditions for the priming period are shown in Table 3-3. 

Table 3-3: Average priming period environmental conditions for Mine A 

Environmental conditions Unit Value 

Average DB temperature [°C] 12.3 

Average relative humidity [%] 47.4 

Average barometric pressure [kPa] 87.4 

These averages were used as inputs to the PTB model, and the model was run until the entire 

model reached a steady state. The simulated temperature of the underground tunnels after 

priming represented the actual temperature of the tunnels at the start of the calibration period. 

ii) Iterating unknown parameters 

The airflow data could only be measured in a steady state so that the airflow would be calibrated 

and verified in a steady state. The first step simulated the PTB model with the standard data 

imported to all components. As discussed in Section 2.4, an average wetness fraction of 0.175 

on intake tunnels and a 0% door fraction on closed tunnels were used as the baseline. 

The door fractions were adjusted and simulated airflows were compared with the underground 

tunnels' measured airflows for every iteration. As the airflow calibration improved, the wetness 

fraction was also changed for each iteration. This process was repeated until the calibration was 

completed. 

After each iteration, the accuracy of each simulated environmental condition was compared with 

the measured environmental condition at the same location. The data collection determined that 

the airflow measurements had at least a 5% error. Once a simulated airflow was within 5% of the 

measured airflow, the calibration was completed for that component. 

The temperature data was transient and the simulation was calibrated for a single wetness 

fraction. This wetness of the underground network could have changed during the data collection 

period. Thus, the wetness fraction was calibrated to be as close as possible to the measured data 

for the entire calibration period while taking the accuracy of the measured data into account, as 

shown in Table 3-1. 

3.2.6 Verification 

Figure 3-9 shows the true transient verification flow sheet developed in Chapter 2. 
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Figure 3-9: True transient verification flow sheet* 

The final simulation had an airflow that represented the actual system accurately. The simulation 

had an average airflow accuracy of 97%. The airflow calibration had an MSE of 0.77 with a 

maximum error of 2.11 kg/s, which included the main return fans. The minimum error of the 

handheld measurement technique was 5%, thus the practical accuracy of the airflow was 95%. 

The main return fans had a measured operating static pressure of 1.5 kPa and a simulated static 

pressure of 1.56 kPa, which was an error of less than 4%. 

The simulation DB and WB temperatures of a working area intake on the main working level were 

compared with the measured temperatures. Figure 3-10 illustrates the comparison between the 

measured and simulated temperatures. The simulation was able to incorporate the thermal history 

effect as discussed in Section 1.2.4. 

 

Figure 3-10: Mine A underground temperature comparison using transient simulation* 
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As discussed in Section 2.3.5, literature has determined that a true transient ventilation simulation 

of downcast shafts has an acceptable level of accuracy with an MSE of 1.58, R2 of 0.73 for DB 

temperature predictions, and a maximum DB temperature error of 1.93°C [52]. Table 3-4 shows 

the simulation performance for Mine A. These results prove that the true transient simulation 

predicts the underground environmental conditions with a high level of accuracy when applied to 

an entire mine ventilation system. 

Table 3-4: Summary of Mine A simulation performance 

Parameter Unit MSE R² Maximum error 

Airflow [kg/s] 0.77 – 2.11 

DB temperature (transient) [°C] 0.38 0.99 1.53 

WB temperature (transient) [°C] 0.09 0.97 0.79 

The simulation showed accurate results for all the KPIs selected. Maximum temperatures are 

often used in planning and optimisation to predict limiting underground temperatures [54]. The 

simulation results demonstrated that the maximum temperatures were within 0.30°C of the actual 

maximum temperatures i.e..: 

• DB temperature of 23.14°C (0.30°C lower than actual) 

• WB temperature of 14.39°C (0.27°C lower than actual) 

The temperature loggers used were accurate to ±0.5°C for the DB temperature and ±3.0% for the 

relative humidity, which was equivalent to around ±0.5°C for the WB temperature. The results in 

this section showed that these loggers had an adequate accuracy for calibrating a true transient 

simulation. 

3.2.7 Comparison to quasi-steady-state ventilation simulation 

Literature has shown that there are limitations to a steady-state mine ventilation analysis. Some 

studies used quasi-steady-state simulation, which has improved prediction over standard 

simulation [43], [54]. PTB has the functionality to switch to a steady-state simulation, which can 

be used as a standard steady-state or quasi-steady-state simulation. 

The simulation was resimulated with a quasi-steady-state analysis. Figure 3-11 compares the 

actual measurements, transient simulation and quasi-steady-state simulation. These results 

confirm the limitation of a steady-state ventilation analysis, which is that it tends to overpredict 

high temperatures. 
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Figure 3-11: Mine A temperature comparison using a true transient and quasi-steady-state simulation* 

The quasi-steady-state results showed the following maximum temperatures: 

• DB temperature of 25.98°C (2.54°C higher than actual) 

• WB temperature of 16.08°C (1.42°C higher than actual) 

When comparing the quasi-steady-state simulation with the transient simulation, the transient 

showed improved predictions of the underground environment, leading to better accuracy.  

Table 3-5 compares the simulation results from the transient and quasi-steady-state simulations. 

Table 3-5: Mine A comparison of transient and quasi-steady-state simulation performance 

Parameter Unit MSE R² Maximum error 

Airflow [kg/s] 0.77 – 2.11 

DB temperature (transient) [°C] 0.38 0.99 1.53 

DB temperature (quasi-steady-state) [°C] 3.03 0.98 3.34 

WB temperature (transient) [°C] 0.09 0.97 0.79 

WB temperature (quasi-steady-state) [°C] 1.15 0.99 1.95 
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3.2.8 Discussion 

This case study aimed to meet the following objective: 

• Application of a true transient ventilation simulation to an entire mine ventilation network. 

The new true transient method was applied to Mine A. The results showed that the simulation 

could predict the underground environment accurately, thereby meeting the first objective of this 

case study. Mine A did not have a SCADA system and no environmental monitoring instruments 

were installed. This, combined with the fact that the secondary heat sources could only be applied 

in PTB in a steady state, validated the practical nature of the methodology. The amount of data 

collected to prime the model seemed adequate for this case study, but further investigation is 

required to determine the more detailed impact of the  

The application of the true transient simulation to an entire mine ventilation system was also 

published. The article's main findings were that simulation software could incorporate the thermal 

history effect into an entire mine ventilation network and that a true transient ventilation simulation 

could improve environmental predictions used for mine ventilation management. This validated 

the use of a true transient simulation on mine ventilation systems [1]. 

3.3 Case Study 2 

3.3.1 The objectives of Case Study 2 

Case Study 2 investigated the true transient simulation of an underground mine ventilation and 

integrated cooling system. For confidentiality, the mine investigated in this case study is referred 

to as Mine B. This case study aimed to meet the second and third objectives of this case study: 

• Application of a true transient ventilation simulation to an entire deep-level mine, and 

• Integration of a transient cooling simulation with a true transient ventilation simulation on 

a deep-level mine. 

This case study aimed at verifying that these objectives would be met by determining whether a 

true transient ventilation and cooling simulation could produce accurate results. The simulation 

developed in this case study was compared with a conventional steady-state simulation to 

validate the use of true transient simulations in real-life integrated ventilation and cooling 

applications. Accurate results would further validate the use of the new true transient 

methodology. 
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3.3.2 Description of Mine B 

Mine B was part of an underground gold mining operation in the Free State, South Africa. This 

mine started production in 1984 and was mining at an average depth of 2 180 m at the time of 

the study. The maximum mining depth was 2 280 m underground. The mining operation produced 

7 400 kg of gold per year, and Mine B had around 1 800 employees. Conventional narrow-reef 

mining techniques were used, much like Mine A. 

On the surface, Mine B used two exhaust fans with a capacity of 2.5 MW to exhaust contaminated 

air from underground. These fans extracted around 560 kg/s from the ventilation system at a static 

pressure of 2.4 kPa. Figure 3-12 illustrates an overhead view of the underground layout of Mine 

B. The current working areas are shown on the layout. 

Mine B had five main working levels with a travelling length of over 5 km at some places. Figure 

3-13 illustrates a section of one of the main working levels. Each level had two main parallel drifts. 

The first drift was the air intake to the working areas, and the second drift was the return airway 

that removed the contaminated air from the working areas.  

Mine B used the same mining technique and types of heat sources as Mine A. The ventilation 

airflow at Mine B did not provide enough air-cooling power to mitigate the heat from the mine as 

a result of the depth of the mine. Two cooling systems provided additional cooling. The first was 

a cooling system situated on the shallowest level (55L) at a depth of 1 670 m. The second was 

ice plants that provided ice to an ice dam that serviced the mine with chilled water. 
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Figure 3-12: Mine B underground layout* 

This cooling system on 55L consisted of refrigeration plants that provided chilled water to a BAC. 

The BAC cooled the air in the downcast shaft before the air continued to the main working levels. 

Condenser ponds rejected the heat from the refrigeration plants to the return airway system of 

the mine. The heat from the condenser ponds was absorbed by the return air, whereafter it was 

expelled to the atmosphere through the upcast shaft and mine fans. 

The ice plants were located on the surface and provided ice to an ice dam on 55L. The ice was 

mixed in the ice dam with treated service water returning from the working areas. Thereafter, the 

water from the ice dam was distributed through the mine to mobile coolers that provided localised 

cooling to working areas.
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Figure 3-13: Section of a level ventilation plan for Mine B*
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Figure 3-14 illustrates a simplified diagram of the cooling systems on 55L at Mine B. Fans forced 

the air from the downcast shaft over the BAC. This chilled air travelled down a raise borehole 

back to the downcast shaft and the working levels. The return airway entered this level via an 

upcast raise borehole. Thereafter, fans forced this air over the condenser pond. The chilled water 

from the ice dam flowed to the working levels below. 
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Figure 3-14: Mine B cooling system diagram 55L* 

3.3.3 Data collection 

Mine B had a SCADA system but no environmental monitoring instruments were installed on the 

surface or the working levels. All required data needed to calibrate the cooling system was 

available. The remaining environmental data had to be collected manually with handheld 

instruments. 

i) Collecting transient data 

The data for both cooling systems were obtained from the SCADA system. The data quality was 

determined by performing checks on the data, which entailed checking the maximum and 

minimum limits as well as the checking of balance [38]. 

Mine B operated two of the three fridge plants on 55L at all times. The data was collected when 

Fridge Plant 1 (FP1) and Fridge Plant 2 (FP2) were in operation. The fridge plants were set to 

provide a water temperature of 5°C to the BAC. Appendix J gives further details of the refrigeration 

layout and set points of this system. 
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Figure 3-15 illustrates the fridge plant temperature under regular operation over 24 hours for FP1. 

It operated at an average evaporator water flow rate of 64.5 ℓ/s and an average condenser water 

flow rate of 149.5 ℓ/s. The same data was collected for FP2. Both fridge plants were running at 

their set points and provided an evaporator outlet temperature of 5°C throughout the day. The 

result was a BAC that provided a fairly constant outlet air temperature, which reduced the 

fluctuations in ventilation air temperature provided to the mine. 

 

Figure 3-15: Mine B FP1 temperatures* 

Figure 3-16 illustrates the data collected for the chilled water system. The ice plants provided ice 

at a constant flow rate of 35 kg/s, and the ice was mixed with treated water at 32°C in the ice 

dam. The mixture ratio between treated water and ice varied throughout the day. Mine B was 

equipped with water flow instrumentation per working level. This data was collected and 

compared with the total water flow from the ice dam to verify the flow measurements with a mass 

balance calculation. 
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Figure 3-16: Mine B Ice dam data* 

The same method of underground temperature measurement as Case Study 1 was applied at 

Mine B. Figure 3-17 illustrates an example of the ambient and underground temperature 

measured at Mine B. The underground temperatures were measured at the intake of the 

shallowest services level (55L), which was 1 676 m underground. These temperatures were the 

intake and outlet boundaries of the downcast shaft up to 55L and were used to calibrate the 

downcast shaft. There was a slight reduction in the temperature fluctuations compared with the 

data collected at Mine A in Figure 3-4. The thermal history effect was more significant with greater 

depths and distance. 
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Figure 3-17: Ambient and underground temperature on 55L at Mine B* 

Figure 3-18 illustrates the measurement locations on the shallowest mining level (66L). The first 

location (Point 1) was in the main intake drift, approximately halfway between the downcast shaft 

and the working areas. The second location (Point 2) was the working area intake. The third 

location (Point 3) was in the return airway after the working areas. Similar locations were selected 

for the deepest mining level (75L). 

Legend

Fresh air

Contaminated air

Wall 

Door

Fan

From 

downcast 

shaft

Return airway

Working area intake

1

2

3

 

Figure 3-18: Underground temperature measurement locations at Mine B (66L)* 
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Figure 3-19 illustrates the DB temperatures measured at these locations over 24 hours. At this 

depth, the thermal damping was so significant that the temperatures had minimal variation over 

the 24 hours. The low airflow in the main drift of this level and the constant cooling further 

increased the thermal damping impact. Therefore, the fluctuations in the temperatures resulted 

from the dynamic nature of mining operations leading to the working areas. 

 

Figure 3-19: Underground temperature measurement at Mine B (66L)* 

The final step of transient data collection was to determine the accuracy of the measured 

ventilation data. The same temperature loggers as Case Study 1 were used to measure the 

ambient and underground environmental conditions. The results from Case Study 1 showed that 

these loggers had adequate accuracy for a true transient simulation calibration. 

The outstanding data that could not be collected using transient methods are listed below: 

• Surface and underground barometric pressure, 

• Airflow of the mine ventilation network, 

• Return fan static pressure, 

• Chilled water pipe temperatures. 

ii) Determining heat load 

Mine B used the same narrow reef mining technique as Mine A, thus the heat load calculation 

was similar. The heat load was calculated in a steady state due to the limitation of PTB mentioned 
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in  

Section 2.4. Table 3-6 summarises the total heat added to the ventilation system of Mine B by the 

secondary heat sources after the chilled water-cooling duty. The calculation of the heat from these 

sources is summarised in Appendix K. 

Table 3-6: Total heat load from secondary sources for Mine B 

Parameter  Unit Value 

Effective electrical heat load [kW] 4 348 

Metabolic heat load [kW] 450 

Explosive heat load [kW] 3 

Fissure water heat load [kW] 999 

Chilled water pipes cooling duty [kW] −4 829 

Total heat load from secondary sources [kW] 970 

iii) Collecting steady-state data 

The same handheld measuring instruments and methods as with Case Study 1 were applied to 

Mine B. The final step was to determine the accuracy of the measured data. As with Case  

Study 1, the simulation airflow could not practically be calibrated to more than 95% accuracy since 

the airflow measurements had a minimum error of 5% [74], [86]. 

3.3.4 Building of the model 

i) Building the model 

The digital mining layouts seen in Figure 3-12 were imported into PTB, and the drag-and-drop 

function was used to add components to the layouts. Figure 3-20 illustrates the final 3D PTB 

ventilation model. This model had over 10 000 individual simulation components and took 

approximately 45 minutes to solve a 24-hour period simulation. 
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Figure 3-20: PTB ventilation simulation of Mine B* 

Figure 3-21 illustrates the cooling system simulation integrated into the ventilation simulation of 

Mine B. 
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Figure 3-21: PTB integrated cooling simulation of Mine B* 
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At the time of this study, PTB did not have an ice plant component and the chilled water supply 

had to be simplified. The simplified chilled water system included the ice dam and water network 

up to the mobile coolers. The ice dam had to be calibrated according to the actual ice production 

and water temperatures, and this system provided the same impact as the actual cooling system 

on the ventilation system. 

ii) Defining the system with standard data 

The ventilation components were defined using the same method as the first case study 

discussed. The cooling components were defined with standard data from the sources in 

Section 2.4. The values used as inputs are summarised in Appendix L. The ice mass fraction on 

the inlet of the ice dam could not practically be measured at Mine B, thus it had to be calibrated 

using iterations. 

3.3.5 Calibration 

The calibration of the system was similar to Mine A, with the addition of the ice mass fraction as 

an unknown parameter. Different sections of the mine had different types of water usage, which 

resulted in different wetness fractions. For the calibration of the wetness fraction, the mine was 

divided into the downcast shaft (55L), main drift (66L), and main drift (75L). 

The secondary heat load for Mine B was calculated to be 970 kW, as shown in Section 3.3.3, 

which included the cooling duty of the chilled water pipes. The secondary heat was distributed 

across the intake airways, as with Case Study 1. The heat was distributed across the total length 

of the intake airways as a kW/m value. 

i) Prime the model with temperature history 

The cooling system operation and ambient environmental conditions were recorded for three 

weeks to provide a suitable temperature history for accurate heat exchange. The average ambient 

environmental conditions and cooling system operation for the priming period are shown in  

Table 3-7. 
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Table 3-7: Average priming period parameters for Mine B 

Priming parameters Unit Value 

Average ambient DB temperature [°C] 10.8 

Average ambient relative humidity [%] 37.0 

Average ambient barometric pressure [kPa] 87.5 

Average ice flow rate [kg/s] 35.9 

Evaporator outlet temperature [°C] 5.0 

These averages were used as inputs to the model, and the model was run until it reached a steady 

state. The model was at a steady state when there were no fluctuations in any parameters. The 

simulated temperature of the underground tunnels after priming represented the actual 

temperature of the tunnels at the start of the calibration period. The calibration period was three 

days for smaller sections and one day (24 hours) for larger sections to reduce simulation times. 

ii) Iteration of unknown parameters 

The airflow data could only be measured in a steady state so that the airflow would be calibrated 

and verified in a steady state. The same iteration process as in Case Study 1 was used for this 

case study. A wetness fraction of 0.175 and door fraction of 0% on closed tunnels was used as 

the baseline. Iterations showed that an ice mass fraction of 58% produced accurate results on 

the outlet water temperature. 

3.3.6 Verification 

The final simulation had airflow that accurately represented the actual system. The final simulation 

had an average accuracy of 86% when all ventilation doors and fans were operating as planned. 

When the actual unplanned operation of doors and fans was simulated during the measurement, 

the two calibration levels had an air intake accuracy of 91%. Although this was not as accurate 

as Mine A, it fell within the error margin of the measurement technique, which was 5–23% 

[87], [88]. These levels had an MSE of 10.4 and a maximum error of 7.7 kg/s. 

The ventilation system of Mine B was dynamic due to the travel of people and equipment through 

doorways that were installed to prevent recirculation. These temporary changes in airflow resulted 

in less accurate spot measurements, which also affected the airflow and environmental conditions 

across levels. 

The simulated DB and WB temperatures on 55L were compared with the measured temperatures 

to verify the downcast shaft. Figure 3-22 illustrates the comparison between these temperatures 

over 72 hours. As with Case Study 1, the simulation could incorporate the thermal history effect. 
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Figure 3-22: Mine B transient temperature comparison (55L)* 

Table 3-8 demonstrates the simulation performance for Mine B for the downcast shaft. The results 

showed that the downcast shaft in the simulation was calibrated accurately. The results were 

similar to the results from the literature discussed in Section 2.3.5, which were for a downcast 

shaft calibrated to an acceptable level of accuracy. 

Table 3-8: Summary of Mine B shaft simulation performance (55L) 

Parameter Unit MSE R² Maximum error 

DB temperature (transient) [°C] 0.87 0.66 1.97 

WB temperature (transient) [°C] 0.30 0.79 1.02 

These results had lower accuracy than the simulation in Case Study 1. The main downcast shaft 

at Mine B was used for transporting materials, broken rock, and people. The underground 

operation was also more dynamic than at Mine A. These factors negatively affected the accuracy 

of the predicted temperatures. 

The cooling system simulation accurately represented the actual system with an average 

accuracy of 95.6% [38]. Appendix M shows the average cooling system conditions measured and 

simulated. These results had low R2 values and adequate maximum error, indicating that the 

simulation predicted values close to the actual values, but the trend did not closely represent the 

actual system. 

The 55L environmental conditions were supplied directly to the BAC, as seen in Figure 3-14. The 

condenser circuit of the cooling system on 55L rejected heat to the main return airway to the 
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upcast shaft. The environmental conditions in the return airways were the result of the mining 

operation, which was dynamic. 

The R2 between the measured and simulation temperatures was low due to the actual fluctuating 

temperature experienced by the condenser ponds in the return airway. However, the chilled air 

provided to the underground operations was the main output of this cooling system and affected 

the rest of the ventilation system after that point. The simulation accurately represented the BAC 

outlet temperature with an MSE of 0.02, an R2 of 0.83, and a maximum error of 0.3°C. 

Figure 3-23 illustrates the measured and simulated outlet WB temperatures on 55L. The 

refrigeration plants provided water at 5.0°C with a flow rate of 132 kg/s to the BAC, allowing the 

BAC to provide a constant airflow rate of 250.2 kg/s at an average WB temperature of 9.9°C. 

 

Figure 3-23: Mine B BAC transient temperature comparison (55L)* 

The ice dam supplied chilled water to the mine. The chilled water was transported throughout the 

mine with a piping network. Figure 3-24 compares the measured and simulated ice dam outlet 

water temperature. The ice dam outlet temperature had an average accuracy of 97%. The 

simulation performance is shown in Table 3-9. 
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Figure 3-24: Mine B ice dam transient temperature comparison (55L)* 

 

Table 3-9: Summary of Mine B ice dam simulation performance 

Parameter Unit MSE R² Maximum error 

Ice dam outlet temperature [°C] 0.37 0.90 1.45 

With the shaft and cooling system calibrated, the simulation provided environmental conditions to 

the main working levels that represented the actual measured values accurately. Figure 3-18 in 

Section 3.3.3 illustrates the measuring locations on 66L. The rise of temperature from Point 1 to 

Point 3 represented the air heat pickup on a working level. The environmental conditions at 

Point 3 were prioritised when iterating for unknown parameters in the calibration process. 

Figure 3-25 illustrates the measured and simulated DB temperatures on 66L and shows how they 

increased as the air travelled on the level. The figures that compare the WB and DB temperatures 

for all three points on 66L are attached in Appendix N. 
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Figure 3-25: Mine B transient DB temperature comparison (66L)* 

At this depth, the thermal history effect had almost completely removed the temperature 

fluctuations due to the changing ambient conditions. The BAC on 55L provided fairly consistent 

temperatures to the mining levels at an airflow rate of 250 kg/s. The total airflow rate in the main 

downcast shaft was around 475 kg/s, thus the BAC chilled around 53% of the downcast air. This 

resulted in more consistent temperatures on the working levels. 

The measured DB temperature at Point 1 was the intake of the section of the ventilation system 

and was relatively consistent. The DB at Point 3 varied over the 24 hours, which meant that the 

fluctuations in measured data were due to the dynamic nature of the mining operations closer to 

the working areas. 

Table 3-10 summarises the simulation performance on a working level (66L). These results 

confirm a decrease in simulation accuracy as the intake air travelled deeper and further into the 

mine [4]. The results were, however, still better than conventional steady-state simulations. This 

resulted from the system's increasing complexity and dynamic nature as the mine expanded. The 

maximum error of 2.06°C on 66L was only 0.13°C higher than the maximum acceptable error 

from the literature (1.93°C) [52]. 
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Table 3-10: Summary of Mine B simulation performance (66L) 

Location Parameter Unit MSE R² Maximum error 

Point 1  
DB temperature (transient) [°C] 0.35 0.04 0.75 

WB temperature (transient) [°C] 2.28 0.05 2.06 

Point 2  
DB temperature (transient) [°C] 0.92 0.12 1.35 

WB temperature (transient) [°C] 0.11 0.06 0.56 

Point 3 
DB temperature (transient) [°C] 0.45 0.04 1.11 

WB temperature (transient) [°C] 1.14 0.10 1.55 

The true transient simulation of Mine B was further verified by comparing the environmental 

predictions on another level, 75L, with the same calibration as 66L. The unknown parameters on 

66L determined in Section 3.3.5 were applied directly to 75L. 

Table 3-11 summarises the simulation performance on 75L. The measurement locations and 

figures that compare the WB and DB temperatures for all three points on 75L are attached in 

Appendix O. These results verify the results in Table 3-10 and show that a similar accuracy can 

be expected when calibration parameters are applied throughout the mine. 

Table 3-11: Summary of Mine B simulation performance (75L) 

Location Parameter Unit MSE R² Maximum error 

Point 1  
DB temperature (transient) [°C] 0.49 0.56 1.78 

WB temperature (transient) [°C] 2.78 0.35 2.27 

Point 2  
DB temperature (transient) [°C] 0.77 0.64 1.61 

WB temperature (transient) [°C] 1.78 0.46 1.90 

Point 3 
DB temperature (transient) [°C] 0.44 0.13 1.00 

WB temperature (transient) [°C] 0.82 0.28 1.19 

The low R² values seen in Table 3-10 and Table 3-11 show that the simulation had a low 

correlation to the data trend, even though the maximum errors were within the normal values for 

similar simulations [52]. This results from unknown variables which cause minor variations in the 

data that the simulation does not fully take into account. These variations can be caused by the 

movement of people and equipment, opening and closing ventilation doors, blasting, or changes 

in the electrical heat load at Mine B. 

The results from this section show that the simulation was able to provide environmental 

predictions with an acceptable level of accuracy for most sections of the mine according to the 

KPIs. From the results it was noted that the accuracy of the simulation decreased with increasing 

depth and distance from the intake shafts. This could be due to the increased distance that the 

air is in contact with the rock and the increased equipment used underground. The results further 

show that the measurement equipment had adequate accuracy for the purpose of calibration. 
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3.3.7 Comparison to steady-state simulation 

The simulation was resimulated with a quasi-steady-state analysis for 55L and the two working 

levels, 66L and 75L. These results were compared with Case Study 1 results to determine the 

effect of thermal history on underground environmental conditions at different depths. Figure 3-26 

compares the actual measurements, transient simulation and quasi-steady-state simulation on 

55L, which represents the downcast shaft calibration. 

 

Figure 3-26: Mine B transient and quasi-steady-state temperature comparison (55L)* 

This comparison shows similar results to the comparison of the underground temperatures in 

Case Study 1, in Figure 3-11. Table 3-12 compares the simulation results from the transient and 

quasi-steady-state simulations. These results show an advantage with true transient at this depth. 

Table 3-12: Mine B comparison of transient and quasi-steady-state simulation performance (55L) 

Parameter Unit MSE R² Maximum error 

DB temperature (transient) [°C] 0.87 0.66 1.97 

DB temperature (quasi-steady-state) [°C] 17.84 0.47 8.16 

WB temperature (transient) [°C] 0.30 0.79 1.02 

WB temperature (quasi-steady-state ) [°C] 4.24 0.67 3.90 

Figure 3-27 illustrates the measured and simulated DB temperatures on 66L. The measured 

temperatures showed little to no fluctuations due to changing ambient conditions, as seen at  

Point 1. The true transient simulation corroborated the fairly steady DB temperatures at all the 
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points. The quasi-steady-state simulation showed some fluctuation as a result of fluctuating 

ambient conditions. 

 

Figure 3-27: Mine B transient and quasi-steady-state DB temperature comparison (66L)* 

Table 3-13 summarises the simulation performances on 66L. The figures and tables that compare 

the WB and DB temperatures for all three points on 66L are attached in Appendix N. The true 

transient simulation provided the most accurate environmental conditions on the entire 66L. 

Table 3-13: Mine B comparison of transient and quasi-steady-state simulation performance (66L) 

Location Parameter Unit MSE R² Maximum error 

66L 

Average DB (transient) [°C] 0.57 0.07 1.35 

Average DB (quasi-steady-state) [°C] 0.86 0.07 1.82 

Average WB (transient) [°C] 1.18 0.07 2.06 

Average WB (quasi-steady-state) [°C] 1.88 0.05 3.06 

The results on 75L confirm the result recorded on 66L. The figures and tables that compare the 

WB and DB temperatures for all three points on 75L are attached in Appendix O. Table 3-14 

summarises the simulation performances on 75L. Again, the true transient simulation provided 

the most accurate environmental conditions on the entire 75L. 
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Table 3-14: Mine B comparison of transient and quasi-steady-state simulation performance (75L) 

Location Parameter Unit MSE R² Maximum error 

75L 

Average DB (transient) [°C] 0.57 0.44 1.78 

Average DB (quasi-steady-state) [°C] 0.67 0.25 1.89 

Average WB (transient) [°C] 1.79 0.36 2.27 

Average WB (quasi-steady-state) [°C] 1.78 0.25 2.66 

This section shows that even though the true transient simulation accuracy decreased with depth 

and distance from the shaft, it still had improved accuracy over conventional simulation for all 

areas at Mine B. 

3.3.8 Discussion 

i) Transient cooling simulations 

The refrigeration system on 55L produced BAC outlet temperatures that accurately represented 

the actual temperatures. The simulated BAC outlet WB temperature could not be calibrated more 

accurately as it had a maximum error of 0.3°C, which was less than the temperature loggers' 

accuracy. 

The ice dam was calibrated to provide chilled water per the measured water temperatures and 

had an average accuracy of 97%. The ice dam and chilled water simulation represented the actual 

system accurately. 

Mine B's transient cooling systems simulations were integrated successfully into the true transient 

mine ventilation simulation. The simulation provided the ventilation simulation with cooling that 

represented the conditions experienced by the actual system accurately. 

ii) True transient ventilation simulation 

This case study verified the results from the first case study that proved a true transient simulation 

could be applied to an underground ventilation system and could produce accurate results while 

incorporating the thermal history effect. 

The results were more accurate than conventional steady-state simulations in both case studies. 

The accuracy of the true transient simulation decreased for areas that were deeper and further 

away from the downcast shaft. The environmental conditions at the working areas' intakes 

resulted from the aggregation of heat and cooling sources up to that point. Therefore, the 

accuracy was expected to decrease since the error in the heat and cooling was also aggregated. 
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The methodology developed in Chapter 2 was specifically adapted to be practical so that it could 

be applied to mine ventilation systems with different infrastructure and cooling. A few factors in 

this case study contributed to the errors in the heat and cooling supplied to the simulation: 

• Steady-state airflow measurements, 

• Steady-state tunnel internal heat load, 

• Average heat load applied to the entire intake system, and 

• Average wetness fraction applied to the entire intake system. 

Mine B is a large and dynamic mine that did not have ventilation measurement instrumentation 

installed underground. The airflow was measured using spot checks, thus the airflow of this case 

study had to be calibrated in a steady state. 

Steady-state manual airflow measurements have an error of between 5% and 23% [74], [86]. The 

dynamic operation of ventilation doors and fans made it difficult to measure a steady-state 

snapshot of the airflow in the mine. The aggregation of the errors in heat and cooling due to errors 

in airflow calibration significantly affected the environmental conditions at the working areas' 

intakes. This was more evident in this case study as Mine B was much larger and more 

complicated than Mine A from the first case study. 

The second factor that affected the underground environmental predictions was the steady-state 

simulation of the internal heat, which was the heat from secondary sources. The largest 

contributor to the internal heat for Mine B was the electrical heat load, which varied with up to 

1 MW in 24 hours. This was a 4% variation in the total heat added to Mine B and would have a 

notable impact on simulated environmental conditions. 

The final two factors were implemented to make the development of the simulation more practical. 

Measuring and calibrating each section of the mine individually would require extensive time and 

resources. The distribution of average internal heat load and wetness fraction across the mine 

decreased the accuracy of the environmental predictions. 

The actual internal heat and wetness of underground tunnels varied between the different mining 

areas. This was visible on 66L in Figure 3-25, where the average simulated DB temperature was 

too high for Point 1 and too low for Point 2. There was too much heat leading up to Point 1 and 

not enough heat between Point 1 and Point 2 due to the average internal heat load. 

Applying the average internal heat and wetness fraction to the entire mine reduced the calibration 

time. The unknown wetness fraction determined by the calibration of 66L was applied to 75L and 

produced results with similar accuracy. This verified that the true transient simulation would have 

accurate results on all mine sections with similar infrastructure. 
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iii) Objectives 

This case study aimed to meet the following objectives: 

• Application of a true transient ventilation simulation to an entire deep-level mine, and 

• Integration of a transient cooling simulation with a true transient ventilation simulation on 

a deep-level mine. 

The new true transient method was applied to Mine B's ventilation and cooling system. The results 

showed that the simulation could take the thermal history effect into account and could determine 

the underground environmental conditions to an acceptable level of accuracy. The results further 

demonstrated that the true transient simulation was more accurate than conventional steady-state 

simulations, which validated the true transient simulation of real-life applications. 

3.4 Case Study 3 

3.4.1 The objective of Case Study 3 

Case Study 3 investigated a true transient simulation of an underground mine ventilation and 

cooling system that used a block-caving mining method with fuel-driven mechanised machinery. 

For confidentiality, the mine investigated in this case study is referred to as Mine C. This case 

study aimed to meet and validate the second and third objectives of this case study. 

The focus was to compare the true transient simulation of mines with different mining techniques. 

Previous case studies used conventional narrow-reef mining, but this case study used block-

caving and fuel-driven mechanised machinery. Most of the data collection and calibration of this 

case study were similar to Case Study 2 and were simplified. 

This case study aimed at verifying that the objectives were met by determining whether a true 

transient ventilation and cooling simulation could produce accurate results. The simulation 

developed in this case study was compared with a conventional steady-state simulation to 

validate the use of true transient simulations in real-life integrated ventilation and cooling 

applications. Accurate results would also validate the use of the new true transient methodology. 

3.4.2 Description of Mine C 

Mine C was an underground gold mine in Free State, South Africa. This mine started production 

in 2002 and was mining at an average depth of 2 300 m at the time of the study, with a maximum 
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mining depth of 2 430 m underground. Mine C produced 1 600 kg of gold per year and had around 

1 900 employees. 

Figure 3-28 illustrates an overhead view of the underground layout of Mine C. This mine had one 

downcast and one upcast shaft. The current mining areas were on the northern side of the mine 

and were up to 6.5 km away from the main intake shaft. 

Downcast shaft

To upcast shaft

Current working areas

 

Figure 3-28: Mine C underground layout* 

Mine C used a block-caving mining method to mine large vertical ore deposits. Mobile fuel-driven 

machinery was used for drilling and moving broken rock. The rock was moved to electric conveyor 

belts, where it was transported to the intake shaft and the surface with a skip. Fuel-driven 

machinery can be a significant contributor to the overall heat load of an underground mine [11], 

[31]. The machine operating times determine the heat from fuel-driven machinery [11]. The 

dynamic operation of fuel-driven machinery contributes to fluctuating underground environmental 

conditions. 

Mine C utilised an underground cooling system on 255L to mitigate the heat produced in the mine. 

The cooling systems consisted of ten fridge plants that supplied chilled water to BACs and working 

areas. Condenser ponds rejected the heat to the return airway, which was upcast to the surface 

and rejected to the atmosphere. Figure 3-29 illustrates a simplified schematic of the cooling 

system at Mine C. 
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Figure 3-29: Mine C cooling system schematic 255L* 

3.4.3 Data collection 

i) Collecting the transient and steady-state data 

The data collection steps for this case study were similar to Case Study 2. This included the same 

level of detail and KPIs, except for the ice dam KPIs. The transient and steady-state data 

collection was similar as both mines had SCADA systems with similar infrastructure. Most data 

required to calibrate the cooling system was available, and the remaining environmental data had 

to be collected manually with handheld instruments. The KPIs and collected data are shown in 

Appendix P. 

ii) Determining heat load 

The heat load was also calculated in a steady state due to the limitation of PTB mentioned in  

Section 2.4. The heat from the fuel-driven machinery was the only additional heat source 

compared with Case Study 2. Table 3-15 summarises the total heat load from secondary sources 

at Mine C. The calculation of the heat from these sources is summarised in Appendix Q. 
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Table 3-15: Total heat load from secondary sources for Mine C 

Parameter  Unit Value 

Effective electrical heat load [kW] 4 357 

Effective mechanised heat load [kW] 5 104 

Metabolic heat load [kW] 303 

Explosive heat load [kW] 105 

Fissure water heat load [kW] 0 

Chilled water pipes cooling duty [kW] −1 883 

Total heat load from secondary sources [kW] 7 987 

3.4.4 Building of the model 

i) Building the model 

The digital mining layouts seen in Figure 3-28 were imported into PTB, and the drag-and-drop 

function was used to add the components to the layouts. Figure 3-30 illustrates the final 3D PTB 

ventilation model. This model had over 6 550 individual simulation components. 

Legend
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Return airway

Working area

Closed airway

 

Figure 3-30: PTB ventilation simulation of Mine C* 

Figure 3-31 illustrates the cooling system simulation integrated into the ventilation simulation of 

Mine C. 
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Figure 3-31: PTB integrated cooling simulation of Mine C* 

ii) Defining the system with standard data 

The standard parameters from Section 2.4 were used to define the components, much like the 

first two case studies. 

3.4.5 Calibration 

The simulation for Mine C had the same components as Mine A and B, thus the calibration 

remained the same. The average ambient environmental conditions and cooling system operation 

for the priming period are shown in Table 3-16. 

Table 3-16: Average priming period parameters for Mine C 

Priming parameters Unit Value 

Average ambient DB temperature [°C] 24.9 

Average ambient relative humidity [%] 65.6 

Average ambient barometric pressure [kPa] 85.6 

Average cold dam temperature [°C] 14.0 

These averages were used as inputs to the model, and the model was run until it reached a steady 

state. Thereafter, the model was iterated to determine the unknown parameters. 

3.4.6 Verification 

The underground environment of Mine C was dynamic due to the movement of large mechanised 

machines throughout the mine. The final simulation had an airflow accuracy of 87%, which fell 

within the error margin of the measurement technique, which was 5–23% [74], [86]. 
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The cooling system on 255L was calibrated to represent the actual system accurately, with an 

average accuracy of 97.3% [38]. The main output of this system was the chilled water dam 

temperature that provided chilled water to the BACs and underground mining. The simulation 

accurately represented the cold water dam temperature with an MSE of 0.72, an R2 of 0.17, and 

a maximum error of 1.54°C. Further details on the calibration accuracy of the fridge plants are 

included in Appendix R. 

The simulation was calibrated for the working area intakes on the lower levels. Figure 3-32 

illustrates the measured and simulated temperatures on a working area intake on 287L West. The 

operation of the mechanised machinery during the mining shifts resulted in increased 

temperatures between 9 to 16 hours and hours 20 to 24 hours. The summary of the simulation 

performance of this location and other locations is attached in Appendix S. 

 

Figure 3-32: Mine C transient temperature comparison (287L West)* 

Table 3-17 summarises the simulation performance for all the points measured in the mining 

block. These results fell just above the acceptable level of accuracy as recommended by the 

literature [52]. 

Table 3-17: Summary of Mine C simulation performance 

Parameter Unit MSE R² Maximum error 

Average DB (transient) [°C] 0.69 0.21 2.11 

Average WB (transient) [°C] 2.03 0.30 2.30 
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The results from this section showed that the simulation was able to provide environmental 

predictions with an acceptable levels of accuracy for most sections of the mine according to the 

KPIs selected. The simulation again had low R² values as a result of dynamic mining operation 

and unknown variables as discussed for Mine B in Section 3.3.6. 

3.4.7 Comparison to steady-state simulation 

The simulation was resimulated with quasi-steady-state analysis. Figure 3-33 compares the 

actual measurements, transient simulation and quasi-steady-state simulation temperatures on 

287L West. None of the simulations could fully incorporate the temperature fluctuations due to 

the mechanised machinery. The summary of the simulation performance of this location and other 

locations is attached in Appendix S. 

 

Figure 3-33: Mine C transient and quasi-steady-state temperature comparison (287L West)* 

Table 3-18 summarises the simulation performance for all the measurement locations at Mine C. 

In some cases, the quasi-steady-state simulation had better results than the true transient 

simulation. As seen in Case Study 2, there are minimum temperature variations at a depth of  

2 300 m, thus the measured temperature variations resulted from mining operations. 
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Table 3-18: Mine C comparison of transient and quasi-steady-state simulation performance (287L West) 

Parameter Unit MSE R² Maximum error 

Average DB (transient) [°C] 0.69 0.21 2.11 

Average DB (quasi-steady-state) [°C] 1.36 0.26 2.02 

Average WB (transient) [°C] 2.03 0.30 2.30 

Average WB (quasi-steady-state) [°C] 1.54 0.47 1.74 

The steady-state internal heat input in PTB averaged the heat from secondary heat sources 

throughout the day. The simulation results showed this with the steady temperatures over the  

24 hours. The larger maximum error for the true transient simulation could result from different 

environmental conditions experienced in the priming period. 

Figure 3-34 illustrates the intake conditions for 287L West at Mine C during the last week of the 

priming period. The temperatures varied significantly due to the mechanised machinery, and 

temperature variations of up to 2.5°C per day resulted in dynamic heat transfer from the strata. 

These dynamic conditions led to incorrect priming of the model and reduced the accuracy of the 

true transient simulation. 

 

Figure 3-34: Mine C underground temperatures (287L West)* 

3.4.8 Discussion 

This case study aimed at meeting the second and third objectives of this study. The results 

showed that the simulation could take the thermal history effect into account but that the accuracy 

was lower than the previous case studies. 
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Mine C used a different mining method that added more heat to the system from the secondary 

heat sources. The fluctuation in the heat from the mechanised machinery resulted in dynamic 

temperatures at the working area intakes, and the temperature fluctuations reduced the accuracy 

of the result. This resulted in true transient simulation performance comparable to the 

conventional simulation performance. 

The steady-state secondary heat input of the PTB meant that the simulation could not simulate 

the temperature fluctuations in the mining shifts. Transient secondary heat input is therefore 

required in mines with significant and dynamic secondary heat sources such as fuel-driven 

machinery. 

3.5 Conclusion 

Chapter 1 showed the importance of mine ventilation and cooling simulations and how the state-

of-the-art true transient simulations have improved the prediction of underground environmental 

conditions. A study of the critical literature led to the following objectives for this study: 

• Development of a methodology for integrated true transient mine ventilation and cooling 

simulations, 

• Application of a true transient ventilation simulation to an entire deep-level mine, and 

• Integration of a transient cooling simulation with a true transient ventilation simulation on 

a deep-level mine. 

Chapter 2 developed a novel method for true transient mine ventilation and cooling simulations 

to meet the first objective of this study. This chapter used this methodology to apply the true 

transient simulations to three case study mines. All the case study mines were located in Free 

State, South Africa, but had different infrastructure and mining techniques. 

3.5.1 Case Study 1 

This case study applied a true transient simulation to Mine A, which did not have a cooling system 

installed. This case study focused on the second objective of this study. 

The results showed that the simulation could accurately predict the underground environment. 

Compared with conventional steady-state simulations, the true transient simulation was able to 

improve the prediction of underground temperatures. This validated that the methodology 

developed in Chapter 2 could be applied to a real-life application to produce accurate results. 
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A summary of the results from this case study was also published as an article. This publication 

showed that a true transient ventilation simulation accurately simulated the sensitivity that 

underground mines have to fluctuating ambient conditions [1]. The results from this case study 

validated the improved accuracy that true transient simulations can provide when applied to a 

mine ventilation system. 

3.5.2 Case Study 2 

This case study was similar to the first case study, with the major difference being the integration 

of cooling systems. This case study aimed to meet the second and third objectives of this case 

study. 

The results showed that the simulation could take the thermal history effect into account and could 

determine the underground environmental conditions to an acceptable level of accuracy. 

Compared with conventional steady-state simulations, the true transient simulation was able to 

improve the prediction of underground temperatures. This validated the integration of transient 

cooling simulation with true transient ventilation simulation on deep-level mines. 

3.5.3 Case Study 3 

The third case study applied a true transient ventilation and cooling simulation to a fuel-driven 

mechanised underground mine. The focus was to compare the true transient simulation of mines 

with different mining methods. The results showed that the simulation could take the thermal 

history effect into account but that the accuracy was lower than for the previous case studies. The 

large fraction of heat contributing to the system from secondary heat sources meant that the 

limitations of PTB resulted in lower accuracy. 

3.5.4 Case studies accuracy 

These case studies compared the accuracy of true transient simulation to conventional steady-

state simulations. Table 3-19 below compares temperature prediction accuracy and shows 

improvement over conventional simulations.  
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Table 3-19: Case study temperature results accuracy comparison 

Parameter Unit 
True transient 

simulation 
Quasi-steady-

state simulation 
Simulation 

improvement  

Case study 1 average DB temp MSE [°C] 0.38 3.03 2.65 

Case study 2 average DB temp MSE [°C] 0.67 6.46 5.79 

Case study 3 average DB temp MSE [°C] 0.69 1.36 0.67 

Case study 1 average DB temp Max error [°C] 1.53 3.34 1.81 

Case study 2 average DB temp Max error [°C] 1.70 3.96 2.26 

Case study 3 average DB temp Max error [°C] 1.35 1.50 0.15 

Case study 1 average WB temp MSE [°C] 0.09 1.15 1.06 

Case study 2 average WB temp MSE [°C] 1.09 2.63 1.54 

Case study 3 average WB temp MSE [°C] 2.03 1.54 -0.49 

Case study 1 average WB temp Max error [°C] 0.79 1.95 1.16 

Case study 2 average WB temp Max error [°C] 1.78 3.21 1.42 

Case study 3 average WB temp Max error [°C] 1.83 1.55 -0.28 
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CHAPTER 4: CONCLUSION 

4.1 Introduction 

Ventilation and cooling systems are essential in the operations of underground mines. These 

systems provide the underground system with adequate environmental temperatures and airflows 

to ensure that mines comply with the regulations set out by mine ventilation council. 

Mines are becoming deeper in South Africa, with an average depth of over 2 km already. Ensuring 

good environmental conditions is becoming increasingly difficult with the increasing depth and 

associated infrastructure requirements. The increasing cost of ventilating and cooling adds to the 

financial strain and uncertainties of the future of mining operations. 

Underground mines have various heat sources, and adequate cooling must be supplied to 

mitigate the heat and provide an environment conducive to work. Fluctuating ambient 

temperatures, heat sources and underground operations lead to a system that is seldomly in a 

steady state. 

Simulations have proved vital to the planning and optimisation of mine ventilation and cooling 

systems. The underground rock provides cyclic time-based heat dampening in mines, resulting 

in complex heat transfer, known as the thermal history effect. State-of-the-art simulations have 

shown the benefit of incorporating the thermal history effect when simulating underground 

environmental conditions. 

An in-depth review of the literature in Section 1.4 showed that a true transient simulation improves 

the environmental predictions of mine ventilation simulations. The gaps in literature from this 

section formed the foundations of the need and objectives of this study. The novel contributions 

of this study, as discussed in Section 1.6, were: 

• Development of a methodology for integrated true transient mine ventilation and cooling 

simulations, 

• Application of a true transient ventilation simulation to an entire deep-level mine, and 

• Integration of a transient cooling simulation with a true transient ventilation simulation on 

a deep-level mine. 

Chapter 2 met the first outcome of the study by developing a methodology that incorporated the 

thermal history effect found in underground mines. The new true transient methodology process 
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was shown in Figure 2-9. This methodology was genuinely novel as the state-of-the-art studies 

in Section 1.4 did not provide a method for building and calibrating a true transient simulation. 

Chapter 3 used the new methodology to apply a true transient simulation to three real-life 

underground mines. The case studies were on entire mines with different infrastructure and 

mining methods. The case studies aimed to meet this study's second and third objectives while 

validating the methodology developed in Chapter 2. 

This chapter aims to conclude this study by reviewing the novel contributions that were set out in 

Chapter 1. The study's limitations will also be discussed, and recommendations for further work 

will be made. 

4.2 Key findings of the research  

The following sections will discuss the key findings from developing a new methodology in 

Chapter 2 and the key results from applying this methodology to case study mines in Chapter 3. 

4.2.1 Methodology 

Chapter 2 reviewed the literature on steady-state and transient mine ventilation and cooling 

simulation methodologies. The four main tasks of conventional simulation methodologies are data 

collection, model building, calibration and verification. These tasks were adapted to account for 

the thermal history effect. 

The conventional methodology flow sheet is shown in Figure 2-1, and the adapted true transient 

flow sheet is shown in Figure 2-9. Comparing these flow sheets shows that most tasks required 

an adaptation to account for the thermal history effect.  

The main changes in the data collection task show that transient data is vital to the calibration of 

true transient simulations. This is especially true for underground temperature data, which is 

required to determine if the simulation accurately predicts the thermal history effect. Further 

changes included heat load calculations and collections of steady-state data when necessary. 

The model building task remained relatively unchanged as this step depends on the simulation 

software that is used. The main change in the calibration of these simulations was the priming of 

the simulated rock model by simulating the historical temperatures that the mine experienced 

before the calibration period.  This ensures that the simulated heat transfer from the rock 

accurately represents the actual heat transfer.  
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The verification task was adapted to account for the fact that simulated values are compared to 

large sets of transient measured data instead of a single steady state comparison in conventional 

methods. 

4.2.2 Case Study 1 

This case study applied true transient simulation to a mine ventilation system without a cooling 

system. The key results showed that the true transient simulation had improved accuracy over 

conventional steady-state simulations. This validated the use of a true transient simulation on 

mine ventilation systems. 

4.2.3 Case Study 2 

This case study applied true transient simulation to a mine ventilation system with a cooling 

system. The key results showed that the simulation could incorporate the thermal history effect 

when integrating a transient cooling simulation. The results also showed that the true transient 

simulation was more accurate than conventional steady-state simulations but that the accuracy 

of the simulation decreased with larger and more dynamic mine ventilation and cooling systems. 

4.2.4 Case Study 3 

This case study was similar to the second case study but was applied to a mine with a different 

mining technique, namely block caving with fuel-driven mechanised machinery. The key results 

showed that the true transient simulation could not accurately predict the temperature fluctuations 

caused by the machinery. The simulation accuracy was comparable to conventional steady-state 

simulation in this case study.  

4.3 Research contributions 

Chapter 1 revealed shortcomings in the literature on a true transient simulation of mine ventilation 

and cooling systems. These shortcomings formed the foundation of the need and the novel 

contributions of this study. The following sections discuss each novel contribution and the 

objectives met in this study. 
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4.3.1 Development of a methodology for integrated true transient mine ventilation and 

cooling simulations 

Chapter 2 reviewed and adapted conventional simulation methodologies for integrated true 

transient mine ventilation and cooling simulations. The true transient simulation methodologies 

needed to incorporate true transient simulation and be practically applicable. 

This methodology is genuinely novel as the studies in Section 1.4 did not provide a method for 

building and calibrating a true transient simulation. The true transient methodology was applied 

to three case studies with different infrastructure and mining methods. 

The first case study showed that the true transient simulation improved the prediction of 

underground temperatures by incorporating thermal damping and the phase shift associated with 

the thermal history effect. The second and third case studies showed similar results when 

integrating the transient cooling simulations. The true transient simulations incorporated the 

thermal history effect and had better results than conventional steady-state simulations. 

These case study simulations were calibrated accurately according to the transient data collection 

and priming methods described in the new methodology. This calibration would not have been 

possible using the conventional mine ventilation and cooling simulation methodologies described 

in Section 2.2. 

The case study results demonstrated the advantages of using a true transient simulation and 

validated the new true transient simulation methodology when applied to mine ventilation and 

cooling systems. 

4.3.2 Application of a true transient ventilation simulation to an entire deep-level mine 

The true transient ventilation simulations of South African gold mines were built using the 

methodology developed in Chapter 2. Chapter 3 demonstrated that the simulations could predict 

the underground environments accurately. These results further showed that the true transient 

simulation was more accurate than conventional steady-state simulations, which validated the 

true transient simulation of real-life applications. 

The first case study focused on applying the true transient simulation to an entire mine ventilation 

system and was applied to a mine that did not have a cooling system installed. The results from 

this case study showed that the true transient simulation improved the maximum error of the 

working area intake temperature predictions by up to 1.8°C when compared with conventional 

simulations. 
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4.3.3 Integration of a transient cooling simulation with a true transient ventilation 

simulation on a deep-level mine 

In Chapter 3, transient cooling systems simulations were integrated successfully with a true 

transient mine ventilation simulation. The cooling simulation accurately represented the actual 

systems, and the results showed that the integrated true transient simulation was more accurate 

than conventional integrated simulations. These results validated the use of integrated true 

transient mine ventilation and cooling systems. 

The second case study focused on integrating a transient cooling simulation into a true transient 

ventilation simulation. The case study mine had a similar mining method as the first case study 

but had two cooling systems installed to mitigate the heat produced in the mine. This case study 

showed that the true transient simulation improved the maximum error of the working area intake 

temperature predictions by an average of 0.54°C when compared with conventional simulations. 

The third case study applied an integrated transient cooling simulation into a true transient 

ventilation simulation on a mine that used a mechanised block-caving mining method. The 

simulation incorporated the thermal history effect and showed the simulation software's 

limitations. 

4.4 Research limitations 

4.4.1 Steady-state inputs of PTB 

A limitation of the simulation software used in this study (PTB) was that it only had steady-state 

input of secondary heat load and wetness fractions. The third case study showed that the 

simulation could not accurately predict the fluctuations in temperature caused by the dynamic 

secondary heat sources. This can be seen in Figure 3-32, where the simulation showed fairly 

steady-state temperatures while the actual measured temperatures had fluctuations during the 

mining shifts. 

4.4.2 VRT gradients 

A limitation of this study was that it was only applied to deep-level gold mines in the Free State, 

South Africa, mining predominantly quartzite. The VRT gradient is different for regions with 

different rock types. Geothermal heat can significantly impact the underground environment. 
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4.4.3 Chilled water pipe losses 

The simulation software used in this study (PTB) could not integrate chilled water pipes into the 

air tunnel components. Having an integrated water pipe and air tunnel model could simplify the 

calibration process and allow for detailed studies on the dynamic cooling transferred between the 

two. 

4.5 Recommendations for further research 

4.5.1 Steady-state inputs of PTB 

There is a need for a true transient ventilation and cooling simulation with transient secondary 

heat load and wetness fraction. This will allow the transient simulation to fully incorporate the 

temperature fluctuations experienced from significant changes in secondary heat sources and 

wetness. The incorporation of these transient inputs will further improve the priming of the model 

during calibration, leading to improved environmental predictions. 

4.5.2 VRT gradients 

Future work should apply a true transient ventilation simulation to other regions to determine 

whether it can be used across other regions and rock types. This would also give insight into the 

impact of geothermal heat on the thermal history effect. 

4.5.3 Chilled water pipe losses 

Future work should develop software to integrate the chilled water and ventilation simulation for 

more accurate cold water pipe loss calculations. This would decrease the required calibration 

time and simplify optimisation and planning simulations. 

4.5.4 Priming period length 

The amount of data required to prime the models for true transient simulation in this study was 

determined by trial-and-error. The length of the priming period was increased until the model had 

the correct conditions according at the start of the priming period. Further research is required to 

create a guideline for determining priming period length, and this would reduce the amount of 

time required to calibrate the model. 

 



 

108 

4.6 Final conclusion 

Literature showed that true transient simulations have significantly more benefits than 

conventional steady-state simulations on mine ventilation and cooling systems. A literature study 

determined that there were a few gaps in the literature and that there was a need for: 

• Development of a methodology for integrated true transient mine ventilation and cooling 

simulations, 

• Application of a true transient ventilation simulation to an entire deep-level mine, and 

• Integration of a transient cooling simulation with a true transient ventilation simulation on 

a deep-level mine. 

This study developed a methodology for a true transient simulation of integrated deep-level mine 

ventilation and cooling systems. This method was applied to three case study mines with different 

infrastructure and mining methods. The results showed that the true transient simulation predicted 

the underground working area intake temperatures accurately. Comparisons with a conventional 

steady-state simulation showed that a true transient simulation improved the accuracy of 

environmental predictions used for optimisation and planning of deep-level mines. These results 

validated the true transient methodology and simulation of real-life mine ventilation and cooling 

systems. 
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APPENDIX A: TRANSIENT VENTILATION SIMULATION 

Table A-1 summarises all the literature in Figure 1-6. 

Table A-1: Summary of literature on transient mine ventilation simulation 

N
u

m
b

e
r 

Name Year 

R
e
fe

re
n

c
e

 

Description 

1 
The transient-state simulation 
of mine ventilation systems 

1987 [87] 
This dissertation was the first to explore the 
digital simulation of a non-steady-state mine 
ventilation under thermal disturbances. 

2 
Computer models of 
underground mine ventilation 
and fires 

1988 [88] 
This study describes the principal features of 
steady-state and transient simulations 
developed by the Bureau of Mines. 

3 
Computer simulation of 
transient climatic conditions in 
underground airways 

1991 [89] 
This study describes the development of 
CLIMA, a time-dependent mine temperature 
prediction computer program. 

4 

A simplified computational 
approach for prediction of 
transient climatic conditions in 
underground mine airways 

1993 [90] 
This study developed a simplified approach for 
predicting transient climatic conditions using a 
pseudo-based-temperature approach. 

5 MFIRE users manual 1995 [59] 
User manual for the MFIRE mine fire and 
ventilation simulator. 

6 
Transient flows in ventilation 
networks 

1995 [91] 

This paper aimed to present a model that 
simulates one-dimensional compressible flows 
in unsteady-state conditions, specifically for 
systems with multiple fans. 

7 

Computer simulation of mine 
ventilation disturbed by fires 
and the use of fire 
extinguishers 

1997 [92] 
This paper gives an account of the principles 
on which VentGraph has been based to solve 
non-steady mine ventilation processes.  

8 
VUMA mine ventilation 
software 

2001 [68] 
This paper describes the development of 
VUMA mine ventilation simulation software. 

9 

The integration of mine 
simulation and ventilation 
simulation to develop a ‘life-
cycle’ mine ventilation system 

2003 [7] 
This study describes the integration of 
discrete-event simulation and mine planning 
with mine dynamic ventilation planning. 

10 
Use of mine fire simulation for 
emergency preparedness 

2004 [93] 
This study used the transient mine ventilation 
simulation software, VentGraph, to model 
various mitigation strategies. 

11 
Monitoring and control of 
underground ventilation 
systems using VUMA-network 

2004 [50] 

This study linked the VUMA mine ventilation 
network simulation to climatic monitoring 
systems to verify predictions and examine 
areas without instrumentation. 

12 
Ventilation strategies to meet 
future needs of the South 
African platinum industry 

2007 [94] 
This paper provides an overview of the future 
of ventilation systems and real-life simulations 
in both steady and transient states.  

13 
The use of 3D simulation 
system in mine ventilation 
management 

2011 [72] 
This study used a 3D dynamic mine ventilation 
simulation to optimise the Donghai mine 
ventilation system to save on expenses. 



 

120 

N
u

m
b

e
r 

Name Year 
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Description 

14 
Ventilation and climate 
simulation with the Multiflux 
code 

2011 [95] 
This study used the Multiflux mine ventilation 
software to simulate development-end models 
to show the flexibility of the software. 

15 
Temperature variations in 
underground tunnels 

2012 [64] 
This study analysed time history in transient 
mine ventilation simulation and applied it to a 
theoretical 3 km long underground tunnel.  

17 

Computer simulation of 
dynamic influence of outburst 
gas flow on mine ventilation 
network 

2013 [96] 

This study simulated the dynamic outburst of 
gas on a mine ventilation networking 
simulation to determine the optimal ventilation 
technique. 

18 
Fire modelling in underground 
mines using Ventsim Visual 
VentFIRE software 

2013 [97] 
This paper describes the dynamic modelling of 
underground fire scenarios and the application 
thereof. 

19 

Subsurface flow and transport 
process model for time 
dependent mine ventilation 
simulations 

2013 [65] 
This paper discusses the use of Multiflux to 
solve time-dependent heat transport of heat, 
humidity and gas. 

20 

Investigating the importance of 
climatic monitoring and 
modeling in deep and hot US 
underground mines 

2015 [5] 

This paper discusses the best practices of 
underground mine environmental modelling 
and dynamic modelling of various cooling 
strategies.  

21 
New improvements to MFIRE 
to enhance fire modelling 
capabilities 

2016 [62] 

This paper reports on improvements made to 
MFIRE mine ventilation software used for the 
dynamic simulation of ventilation networks and 
fires. 

22 
Underground climatic 
monitoring and modelling: Are 
we missing something? 

2017 [43] 

This paper discusses the importance of 
underground climatic modelling and how this 
can be used to develop a dynamic ventilation 
model. 

23 
Managing and controlling the 
thermal environment in 
underground metal mines 

2017 [70] 

This dissertation discusses the best practices 
of climatic monitoring and artificial neural 
networks to incorporate the thermal damping 
effect in dynamic ventilation simulations. 

24 
Predictive network modelling 
with live sensor data 

2017 [98] 
This paper discusses using a predictive 
modelling tool to incorporate real-time actual 
and simulated data. 

25 

Diurnal thermal flywheel 
influence on ventilation 
temperatures in large 
underground mines 

2017 [54] 
This paper measured and simulated the 
influence of diurnal temperature variations on 
an underground mine. 

26 
Reducing electrical costs for a 
mine ventilation system with 
the aid of simulation software 

2017 [81] 
This dissertation investigated the use of 
VUMA3D-Transient to simulate different 
scenarios. 

27 
Use of IT equipment and 
specialised programs for 
solving ventilation networks 

2017 [63] 
This paper provides an overview of mine 
ventilation simulation software and its 
specifications when it was published. 

28 
Use of live sensor data in 
transient simulations of mine 
ventilation models 

2017 [60] 

This study demonstrates a transient simulation 
computer model technique to predict the time-
based changes to the atmosphere 
downstream from sensors.  

29 
Quantifying the thermal 
damping effect in underground 

2018 [52] 
This paper aimed to quantify the thermal 
damping effect using an algorithm and 
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Description 

vertical shafts using the 
nonlinear autoregressive with 
external input (NARX) 
algorithm 

quantify the damping coefficient of a mine 
ventilation system. 

30 
Sensitivity analysis of 
ventilation models – where not 
to trust your simulation 

2019 [99] 

The study used sensitivity analysis to explore 
examples of the variability of simulated airflow 
due to small resistance, heat and natural 
ventilation changes. 

31 
Improving the performance of 
the hardy cross algorithm for 
large ventilation models 

2019 [100] 
This paper investigated the improvement of 
traditionally used algorithms that solve quasi-
steady-state ventilation models. 

32 

Dynamic models in 
atmospheric monitoring signal 
evaluation for safety, health 
and cost benefits 

2019 [6] 
This paper describes an early warning system 
that analyses real-time data to recognise 
dangerous trends. 

33 

Analysis of the effects of 
thermal history of the strata 
upon temperature variations in 
underground airways 

2019 [4] 

This dissertation reviews the commercial mine 
ventilation simulation software available at the 
time and advanced models with a thermal 
history effect. 

34 
Quality evaluation and error 
mitigation for mine climate 
models 

2019 [56] 

This study aimed to find the best way of using 
the simple thermal-humidity simulation models 
without the thermal history component for 
reduced simulation error in the thermal design 
of mine ventilation. 

35 
Predicting annual underground 
thermal flywheel effects 

2019 [101] 
This study simulated the seasonal 
temperature variations in a cold climate 
underground mine ventilation system. 

36 

Using seasonal temperature 
difference in underground 
surrounding rocks to cooling 
ventilation airflow: A 
conceptual model and 
simulation study 

2020 [102] 
This study proposes a mathematical model to 
simulate heat regulation and energy storage in 
underground mine tunnels. 

37 

Applications and verification of 
a computational energy 
dynamics model for mine 
climate simulations 

2020 [18] 
This study describes the computational energy 
dynamics model that is capable of simulating 
transient heat transfer in underground mines. 

38 

Managing heat in underground 
mines: The importance of 
incorporating the thermal 
flywheel effect into climatic 
modeling 

2020 [2] 

This paper analyses the WB and DB 
temperatures at the bottom of an intake shaft 
using different mine ventilation simulation 
software. 

39 

Utilizing nonlinear 
autoregressive with exogenous 
input neural networks to 
evaluate the thermal flywheel 
effect along intake shafts at 
Nevada mines 

2021 [71] 

This study used neural networks to determine 
the WB temperatures at the bottom of an 
intake shaft while considering the thermal 
flywheel effect. 

40 

Rapid dynamic ventilation 
modelling for improving health 
and safety in underground 
mining 

2021 [55] 
This dissertation developed a new method to 
improve the speed and effectiveness of 
dynamic ventilation modelling. 
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41 

Challenges and solutions in 
the development of the 
VentFIRE mine network fire 
simulator 

2021 [103] 
This paper highlights the key outcomes in 
developing a new fire simulator VentFIRE that 
was integrated into Ventsim. 

42 

Development of energy 
efficient and sustainable 
cooling strategies for hot 
underground mines 

2021 [104] 
This paper investigated alternative cooling 
storage with propylene glycol as the coolth 
source. 
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APPENDIX B: CRITICAL LITERATURE CITATION HISTORY 

Figure B-1 illustrates how the studies were cited to reach the current state-of-the-art practices. 

The arrows represent where the studies were cited in the following studies. 

 

2021: Rapid dynamic ventilation 

modelling for improving health and safety 

in underground mining 

2021: Utilizing nonlinear autoregressive 

with exogenous input neural networks to 

evaluate the thermal flywheel effect along 

intake shafts at Nevada mines 

2019: Quality evaluation and error 

mitigation for mine climate models

2019: Analysis of the effects of thermal 

history of the strata upon temperature 

variations in underground airways 

2018: Quantifying the thermal damping 

effect in underground vertical shafts 

using the nonlinear autoregressive with 

external input (NARX) algorithm

2017: Managing and controlling the 

thermal environment in underground 

metal mines

2013: Subsurface flow and transport 

process model for time dependent mine 

ventilation simulations 

2012: Temperature variations in 

underground tunnels 

2020: Managing heat in underground 

mines: the importance of incorporating 

the thermal flywheel effect into climatic 

modeling 

 

Figure B-1: Citation history of the literature*  
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APPENDIX C: SIMULATION METHODOLOGIES 

Table C-1 summarises the literature used in the timeline in Table 2-2. 

Table C-1: Summary of literature on mine ventilation and cooling simulation methodologies 

N
u

m
b

e
r 

Name Year 

R
e
fe

re
n

c
e

 

Description 

1 
Agnew gold mine expansion mine 
ventilation evaluation using 
Ventsim 

2001 [77] 
This study optimised the ventilation 
system of Redeemer Gold Mine using 
Ventsim simulation software. 

2 

Simulating airflow conditions in a 
South African coal mine, using the 
VUMA-Network simulation 
software 

2002 [78] 
This paper describes VUMA simulation 
software and its application in "what-if" 
scenarios in a coal mine. 

3 
Monitoring and control of 
underground ventilation systems 
using VUMA-network 

2004 [50] 

This paper describes the linking of 
ventilation monitoring systems with 
ventilation simulations using VUMA-
network. 

4 
Important basics of mine 
ventilation and cooling planning 

2004 [32] 
This paper reviews the important basics 
of mine ventilation and cooling planning. 

5 
Optimisation of complex mine 
ventilation systems with computer 
network modelling 

2007 [53] 

This study used computer network 
modelling for the optimisation of a 
ventilation network for the purpose of 
saving costs. 

6 
Study and application on 
simulation and optimisation system 
for the mine ventilation network 

2011 [79] 
This study developed an all-purpose 
ventilation simulation software using 
Visual Basic language. 

7 
The use of 3D simulation system in 
mine ventilation management 

2011 [72] 

This study applied Ventsim ventilation 
simulation software to Donghai mine to 
provide reliable data for decision-
making. 

8 
Life-of-mine ventilation and 
refrigeration planning for resolution 
copper mine 

2014 [41] 

This study explains the life-of-mine 
ventilation planning for a copper mine, 
which includes ventilation and cooling 
simulations. 

9 
Computerised simulation of mine 
ventilation networks for sustainable 
decision making process 

2014 [42] 
This study used the simulation software 
3D-Canvent to simulate different 
situations in a mine ventilation network. 

10 
Underground climatic monitoring 
and modeling: Are we missing 
something? 

2017 [43] 

This study discusses the importance of 
continuous climatic monitoring and how 
it is used to calibrate ventilation 
simulations. 

11 
Managing and controlling the 
thermal environment in 
underground metal mines 

2017 [70] 

This dissertation discusses the best 
practices of climatic monitoring and the 
use of artificial neural networks to 
incorporate the thermal damping effect 
in dynamic ventilation simulations. 

12 
Novel simulations for energy 
management of mine cooling 
systems 

2017 [21] 
This dissertation developed and applied 
a novel transient cooling simulation to 
case studies. 
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Description 

13 
Reducing electrical costs for a 
mine ventilation system with the 
aid of simulation software 

2017 [81] 
This dissertation used transient mine 
ventilation software to predict changes in 
fan configurations. 

14 
Diurnal thermal flywheel influence 
on ventilation temperatures in 
large underground mines 

2017 [54] 

This study undertook to quantify and 
simulate the thermal flywheel behaviour 
of a mine ventilation system with 
simplified transient software. 

15 
Evaluating complex mine 
ventilation operational changes 
through simulations 

2018 [67] 
A scalable method was developed for 
the optimisation and evaluation of 
ventilation networks. 

16 

Application of Ventsim 3D and 
mathematical programming to 
optimise underground mine 
ventilation network: A case study 

2018 [76] 
This study optimised mine ventilation fan 
efficiency with Ventsim 3D ventilation 
simulation software. 

17 

Quantifying the thermal damping 
effect in underground vertical 
shafts using the nonlinear 
autoregressive with external input 
(NARX) algorithm 

2018 [52] 
An algorithm is developed to predict 
transient underground temperatures. 

18 
Dynamic models in atmospheric 
monitoring signal evaluation for 
safety, health and cost benefits 

2019 [6] 

This paper describes an early warning 
system integrated into a dynamic 
numerical ventilation model to provide 
real-time recognition and prediction of 
dangerous trends. 

19 
Industry 4.0 roll-out strategy for 
dynamic mine heat load 
management 

2019 [105] 

This paper proposed a roll-out strategy 
for Industry 4.0 instrumentation to 
improve the data collection for mine heat 
load management. 

20 
Calibrating model airway size and 
resistance with survey asbuilt data 

2021 [82] 

This study examined the merits of using 
an algorithm to convert 3D survey 
information to correct airway size 
automatically and observed the effect on 
model accuracy. 

21 
A review on underground mine 
ventilation system 

2021 [47] 
This study reviews the previous studies 
of ventilation system design and 
optimisation methods. 

22 
Rapid dynamic ventilation 
modelling for improving health and 
safety in underground mining 

2021 [55] 
This thesis discusses the development 
of new methods of improved dynamic 
ventilation modelling. 

23 
Ventilation model calibration from 
limited survey data 

2021 [75] 

This study investigated a numerical 
method to calculate the resistances of 
underground tunnels with limited 
surveying automatically. 

24 
Improving calibration of a mine 
ventilation network using 
continuous airflow monitoring 

2021 [45] 

This study investigated the use of 
continuously measured air velocities to 
calibrate the resistance of a mine 
ventilation network. 

25 

Managing heat in underground 
mines: The importance of 
incorporating the thermal flywheel 
effect into climatic modelling 

2021 [2] 

This paper investigated the temperature 
prediction of different ventilation 
software to determine the consequence 
and importance of taking the thermal 
damping and flywheel effect into 
account. 
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APPENDIX D: AIR PSYCHROMETRIC CALCULATOR 

Figure D-1 illustrates an example of a psychrometric properties outputs of air calculated at a DB 

temperature of 26°C, relative humidity of 55% and a barometric pressure of 87.5 kPa. 

 

Figure D-1: PTB air psychrometric calculator outputs* 
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APPENDIX E: 45 KW FAN CURVE 

Figure E-1 shows an example of a fan curve for a 45 kW booster fan. The specification shows 

that at standard operating conditions, the fan should produce an airflow rate of 12.00 m3/s at a 

static pressure of 2.20 kPa with a power consumption of 39.99 kW. 

 

Figure E-1: 45 kW Fan curves* 
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Figure E-2 shows the fan curves calculated by the simulation program using the standard 

parameters. The simulation component produced an airflow rate of 11.97 m3/s at a static pressure 

of 2.20 kPa with a power consumption of 40.12 kW. 

 

Figure E-2: Example 45 kW PTB fan curve* 
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APPENDIX F: MOBILE COOLER SPECIFICATIONS 

Figure F-1 show an example of a mobile cooler cooling duty curve. 

  

Figure F-1: Mobile cooler specifications* 
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APPENDIX G: SAJIE PUBLICATION [1] 
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APPENDIX H: MINE A SECONDARY HEAT SOURCES 

Mine A did not have fuel-driven machinery, thus the first heat source to be quantified was electrical 

heat. The effective electrical heat load was calculated using Equation 2-4. The data for the total 

electrical load supplied to the mine was collected from the electric supply loggers of the different 

sections of the mine. 

It is essential to account for the useful work completed and equipment that must be excluded. 

Therefore, the potential energy gained from useful work completed by electric equipment was 

calculated using Equation 2-1. The results for Mine A are shown in Table H-1. 

Table H-1: Electrical potential energy gain for Mine A 

Parameter  Amount [kg/s] Elevation gain [m] Potential energy gain [kW] 

Water pumped out of the mine 34.0 1 290 430 

Rock transported out of the mine 17.8 1 290 225 

Total   656 

PTB includes the heat added to the system by booster fans. The sum of the electrical energy 

users excluded for the supplied electrical load equated to 222 kW, which included the booster 

fans. Each booster fan's heat added to the system was determined by the operating conditions 

and fan curves where electrical data was unavailable. Table H-2 summarises the calculation of 

the effective electrical load of Mine A. 

Table H-2: Effective electrical load for Mine A 

Parameter Value [kW] 

Average total supply 1 836 

Average potential energy gained 656 

Excluded equipment  222 

Effective electrical heat load 958 

An average metabolic rate of 250 W was assumed for heavy manual work for 70% of the shift 

[11], [106]. Mine A had around 864 employees underground during the drilling shift. The metabolic 

heat load was calculated using Equation 2-5, and the results are shown in Table H-3. 

Table H-3: Metabolic heat load for Mine A 

Parameter  Unit Value 

Employees  [–] 864 

Average metabolic rate  [kW] 0.25 

Metabolic heat load [kW] 216 
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The heat produced by explosives in the working areas was calculated using Equation 2-6. Mine A 

used an average of 1 340 kg of explosive per month with 4 030 kJ of energy produced per 

kilogram. This method assumes that the heat energy released by the explosion is absorbed by 

the rock and released over an entire day [11], [31]. Table H-4 summarises the calculation of the 

explosive heat load. 

Table H-4: Explosive heat load for Mine A 

Parameter  Unit Value 

Explosive used (monthly) [kg] 1 340 

Heat produced per kilogram [MJ/kg] 4 030 

Blast frequency [days] 1 

Explosive heat load [kW] 2 

Finally, the heat added to the ventilation system by fissure water was calculated using 

Equation 2-7. The mass flow of the fissure water was determined from the difference of water 

entering and leaving the mine. The temperature of the fissure water that enters the system is 

equal to the VRT at the depth that the water enters the mine. Therefore, the temperature at which 

the fissure water exited the mine was assumed to be equal to the rejected air WB temperature of 

the mine working areas [11]. Table H-5 summarises the calculation of the fissure water heat load. 

Table H-5: Fissure water heat load for Mine A 

Parameter  Unit Value 

Mass flow of fissure water [kg/s] 6 

Exit fissure water temperature  [°C] 29.5 

Inlet fissure water temperature [°C] 38.9 

Fissure water heat load [kW] 236 

It was not necessary to include the cooling duty of cold water pipes as the water was not chilled 

before entering the mine. 
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APPENDIX I: MINE A KPIS AND STANDARD PARAMETERS 

Table I-1 shows the KPIs for Mine A. 

Table I-1: Mine A KPIs 

Area KPI Unit 

Working area intakes 

Air mass flow [kg/s] 

DB temperature [°C] 

WB temperature [°C] 

Return fans  
Air mass flow [kg/s] 

Static pressure [kPa] 

The underground tunnels sizes were obtained from mining plans and are shown in Table I-2. 

Drifts are the main travel ways on an underground level, and cross-cuts are travelways to a 

specific working area. These were used as the standard input on all tunnels of each type. In cases 

where the tunnel size significantly deviated from the standard, the tunnel size was input manually 

from data obtained from manual measurements. The working area sizes depended on the current 

mining progress of each working area and ranged between 4 m2 and 25 m2. 

Table I-2: Tunnel sizes for Mine A 

Tunnel type Area [m²] Perimeter [m] 

Main downcast shaft 50.3 25.1 

Secondary downcast shaft 29.2 19.2 

Main upcast shaft 29.2 19.2 

Drifts 12.0 14.0 

Cross-cuts 9.0 12.0 

Working areas Working area-specific 

The tunnel’s age was programmed into the simulation tunnels as per the historical mining plans. 

Mine A was in the Free State in South Africa, mining predominately quartzite. The VRT formula 

for this region and rock type was shown in Equation 2-11, which had a temperature gradient of 

0.0146°C/m. The tunnel friction coefficients and rock properties used for Mine A are shown in 

Table I-3 [11], [37], [35]. The rock density was confirmed by the measured volume and mass of 

rock extracted from the mine. 

Table I-3: Tunnel friction coefficients and rock properties 

Parameter Unit Value 

Friction coefficient (Concrete lined shaft empty) [Ns2/m4] 0.0037 

Friction coefficient (Concrete lined shaft equipment) [Ns2/m4] 0.009 

Friction coefficient (Underground rock-lined tunnel) [Ns2/m4] 0.011 

VRT gradient [°C/m] 0.0146 

Rock thermal conductivity [W/m·K] 5.74 

Rock density [kg/m³] 2 690 

Rock specific heat [J/kg] 837 
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Table I-4 shows the calibration parameters of the air pipe components. The air fan components 

were calibrated as discussed in Section 2.4. 

Table I-4: Air pipe calibration parameters 

Parameter Unit Source 

Surface roughness [mm] Product specifications 

Hydraulic diameter [m] Product specifications 

Flow area [m²] Product specifications 
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APPENDIX J: MINE B 55L REFRIGERATION SIMULATION 

Table J-1 shows the set points for the Mine B refrigeration system on 55L, and these are the 

standard operating conditions and targets for the chillers. Figure J-1 illustrates the refrigeration 

system on 55L level and shows the piping network between the refrigeration components. 

Table J-1: Mine B 55L refrigeration set points 

Area KPI Unit Value 

Fridge plants 

Condenser water flow [ℓ/s] 130.0 

Evaporator water flow [ℓ/s] 65.0 

Evaporator outlet water temperature [°C] 5.0 
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Figure J-1: Mine B 55L PTB refrigeration simulation* 
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APPENDIX K: MINE B SECONDARY HEAT SOURCES 

First, the effective electrical heat load was calculated using Equation 2-4. The potential energy 

gained by useful work was calculated using Equation 2-1. Table K-1 shows the results for the 

potential energy gain at Mine B. The electrical load of the water pumps was not included in the 

electrical load supplied, thus it had to be excluded from the calculation. 

Table K-1: Electrical potential energy gain for Mine B 

Parameter  Amount [kg/s] Elevation gain [m] Potential energy gain [kW] 

Water pumped out of ventilation district 0 0 0 

Rock transported out of ventilation district 23.5 499 115 

Total   115 

The sum of the electrical energy users that had to be excluded from the supplied electrical load 

equalled 1 055 kW. Table K-2 shows the results for Mine B's effective electrical heat load. 

Table K-2: Effective electrical load for Mine B 

Parameter Value [kW] 

Average electrical load supplied 5 518 

Average potential gained 115 

Excluded equipment  1 055 

Effective electrical heat load 4 348 

Mine B had around 1 800 employees underground during a drilling shift. The metabolic heat load 

was calculated using Equation 2-5, and the results are shown in Table K-3. 

Table K-3: Metabolic heat load for Mine B 

Parameter  Unit Value 

Employees  [–] 1 800 

Average metabolic rate  [kW] 0.25 

Metabolic heat load [kW] 450 

The heat produced by explosives in the working areas was calculated using Equation 2-6. Mine A 

used an average of 1 758 kg of explosive per month with 3 820 kJ of energy produced per 

kilogram [35]. Table K-4 summarises the calculation of the explosive heat load. 

Table K-4: Explosive heat load for Mine B 

Parameter  Unit Value 

Explosive used (monthly)  [kg] 1 758 

Heat produced per kilogram [kJ/kg] 3 820 

Blast frequency [days] 1 

Explosive heat load [kW] 3 
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The heat added to the ventilation system by fissure water was calculated using Equation 2-7.  

Table K-5 summarises the calculation of the fissure water heat load. 

Table K-5: Fissure water heat load for Mine B 

Parameter  Unit Value 

Mass flow of fissure water [kg/s] 10.7 

Exit fissure water temperature  [°C] 29.5 

Inlet fissure water temperature [°C] 51.8 

Fissure water heat load [kW] 999 

Mine B had a chilled water piping network that was not insulated adequately, resulting in heat 

transfer between the ventilation air and piping. The cooling duty supplied by the chilled water 

piping was determined with Equation 2-8. Transient water temperature data was not available for 

the working areas, thus the cooling duty was determined from an average of multiple manual 

measurements. Table K-6 summarises the calculation of the average chilled water-cooling duty 

as a result of the poorly insulated pipes. 

Table K-6: Total chilled water-cooling duty for Mine B 

Parameter  Unit Value 

Average mass flow of chilled water [kg/s] 190.3 

Average ice dam outlet temperature [°C] 10.4 

Average working area water intake temperature [°C] 16.5 

Chilled water pipes cooling duty [kW] 4 829 
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APPENDIX L: MINE B KPIS AND STANDARD PARAMETERS 

Table L-1 shows the KPIs for Mine B. 

Table L-1: Mine B KPIs 

Area KPI Unit 

Working area intakes 

Air mass flow rate [kg/s] 

DB temperature [°C] 

WB temperature [°C] 

Return fans operating condition 
Air mass flow rate [kg/s] 

Static pressure [kPa] 

Fridge plants 

Condenser water flow rate [ℓ/s] 

Condenser inlet water temperature [°C] 

Condenser outlet water temperature [°C] 

Evaporator water flow rate [ℓ/s] 

Evaporator inlet water temperature [°C] 

Evaporator outlet water temperature [°C] 

BAC Air outlet WB temperature  [°C] 

Ice dam Outlet water temperature [°C] 

The ventilation components used the same standard parameters from literature as Mine A, as 

both these mines were in the Free State, South Africa. These parameters were shown in 

Appendix I. Table L-2 shows the tunnel sizes for Mine B. The working area sizes depended on 

the current mining progress of each working area and ranged between 4 m2 and 25 m2. 

Table L-2: Tunnel sizes for Mine B 

Tunnel Area [m²] Perimeter [m] 

Main downcast shaft 39.6 22.3 

Main upcast shaft 46.5 24.2 

Drifts 9.0 12.0 

Cross-cuts 9.0 12.0 

Working areas Working area-specific 

 
The fridge plants and heat exchangers were all defined using measured data that was available 

on the SCADA. The ice dam volume was specified according to the actual size of the dam,  

2 350 m³. The mobile coolers were fitted with valves that controlled the water flow to 7 ℓ/s, and 

this was used as the input for water demand components. 
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APPENDIX M: MINE B COOLING SYSTEM SIMULATION ACCURACY 

Table M-1 shows the accuracy of the cooling system components, which had an average 

accuracy of 95.6%. 

Table M-1: Mine B 55L cooling system average operating conditions (55L) 

Parameter  Unit Measured  Simulated MSE  R² 

FP1 Condenser inlet water temperature [°C] 32.83 33.00 0.36 0.01 

FP1 Condenser outlet water temperature [°C] 37.18 37.14 0.39 0.00 

FP1 Condenser water flow rate [ℓ/s] 149.46 150.00 0.14 0.22 

FP1 Evaporator inlet water temperature [°C] 12.10 12.18 0.38 0.51 

FP1 Evaporator outlet water temperature [°C] 5.02 5.02 0.37 0.00 

FP1 Evaporator water flow rate [ℓ/s] 64.52 65.10 0.97 0.09 

FP2 Condenser inlet water temperature [°C] 33.18 33.00 0.36 0.01 

FP2 Condenser outlet water temperature [°C] 37.10 37.08 0.39 0.00 

FP2 Condenser water flow rate [ℓ/s] 150.47 150.00 0.14 0.22 

FP2 Evaporator inlet water temperature [°C] 12.26 12.18 0.38 0.51 

FP2 Evaporator outlet water temperature [°C] 5.03 5.02 0.37 0.00 

FP2 Evaporator water flow rate [ℓ/s] 65.77 65.10 0.97 0.09 

BAC outlet WB temperature [°C] 9.93 9.83 0.02 0.83 

BAC air mass flow rate [kg/s]  250.20 251.20 1.04 – 
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APPENDIX N: MINE B 66L SIMULATION RESULTS 

This appendix contains the measured and simulated temperatures at three locations seen in 

Figure 3-18. These results were summarised in Section 3.3.6 and Section 3.3.7. Figure N-1, 

Figure N-2, and Figure N-3 illustrate the WB and DB temperatures at Points 1 to 3, respectively. 

These include the measured temperature compared with the true transient simulated temperature 

and quasi-steady-state simulated temperature. 

 

 

Figure N-1: Mine B transient and quasi-steady-state temperature comparison (66L – Point 1)* 
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Figure N-2: Mine B transient and quasi-steady-state temperature comparison (66L – Point 2)* 

 

 

Figure N-3: Mine B transient and quasi-steady-state temperature comparison (66L – Point 3)* 
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Table N-1 summarises the simulation performance for the three measurement points on 66L. 

Table N-1: Mine B comparison of transient and quasi-steady-state simulation performance (66L) 

Location Parameter Unit MSE R² 
Maximum 

error 

Point 1  

DB temperature (transient) °C 0.35 0.04 0.75 

DB temperature (quasi-steady-state) °C 0.66 0.03 1.61 

WB temperature (transient) °C 2.28 0.05 2.06 

WB temperature (quasi-steady-state) °C 3.93 0.06 3.06 

Point 2  

DB temperature (transient) °C 0.92 0.12 1.35 

DB temperature (quasi-steady-state) °C 1.37 0.09 1.82 

WB temperature (transient) °C 0.11 0.06 0.56 

WB temperature (quasi-steady-state) °C 0.50 0.05 1.43 

Point 3 

DB temperature (transient) °C 0.45 0.04 1.11 

DB temperature (quasi-steady-state) °C 0.55 0.08 1.18 

WB temperature (transient) °C 1.14 0.10 1.55 

WB temperature (quasi-steady-state) °C 1.22 0.05 1.84 

The average maximum error improvement between the true transient and quasi-steady-state 

simulation was 0.59°C. 
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APPENDIX O: MINE B 75L SIMULATION RESULTS 

This appendix contains the measured and simulated temperatures at three locations on Mine B 

75L. Figure O-1 illustrates the measurement locations on Mine B 75L. 
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Figure O-1: Underground temperature measurement locations at Mine B (75L)* 

These results were summarised in Section 3.3.6 and Section 3.3.7. Figure O-2, Figure O-3 and  

Figure O-4 illustrate the WB and DB temperatures at Points 1 to 3, respectively. These include 

the measured temperature compared with the transient simulated temperature and quasi-steady-

state simulated temperature. 
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Figure O-2: Mine B transient and quasi-steady-state temperature comparison (75L – Point 1)* 

 
 

 

Figure O-3: Mine B transient and quasi-steady-state temperature comparison (75L – Point 2)* 
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Figure O-4: Mine B transient and quasi-steady-state temperature comparison (75L – Point 3)* 

Table O-1 summarises the simulation performance for the three measurement points on 75L. 

Table O-1: Mine B comparison of transient and quasi-steady-state simulation performance (75L) 

Location Parameter Unit MSE R² 
Maximum 

error 

Point 1  

DB temperature (transient) °C 0.49 0.56 1.78 

DB temperature (quasi-steady-state) °C 0.70 0.25 1.89 

WB temperature (transient) °C 2.78 0.35 2.27 

WB temperature (quasi-steady-state) °C 2.64 0.17 2.66 

Point 2  

DB temperature (transient) °C 0.77 0.64 1.61 

DB temperature (quasi-steady-state) °C 0.79 0.44 1.76 

WB temperature (transient) °C 1.78 0.46 1.90 

WB temperature (quasi-steady-state) °C 1.78 0.38 2.31 

Point 3 

DB temperature (transient) °C 0.44 0.13 1.00 

DB temperature (quasi-steady-state) °C 0.53 0.05 1.76 

WB temperature (transient) °C 0.82 0.28 1.19 

WB temperature (quasi-steady-state) °C 0.91 0.20 2.31 

The average maximum error improvement between the true transient and quasi-steady-state 

simulation was 0.49°C. 
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APPENDIX P: MINE C KPIS AND DATA 

The KPIs for Mine C are shown in Table P-1. 

Table P-1: Mine C KPIs 

Area KPI Unit 

Working area intakes 

Air mass flow rate [kg/s] 

DB temperature [°C] 

WB temperature [°C] 

Return fans operating condition 
Air mass flow rate [kg/s] 

Static pressure [kPa] 

Fridge plants 

Condenser water flow rate [ℓ/s] 

Condenser inlet water temperature [°C] 

Condenser outlet water temperature [°C] 

Evaporator water flow rate [ℓ/s] 

Evaporator inlet water temperature [°C] 

Evaporator outlet water temperature [°C] 

BAC Air outlet WB temperature  [°C] 

Cold dam Outlet water temperature [°C] 

 

Figure P-1 illustrates the ambient and underground temperature measured at Mine C with 

temperature loggers placed at a working area intake. 

 

Figure P-1: Ambient and underground temperatures at Mine C* 
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Figure P-2 illustrates the water flow supplied to the cold dam and the cold dam water outlet 

temperature. These are the main outputs and KPIs of the cooling system. 

 

Figure P-2: Mine C 255L cooling system main outputs* 

 

  



 

158 

APPENDIX Q: MINE C SECONDARY HEAT SOURCES 

Mine C did not record the machine operating times in detail, thus the fuel-driven machinery heat 

load was determined with the fuel consumption using Equation 2-2. Table Q-1 shows how the 

heat was calculated according to the fuel consumption. A multiplication factor of 2.5 was used to 

account for inefficiencies [35]. 

Table Q-1: Fuel-driven machinery heat for Mine C 

Parameter Unit Value 

Total diesel consumption [l/month] 146 109 

Calorific value of diesel [MJ/kg] 45.6 

Diesel density [kg/m³] 0.85 

Combustion efficiency [%] 0.95 

Multiplication factor – 2.5 

Mechanised heat load [kW] 5 104 

Thereafter, the effective mechanised heat was calculated by excluding the potential energy 

gained, as seen in Equation 2-3. The machinery generally operated on the same levels, thus the 

average potential energy was negligible over 24 hours. Table Q-2 summarises the calculation of 

the heat from fuel-driven mechanised machinery. 

Table Q-2: Mine B effective mechanised machinery heat load for Mine C 

Parameter Unit Value 

Average mechanised heat load [kW] 5 104 

Average potential gained [kW] 0 

Effective mechanised heat load [kW] 5 104 

The effective electrical heat load was calculated using Equation 2-4. The potential energy gained 

by useful work was calculated using Equation 2-1. Table Q-3 shows the results for the potential 

energy gain at Mine B. 

Table Q-3: Electrical potential energy gain for Mine C 

Parameter  
Amount [kg/s] Elevation gain [m] 

Potential energy 
gain [kW] 

Water pumped out of ventilation district 30 2 310 678 

Rock transported out of ventilation district 21 790 162 

Total   840 

The sum of the electrical energy users that had to be excluded from the supplied electrical load 

equalled 10 106 kW. Table Q-4 shows the results for Mine B's effective electrical heat load. 
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Table Q-4: Effective electrical load for Mine C 

Parameter Unit Value 

Average electrical load supplied [kW] 15 303 

Average potential gained [kW] 840 

Excluded equipment  [kW] 10 106 

Effective electrical heat load [kW] 4 357 

Mine B had 1 212 employees underground during a drilling shift. The metabolic heat load was 

calculated using Equation 2-5, and the results are shown in Table Q-5. 

Table Q-5: Metabolic heat load for Mine C 

Parameter  Unit Value 

Employees  [–] 1 212 

Average metabolic rate  [kW] 0.25 

Metabolic heat load [kW] 303 

The heat produced by explosives in the working areas was calculated using Equation 2-6. Mine A 

used an average of 68 880 kg of explosive per month with 4 030 kJ of energy produced per 

kilogram [35]. Table Q-6 summarises the calculation of the explosive heat load. 

Table Q-6: Explosive heat load for Mine C 

Parameter  Unit Value 

Explosive used (monthly)  [kg] 68 880 

Heat produced per kilogram [kJ/kg] 4 030 

Blast frequency [days] 1 

Explosive heat load [kW] 105 

Mine C did not have fissure water underground, thus it was not included as a heat source. 
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APPENDIX R: MINE C COOLING SYSTEM SIMULATION ACCURACY 

Some water temperatures and airflow could only be measured in a steady state. The cooling 

system simulation was first calibrated in a steady state, thereafter an accurate cold water dam 

temperature was provided when integrated into the true transient ventilation model. Table R-1 

shows the accuracy of the cooling system components, which had an average accuracy of 97.3%. 

When integrated into the transient ventilation model, the simulation produced a cold water dam 

temperature with an MSE of 0.72, an R2 of 0.17, and a maximum error of 1.54°C. 

Table R-1: Mine C cooling system accuracy 

Parameter  Unit Measured  Simulated Error 

FP1 Condenser inlet water temperature [°C] 41.2 40.9 0.8 

FP1 Condenser outlet water temperature [°C] 44.3 43.7 1.3 

FP1 Condenser water flow rate [ℓ/s] 154.8 154.6 0.1 

FP1 Evaporator inlet water temperature [°C] 16.4 16.4 0.1 

FP1 Evaporator outlet water temperature [°C] 9.7 10.2 4.7 

FP1 Evaporator water flow rate [ℓ/s] 60.0 60.0 0.0 

FP3 Condenser inlet water temperature [°C] 43.8 41.9 4.4 

FP3 Condenser outlet water temperature [°C] 53.9 50.6 6.1 

FP3 Condenser water flow rate [ℓ/s] 145.2 144.9 0.2 

FP3 Evaporator inlet water temperature [°C] 16.4 16.9 2.9 

FP3 Evaporator outlet water temperature [°C] 6.7 7.0 4.5 

FP3 Evaporator water flow rate [ℓ/s] 141.8 137.8 2.8 

FP4 Condenser inlet water temperature [°C] 42.2 40.7 3.6 

FP4 Condenser outlet water temperature [°C] 46.9 46.0 2.0 

FP4 Condenser water flow rate [ℓ/s] 111.0 111.0 0.0 

FP4 Evaporator inlet water temperature [°C] 16.4 16.9 2.9 

FP4 Evaporator outlet water temperature [°C] 9.3 9.6 3.2 

FP4 Evaporator water flow rate [ℓ/s] 62.3 62.1 0.3 

FP5 Condenser inlet water temperature [°C] 42.2 40.7 3.5 

FP5 Condenser outlet water temperature [°C] 48.0 47.5 1.1 

FP5 Condenser water flow rate [ℓ/s] 90.6 90.6 0.0 

FP5 Evaporator inlet water temperature [°C] 16.4 16.9 2.9 

FP5 Evaporator outlet water temperature [°C] 9.8 9.4 4.1 

FP5 Evaporator water flow rate [ℓ/s] 57.1 57.0 0.3 

FP10 Condenser inlet water temperature [°C] 41.6 40.5 2.7 

FP10 Condenser outlet water temperature [°C] 49.3 48.8 1.0 

FP10 Condenser water flow rate [ℓ/s] 191.7 191.7 0.0 

FP10 Evaporator inlet water temperature [°C] 21.1 21.7 3.0 

FP10 Evaporator outlet water temperature [°C] 14.8 14.0 5.2 

FP10 Evaporator water flow rate [ℓ/s] 163.7 163.7 0.0 

BAC 289L outlet WB temperature [°C] 21.8 21.8 0.2 

Cold dam temperature [°C] 9.2 8.7 5.8 

Hot dam temperature [°C] 20.9 21.7 3.9 
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Figure R-1 illustrates the measured and simulated cold dam water temperature on 255L. 

 

Figure R-1: Mine C cold dam temperature comparison* 
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APPENDIX S: MINE C SIMULATION RESULTS 

This appendix contains the measured and simulated temperatures at working area intakes of 

Mine C. These results were summarised in Section 3.4.6 and Section 3.4.7. Figure S-1 and  

Figure S-2 illustrate the WB and DB temperatures at 287L East and 289L East, respectively. 

These include the measured temperature compared with the transient simulated temperature and 

quasi-steady-state simulated temperature. 

 

Figure S-1: Mine C transient and quasi-steady-state temperature comparison (287L East)* 
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Figure S-2: Mine C transient and quasi-steady-state temperature comparison (289L East)* 

Table S-1 summarises the simulation performance for the three locations at Mine C. 

Table S-1: Mine C comparison of transient and quasi-steady-state simulation performance 

Location Parameter Unit MSE R² 
Maximum 

error 

287L West 

DB temperature (transient) [°C] 1.14 0.38 2.11 

DB temperature (quasi-steady-state) [°C] 0.75 0.08 1.20 

WB temperature (transient) [°C] 0.28 0.12 0.90 

WB temperature (quasi-steady-state) [°C] 0.76 0.16 1.31 

287L East 

DB temperature (transient) [°C] 0.24 0.10 0.75 

DB temperature (quasi-steady-state) [°C] 1.21 0.27 1.29 

WB temperature (transient) [°C] 3.22 0.39 2.30 

WB temperature (quasi-steady-state) [°C] 2.55 0.67 1.74 

289L East 

DB temperature (transient) [°C] 0.69 0.14 1.20 

DB temperature (quasi-steady-state) [°C] 2.13 0.44 2.02 

WB temperature (transient) [°C] 2.59 0.39 2.30 

WB temperature (quasi-steady-state) [°C] 1.31 0.60 1.61 

 

 


