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Abstract

Remote mines operating in cold areas of Canada and other Arctic countries are often subjected to
subfreezing temperatures that can get as low as -40°C. When those mines are underground, they
need to heat their intake airflow up to a comfortable temperature for the adequate operation of
machinery and personnel. Remote mines are also frequently not connected to the electrical power
grid and need to depend on diesel generators to produce their electric power. As it has been
demonstrated by several authors in literature, these commercial diesel generators consistently
discard almost 70% of the total energy that is input as fuel. Such energy being neglected mostly in
the form of heat through exhaust and other means. Knowing so much energy exists in the exhaust,
usually in high grade, a system is proposed to recover thermal energy from the exhaust of the diesel
generators, transport it and deliver it to the cold intake airflow of a remote underground mine. The
overall alternative heating system is modeled analytically (with MATLAB) using real climate
history data from a Canadian remote mine to evaluate its performance. Also, a pilot-test scale
experimental setup is designed, constructed and tested and the heat exchanger utilized for intake
air heating is further numerically modeled with computational fluid dynamics (using Ansys Fluent)
to investigate its behavior in detail. Results from all the models created point to the system
effectively recovering a significant part of the waste heat and delivering it to the cold airflow. It is
also shown that due to the high temperature gradients created by the subfreezing temperatures the
intake air heating unit holds the potential to deliver most of the recovered heat, with the exhaust

heat recovery unit mostly driving the performance of the system.



Lay Summary

In underground mines, a constant flow of air needs to be supplied to the underground workings,
for machinery and personnel employed there. These mines are often located in cold areas close to
the Arctic pole, where temperatures can get very cold, which makes it necessary for them to heat
the air that goes underground. This is usually achieved by fossil-fueled burners, however, not only
this creates an environmental hazard contributing to the greenhouse effect, it also results in great
cost for the mine. Frequently, these mines are also located in remote areas with no connection to
the electric grid having to rely on diesel generators. This research explores the potential of heating
the mine airflow using recovered heat from the exhaust of their diesel generators. Results show
that the proposed system can be successfully used to recover heat from exhaust and deliver it to a

cold intake airflow.



Preface

This research has been developed as part of a larger project concerning waste heat recovery for
mining applications in collaboration with Mr. Durjoy Baidya under the supervision of Prof. Dr.
Seyed Ali Ghoreishi-Madiseh. This thesis was developed as a complement to another master’s
thesis and several journal articles and conference proceedings that have been published on the
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Mineral Processing laboratory (CMP) annex to the Frank Forward building at The University of

British Columbia.
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Chapter 1: Introduction

1.1 Background

There are currently about 1,200 mining establishments operating in Canada, many of which are
located in remote Arctic areas [1]. These mines often experience extremely cold temperatures,
mainly during wintertime, that could be as low as -40°C. Such harsh weather conditions make it
necessary for these sites to take measures in order to cope with the cold temperature and achieve
conditions that are comfortable for the workforce and appropriate for the operating equipment [2].
In those cases, heating of the communal areas and of the sanitary and domestic water becomes
necessary. Besides these general needs that are common for every remote arctic community (not
only commercial as mining, but also residential ones) if a site is that of an underground operation
there is an additional need to heat the intake air that is sent into the workings [3]. Mine intake air
has to be heated whenever it falls below 0°C since subfreezing temperatures can cause ice
formation in the airways increasing the airflow resistance [4]. Ice can also build-up in large blocks
and dislodge, leading to hazard to personnel. These ice formations also directly affect the operation
and maintenance of equipment potentially causing permanent damage [2,4]. Preheating of said
intake air aims at raising its temperature to a value greater than 1°C, usually up to 4-7°C which is
considered enough for normal underground work. This number however changes from case to case
since in mines with considerable depth the air suffers natural auto compression and heating from

geothermal gradient contributing to the desired temperature increase [4].

In a mine with a large airflow demand the heating costs can become very high and represent a
considerable part of the energy expenses of the mine [3], which by themselves are appraised to be

15-24% of the total cost of a mine operation [5,6]. It is estimated that heating very large airflows



through temperatures differences so high can be more expensive than creating the airflow itself

[4], and such costs could be as high as $2,000 per m?/s of air [7].

\ i p Boiler
| 1
F ! )
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Fan
Airin--—-> = =° 7
4 N HOt-air U ’l, i
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______ ~ (bypass) Air in
. (bypass)
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Figure 1.1 Fossil-fueled heaters: a) direct; b) indirect; modified from ref. [4]

Heating of mine intake air is commonly performed through direct or indirect heating with fossil
fuel-powered furnaces as shown in Figure 1.1. Such furnaces usually employ natural gas if the site
has access to a pipeline, or propane when it does not. However, if the site is remote, all the fuel
must be transported to the site in a tight time window through winter roads and then stored for
long periods of time. In such scenario diesel fuel (or heavy oil) becomes the usual choice as it is
more stable, thus safer to store and transport, besides having a high energy density [8]. These
remote mines are frequently off-grid having no connection to power lines [9], which means they
also have to solely rely on diesel for power generation (through diesel gen-sets) [6]. The
transportation and storage of this large amount of fuel, that could be up to millions of liters, also
incurs significant additional costs to the operation. A remote Arctic mine, the Ekati Diamond Mine
in the Northwest Territories in Canada is shown in Figure 1.2 during the Summer and Winter

Seasons.



a) b)

Figure 1.2 Ekati Diamond Mine during: a) Summer; b) Winter seasons [10,11]

Having such high dependence on fossil fuels also raises serious concerns regarding the current
situation of the environment [12]. The world today faces an energy crisis due to the fast growth of
population and consequent energy demand. This has started a change in the responsiveness of our
energy use [13]. Meanwhile, scientists around the globe have already agreed upon human’s
liability on the recent changes in global climate, and if there is not a major mutual concern
regarding the levels of greenhouse gases that rise, such changes will surely lead to harmful effects
on the global population, industry and economy [12]. Thus, it is essential that mining companies
develop and employ sustainable mining models that require them to be responsible for the
environmental consequences of their operations and minimize its impact [14]. To help achieve
that, governments are also implementing increasingly restrictive policies, the most directly
impacting one being the carbon emission taxation that is levied by some countries, including
Canada [14]. The current values for carbon tax in Canada vary among the provinces but in British
Columbia it is currently C$35 per tonne of carbon dioxide equivalent emissions, being planned to

rise to C$50 in 2021-2022 [3]. With all that in mind, it is essential that new energy efficiency



technologies based on alternative forms of energy generation and conversion are studied,

developed and implemented in the mining industry [6].

One of the most promising technologies that could help mitigate the aforementioned problems is
waste heat recovery (WHR). As the name implies, such technique consists of recovering energy
manifested as heat from some source that would be otherwise discarded or rejected to the
environment. This occurs frequently in processes where large quantities of heat are generated, as
in internal combustion engines (ICE) [15] or when heat is a sub product of the operation of a

system, as in compressor stations or mineral processing operations [4].

The power generation unit most commonly used in remote mining applications is the diesel moto-
generator (also known as diesel generator-set or diesel gen-set). Such system is composed of a
diesel internal combustion engine and an electric generator (usually some kind of alternator) that
work together to generate electric energy by combusting diesel fuel. A model of generator
commonly employed in the mining industry is displayed in Figure 1.3. However, despite all efforts
to improve ICE performance, they are still known to have low overall efficiencies ranging from
30-40% depending on operating conditions [16-18]. The rest of the energy being discarded
through the exhaust, coolant, friction, lubricating oil, radiation to the environment and other minor
losses. Among those, the exhaust stream contains the majority of the energy lost, being usually
around 40% of the energy consumed [19]. In a heavy-duty large-scale engine that could represent
exhaust streams as hot as 500-750°C [20]. Moreover, researches have shown that for every
kilowatt of electric power generated by a common diesel gen-set, about three kilowatt of fuel is

consumed, and approximately one kilowatt of heat is discarded through the exhaust stream of the



generator [3]. Meanwhile, remote Canadian mines have massive power plants in order to generate
the necessary power for all their operations. It is estimated that a Canadian metal mine producing
one million tonnes per year has an average power demand of 21MW, which means (in case of
remote mines) several immense diesel gen-sets generating electricity and continuously rejecting a
huge amount of heat [21]. Having this in mind, it becomes evident that the exhaust streams of
diesel generators used in remote arctic mine sites represent a potential source for waste heat to be
recovered. If successfully recovered, such heat could be used to heat the underground mine intake
air and help extenuate the dependence of fossil fuels for heating purposes. Such combination of
power generation and heat provision is frequently employed in other industries and is referred to

as cogeneration or combined heat and power (CHP) [22].

Figure 1.3 CAT Diesel generator model C175-16 (3.1ekW) [23]

Although waste heat recovery of diesel generators has been studied and employed in industrial
operations, the existing work focus mostly on recovering the heat rejected from the engine coolant

(or jacketwater) [17]. The works that concentrate on exhaust heat recovery (EHR) generally aim



at using it for power generation purposes by means of turbochargers, organic Rankine cycles
(ORC) or thermoelectric generators (TEG) [15,20,24-26]. This work focuses on developing CHP
technology for use in remote arctic underground mines, by means of conceiving and analysing a
viable WHR system that uses heat recovered from the exhaust of diesel generators to pre-heat mine

intake air.

1.2 General Research Objectives

The main goal of this research was to develop a viable EHR system for mine intake air heating
and to prove its feasibility by a series of analytical, numerical and experimental tests. For that, the
system proposed, economically investigated and partially studied by this research team in previous

works [3,27] was here further developed and deeper analyzed.

The overall thermodynamic performance of the system was by analytical means. Some of its
specific components were evaluated numerically and finally a model of the proposed system was
built in pilot-test scale for final evaluation and comparison of the obtained results. With these steps,
the author sought to prove how effective this technology can be in the mining industry and how it
could help mines in the future to be less fossil fuel dependent, more energy efficient and

consequently more environmentally friendly.

1.3 Specific Research Objectives
To achieve the above general objectives, the following specific objectives were targeted:
e Design a simple system capable of recovering heat from the exhaust of a diesel generator

and delivering it to the intake air of an underground mine;



e Develop a coupled analytical thermodynamic iterative model of the proposed system by
means of a MATLAB code to evaluate its individual thermal properties as well as its
overall thermal performance. Thus, use the code to prove the viability of the system,
evaluate the impact of some specific parameters on the overall performance and compare
the results with previous, decoupled analysis of the system established by the author;

e Develop a computational fluid dynamics model on Ansys Fluent of the intake air heating
unit and investigate its operation and its performance, mainly the heat transfer rates and the
air temperature change demonstrating it can provide the heat necessary for practical
working of the unit;

e Build an experimental model of the proposed system and perform pilot tests evaluating the
main operational outcomes as heat transfer rates and temperature changes, comparing the
results with the previous models developed and investigating its practicality for a large-

scale system for remote underground mines.

1.4 Thesis Outline
This thesis is divided in six chapters based on their content, with each specific approach for the

research separated in its own chapter. The chapters are as described below.

Chapter 1 gave information on the background of remote arctic mining, described some of the
challenges that exist in such inhospitable scenarios and how this study could help

provide a green solution to the extremely high heating demands that exist there.



Chapter 2 provides a concise literature review on important topics discussed throughout this thesis,
explaining relevant concepts to this research and describing some of the progress that

has been done in them by other researchers.

Chapter 3 describes in detail the proposed system as well as its thermodynamic principles. Then,
it reports the procedure used to develop the MATLAB code employed for the analytical
evaluation of the impact of the intake air heating unit to the performance of the system

as well as the results of said analysis.

Chapter 4 gives a deep analysis on the operation of the intake air heating unit, here chosen to be a
compact finned-tube cross-flow heat exchanger, to further understand its performance
and corroborate the experimental results presented in chapter 5. In it, the unit is modelled
numerically using computational fluent dynamics software (Ansys Fluent 19.1) and
simulated in a number of scenarios replicating the behavior of the existing pilot-scale

system developed for this study.

Chapter 5 demonstrates the process of the creation of a pilot-scale test setup of the system proposed
here, as designed by the author, shows the results of the experimental tests and compares
them with numerical counterparts calculated using the numerical model developed in
Chapter 4 to further endorse the previous findings as well as show the performance of

the whole system working together.



Chapter 6 summarizes all the conclusions achieved throughout this study, evidencing the
perspectives its potential brings to the mining industry and mentions a few

recommendations for further studies looking into the proposed technology.



Chapter 2: Literature Review

To fully understand the analyses, assumptions and results presented in this work, it is necessary to
first have a general overview of the main topics studied here. Most important, one should
comprehend the basic principles of diesel engines and generators, heat exchangers, heat recovery
and its potentials to the current mining industry. For that end, a broad literature review is performed

on all these relevant topics and is presented in the following subsections.

2.1 Diesel Internal Combustion Engine and Waste Heat

An internal combustion engine is a machine which purpose is to generate mechanical power from
the chemical energy present in a fuel. The ‘internal” term means that the oxidizing reaction of the
fuel, commonly known as combustion, happens inside the engine itself [28]. A diesel engine (DE)
works through a Diesel thermodynamic cycle and is also called compression-ignition engine since
the combustion reaction is triggered by an extreme compression of the fuel-air mixture. The diesel
engines are one of the main types of ICE used in industry and are commonly employed in field
applications due to their relatively higher thermal efficiency when compared to other types of
engines [26]. One of the major applications being in power generation units called diesel
generators. It is estimated that about 15% of all the installed power generation capacity of the

world is based on diesel power plants [26].

Although several core industries have been developing technologies to try to improve the DE
overall efficiency, it is still considerably low when compared to technologies that don’t involve
combustion [29]. Due to the nature of the reaction inside the combustion chamber, only about 38%

is successfully converted to useful mechanical work, with the remaining energy from fuel being
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rejected in the form of heat on the exhaust stream (around 30%), on the engine coolant
(approximately 25%) and the rest (about 7%) being discarded as friction losses, noise and radiation
to the environment [29,30]. In fact, previous studies compared several diesel generators of
different capacities and distinct loads and showed that as the capacity increases, diesel gen-sets
tend to neglect through the exhaust gases about the same amount of energy that is generated as
electricity [3]. This means that it is a fair assumption to say that for every watt of electricity
generated in a diesel gen-set, one watt of heat will be available in the exhaust. Besides that, all of
the energy being discarded shows that ICE, mainly through jacketwater and exhaust, represent a
potential opportunity for waste heat recovery, since any additional energy that could be reutilized
would raise the overall efficiency of a diesel generator [16]. Such potential has been demonstrated

in several works of literature and will be discussed in detail in the following sections.

2.2 Waste Heat Recovery Technologies

Over the years, several techniques of waste heat recovery have been developed that focus on
different sources of energy and different end-users for that energy. It is possible to separate four
main types of technology based on how the recovered energy is utilized. The energy can be
recovered and redirected to the engine itself, which is a well stablished technology commonly used
in industry. This is achieved though the turbocharger. In a turbocharged engine the exhaust gases
are redirected to a turbine which powers a compressor that compresses the inlet air of the engine.
This turbine-compressor set is able to recover some of the energy present on the exhaust and
transfer it to the air entering the engine. With a higher pressure and density, more air and

consequently more fuel are driven into the reaction chamber. This allows the engine to produce
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more power at a more efficient rate [15]. Today, most of the large-scale diesel engines (and

therefore diesel gen-sets) have turbochargers, including the one shown in Figure 1.3.

A second main type of application is for electricity generation. In this kind of system, the heat is
recovered and converted into electricity using some energy conversion technology. This has been
extensively researched and several results can be found in literature. The two most used
technologies being via Organic Rankine Cycle (ORC) [25,31-33] or via Thermoelectric
Generators (TEG) [34-36]. An ORC is a Rankine thermodynamic cycle that operates using organic
fluids as the working fluid in order to successfully operate using low grade heat sources, as the
exhaust stream and the jacketwater. Several studies have shown that ORC based technologies are
capable of increasing the output of a diesel engine in about 10-11% [25,37]. Another study has
shown that the efficiency of a ORC increases with torque and the maximum possible efficiency of
the cycle is around 5-7% which represents an increase in overall system efficiency of 1.53%
[38,39]. Meanwhile, TEG systems are smaller, and easier to implement, containing no moving
parts but are known to have an even smaller efficiency [15]. Studies performed to evaluate the
TEG performance when coupled to the exhaust stream of vehicle size diesel engines have reported
efficiencies of the TEG system around 1-5% [40-42] while generating electric power as low as

100-400W [34,41,42].

The third application for the discarded energy would be the direct use of heat whenever it is needed,
representing a cogeneration system. Some studies have focused on the heat recovery of diesel
waste heat [29,43,44] without any focus on the end application, but very few studies have ben done

evaluating the viability of using this energy for direct heat usage, since it needs a large heat demand
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to be viable. Most of the applications of waste heat for direct heat use are not from diesel power
plants and use other sources of heat instead, as heat rejection from residential ventilation [45] and
heat discarded from mine exhaust air [46]. All the literature on diesel exhaust heat recovery
(DEHR) for direct use in heating applications that is currently available was performed by this

research group [3,17,47].

The fourth application would be heat recovery for cooling. This less intuitive application is
achieved through a refrigeration by absorption cycle. These consist of a refrigeration cycle in
which the compressor is replaced by a generator and an absorber. Some studies have investigated
the viability of using waste heat for refrigeration. It has ben found that for a 16kW ICE it was
possible to reach 34.4kW of refrigeration with an exergy efficiency of 18.6% [48]. Other study
estimated that for a waste heat absorption based cycle in a ship could provide air conditioning for

more than 9000m2 allowing for monthly savings over C$100,000 [49].

It is important to mention that although some use of jacketwater heat in waste heat recovery (WHR)
has been implemented in some industries and is used by some of the researches cited previously,
the exhaust stream contains more heat and has a greater economical potential for heat recovery
than the engine coolant [29]. Besides, no other work than the ones developed by this group has
focused on the potential of DEHR for direct heating purposes. For that reason, this source of heat

is the focus of this research.
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2.3 Heat Exchangers

A heat exchanger (HEX) is a device that allows for heat transfer between two or more fluids while
preventing them from mixing with each other [50]. They are widely used in industrial processes,
power generation, heat recovery, air conditioning and many other applications, and their design
and enhancement has become a matter of increasing importance in the recent times as energy
efficiency interest and environmental concerns have grown rapidly [51]. Heat exchangers usually
allow for controlled flows to develop having a common adjacent solid wall in between then. Such
wall is usually made from a conductive metal to allow as much heat to pass from one fluid to the
other. It is important to note that the main factor driving heat transfer in a heat exchanger is the
temperature difference between fluids. Due to this characteristics, a heat exchanger is an essential
part of almost all heat recovery systems, except for those cases when the heat source comes into

direct contact with heat storage materials as in rock bed thermal energy storage (TES) systems

[52,53].
Tube Shell
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Figure 2.1. One-tube-pass and one-shell-pass shell-and-tube heat exchanger [50]
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A wide variety of heat exchangers exist and can be classified according to transfer process (indirect
or direct), number of fluids (two-fluid, three-fluid, N-fluid), surface compactness (compact and
non-compact), construction (tubular, plate-type, extended surface and regenerative), flow
arrangements (single-pass and multi-pass) and heat transfer mechanisms (single or two-phase
convection on one or two sides) [51]. Focus here will however be given to two types in particular:
tubular shell-and-tube heat exchanger and compact cross-flow tube-fin heat exchangers. The shell-
and-tube heat exchanger deserves special attention as it is one the most popular types of HEX due
to its flexibility and versatility having a wide range of applications. This makes it a good choice
for most liquid-to-liquid applications and even to some gas-to-liquid applications whenever
temperatures or pressures are very high, or fouling is a serious problem. A one-tube-pass and one-
shell-pass shell-and-tube heat exchanger is represented in Figure 2.1. Nevertheless, whenever none
of the previous conditions are present, to improve heat transfer on the gas side of a gas-to-liquid

system, a unit with a higher heat transfer area should be used. In those cases, some sort of compact
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cross-flow heat exchanger is usually employed, commonly having transversal fins. A simple

representation of two different cross-flow heat exchanger types is shown in Figure 2.2.

Whenever a heat exchanger is being selected or designed, it is common to face some sort of trade-
off relationship. The performance of a heat exchanger is directly related to the total area available
for heat transfer to happen, which means that usually adding more area (in the form of fins or more
passes of pipe) increases the heat transfer rate. On the other hand, adding more material translates
in more associated cost. Additional passes and fins also mean more resistance to flow leading to
higher pressure drops. A higher pressure drop in a heat exchanger is directly responsible for an
increase in the energy necessary to move such flow and consequently in electricity (pumping) costs
[51]. In summary, for the best cost-efficiency to be achieved for a given duty or in a specific
system, a heat exchanger has to be carefully selected having in mind the desired goals for that

individual task.

The heat transfer and fluid flow for a fluid inside a heat exchanger is governed by a set of very
complex coupled partial differential equations of continuity, which are shown in Eq. (2.1-2.3) [54].
These equations are also known as the Navier-Stokes equations for which are no known general
solutions. Thus, in order to analyze fluid flow and heat transfer solutions for very specific scenarios
simplifications are used. However, if the investigation of complex cases becomes necessary,

numerical and computational methods ought to be employed.
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L+ V-(pu)=0 (2.1)
p[%+(u-V)u] — uViu = —-VP + pg (2.2)

P+ P(V-u) = V- (kVT) + & (2.3)

To describe it in simple terms, computational fluid dynamics (CFD) is a field that studies numerical
tools for the solutions of fluid flow and heat transfer problems [55]. In order to apply CFD to solve
a problem, the domains are discretized in both space and time and the set of continuous equations
for conservation is substituted by a set of discretized ones for each of the elements of the domain.
Those equations are then solved iteratively until the solution converges to a value respecting a
previously defined tolerance. A lot of advances in the field have happened along the past decades
and today this process is implemented in several known commercial CAD/CAE software in a very
efficient and automated manner, one of the most popular ones being Ansys Fluent. However, it
still is important for one to know the main principles of computational fluid dynamics when

operating such software.

Since the heat exchanger is a crucial component of a heat recovery system [56], several studies
have focused on developing and enhancing heat exchangers for that purpose and a few most
relevant ones can be mentioned. Shell-and-tube and cross-flow configurations have been compared
on their performance for exhaust heat recovery for truck applications showing a much lower
pressure drop for cross-flow [16]. Researchers have also looked forward to improve the heat
recovered through a shell-and-tube heat exchanger from the exhaust stream of a diesel generator
and were able to improve effectiveness from 0.52 to 0.74 by optimization of construction

parameters as shell and tube diameter, number of tubes and shell length [29]. A study was done to
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evaluate the improvement of heat recovery from exhaust of a heavy-duty diesel gen-set (120ekW)
in a tubular heat exchanger by adding a corrugated tube and a twisted tape insert for more
turbulence which resulted in an improvement of about 82% and 233% respectively [44]. Another
study has focused on investigating the exergy balance on enhanced designs of finned-tube heat
exchanger with a vortex generator for EHR of a diesel engine [57]. Lastly, an analysis was
performed on an innovative design for a double-pipe, finned counter flow heat exchanger for
exhaust heat recovery which found that adding 1.0m long fins along the tubes of the unit increase

its overall effectiveness in around 10-13%.

For the scope of this study, both simplified analytical thermodynamic relations of the system and

a CFD model of a component of the system proposed were utilized.

2.4 Alternative Thermal Energy Solutions in the Canadian Mining Industry

Having in mind the necessity of alternative energy solutions as described in section 1.1, several
works of literature have focused on alternative technologies for mining. Some work has been done
on mine exhaust heat recovery for underground mines [46,58], which consists of recovering heat
from the exhaust air stream from the exhaust ventilation shaft and delivering it to the intake air
stream via a two-heat exchanger system connected by a pipeline. Such works have shown the

system might be able to save around C$400,000 annually with payback times of around 3 years.

Another point of interest is the use of the so-called natural heat exchange areas like the one
implemented in Creighton mine in Sudbury, ON. In such system a structure denominated by rock-

pit, consequence of subsidence from an underground operation, is used as a natural heat exchanger.
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Intake air for the underground workings is aspirated through the pit and exchanges heat on the
way, freezing the rocks during winter, which heats up the air. On summer the hot intake air thaws
the material which cools down the intake stream. It is estimated that by these means about 11GWh

of energy can be saved per year, leading to around US$437,000 of savings [6,59].

This group has also performed studies investigating the viability of EHR systems for remote
communities (mostly residential ones inhabited by first nations) that could be successfully
employed for remote mines as well. They include both TES systems that couple heat exchangers
with vertical borehole thermal energy storage [17] as well as direct waste heat storage in rock-beds
that dispense the use of intermediate heat exchangers [52,53]. These systems have been shown to
have relatively low payback periods which would allow them to be employed in practical means
in the mining industry for both intake air heating in underground operations and space/domestic

hot water heating in underground and surface operations.

Thus, it is safe to say that there is a broad range of applications for thermal energy management
systems and alternative energy systems in the mining industry. Several companies have even been
reported to implement some alternative technologies without disclosing many details or
developing literature work. It is known that several minor operations in Canada implement some
sort of jacketwater heat recovery system for both surface and underground heating applications.
Reports have also indicated that there are plans to implement waste heat recovery systems for
mineral processing, more specifically heap leaching, using the heat to raise the temperature of the
barren solution and keep the thermal integrity of the process. Another use that has not been yet

implemented in Canada is the use of waste heat recovery for cooling, via absorption cycles. This
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has been reported in Australia and could possibly represent a viable technology for mines in
Canada also, mainly as the popularity of WHR systems grows with time. With all that said, it is
important that the development of energy efficient technologies continues to grow and that
government policies keep being implemented in order for companies to keep searching for
alternative solutions and, perhaps that way, mining can become a more sustainable and ultra-

efficient industry.
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Chapter 3: System Description and Analytical Model

This chapter focus on the first practical steps of this research, giving a detailed description of the
proposed system and its operation as well as the introductory analytical work that gives a bold

estimation of the overall performance the system.

3.1 System Description

The system proposed in this study consists of two main heat exchangers coupled by a pipeline that
connects the diesel power plant to the intake air that needs heating. A version of the system has
been presented in a previous work [3] and Figure 3.1 represents a simplified schematic of the
intake air heating system. The heat exchangers are shown within dashed boxes: the exhaust heat
recovery unit (EHRU) and the intake air heating unit (IAHU). The former was selected as a one-
shell-pass and one-tube-pass shell-and-tube heat exchanger, due to the high temperatures and
considerable fouling involved, while the latter is a compact cross-flow fin-and-tube HEX, selected
to take advantage of its larger heat transfer area, since lower temperatures are involved, and fouling
will not be a significant problem. The cross-flow HEX is a unit commonly employed for heating,
ventilation and air-conditioning systems, and has even been implemented in other mine ventilation
solutions [58], inspiring its choice here. Although direct gas-to-gas heat exchangers exist and are
frequently used for heat recovery purposes in buildings (in the form of regenerators or plate type
multi-layered units [45]) they were not considered a valid option here. The main reason for that is
that the power plant in a remote underground mine is usually positioned at a considerable distance
from the intake shaft in order to avoid contamination of the fresh air. Besides, it is much more
practical to transport high temperature liquid through long distances then a hot stream of air.

Moreover, leakages from the exhaust gases into the fresh air could compromise the whole
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operation of the system and the workings. Another advantage of the proposed design is that the
system becomes modular. Meaning that every diesel gen-set will have an EHRU attached to it.
The units are all interconnected and the hot working fluid for all of them is pumped to one IAHU.
This allows the system to be modified as demand and availability changes during the mine life
without compromising its operation. It is extremely important to notice that this system does not
necessarily substitute the conventional fossil-fueled heater as shown in Figure 1.1. The goal here
is to provide as much heat as possible from the diesel exhaust to the fresh intake air and supplement

it as needed with the conventional heating system.

«—T:; L Ts WTs ) LB n5|EIr
T o |
I I I I
I I I I
I I I I
I I I I
I I I I
|  EHRU | | IAHU |
L, _ J Ly — — d
B|E
2 7[
= =
L | . . L. . .
. T T Warking fluid #:JT; ',“JT_—‘I IAmaI:IIE”I
Diesel
Gen-set

Figure 3.1. Diagram of the proposed system with main points of interest for temperatures

All the previous work regarding this project has ben done implementing a decoupled
thermodynamic model of the proposed system [3,27]. Meaning that the heat exchangers were

independently considered and analysed, with focus on the EHRU. Due to the decoupled nature of
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that previous model, the effectiveness of the IAHU could end up taking unrealistically high values.
Here however, a coupled model was developed that is able to capture more realistic temperatures
and consequently heat values regarding the performance of the system. Which is done aiming to
perform a definitive system level analysis evaluating the impact of the IAHU on its overall
performance. Using a coupled analysis also allows for the pipeline losses to be taken into

consideration.

Table 3.1. Mine real data and parameters for the assumed generator model and power plant

Mine Parameters Generator Parameters
Yearly mined material (Mt of ore) 2.1 Gen-set model CAT 3516
Total installed power capacity (MW) 47 Engine model 3516 TA, V-16, Diesel
Average yearly consumption (GWh) 161 Gen-set capacity (MW) 1.75
Average yearly power demand (MW) 18 Gen-set load (MW) [%] 1.225 [70%]
Airflow demand (m?/s) 708 Average number of gen-sets 15
Intake air temperature set-point (°C) 4.0 Max Engine Backpressure (Pa) 6,700

In this analysis a remote underground operation located in the Northwest Territories is selected
and its real parameters are taken from literature and implemented on the model [8,60]. Important
information about it is presented in Table 3.1. Data regarding this mine is used all along this
chapter for a valid representation of a real remote arctic mine. In order to evaluate the available
energy, the diesel power plant is modeled based on the average power generated by the mine. Even
though the exact model and capacity of the generators is not known. Using representative values
respecting the power generated should lead to valid approximations for available energy on the
exhaust since the diesel generators follow well stablished industry standards and as shown

previously in literature [3] power rejected tends to a constant value as capacity rates increase.
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Bearing this in mind, the information regarding the power plant modeling and the assumed
generator model are also presented in Table 3.1. Data for the generators is gathered from the

manufacturer’s performance data sheets.
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Figure 3.2. Daily mean temperatures for the location of the remote mine in Northwest Territories, Canada for

2017 [61].

As it will be shown in the following sections the heat demand of the mine depends on ambient
temperatures which are constantly changing. Thus, historical climate data from the original
location of the mine is obtained from the government of Canada database [61]. The daily ambient
temperatures for the location can be seen in Figure 3.2 along with the selected set-point
temperature used for most of the analysis. Finally, the thermodynamic relations of the system can

be found and solved.

3.2 Thermodynamic Principles of the System
In order to evaluate the performance of the system the thermodynamic equations governing the

system have to be developed. Here a e-NTU analysis is performed employing a few reasonable
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assumptions. The main parameter of interest being the total amount of heat that would be
successfully recovered and delivered to the intake air of the mine by utilizing the system. The
thermodynamic model was developed based on directives from literature [46,50,51] and the main
ones are presented in Eq (3.1-3.5). The total amount of heat exchanged in each of the heat
exchanger units is given by:

Qact = Ch(Thin — Thout) = Ce(Teoue — Tein) (3.1)
where each C is given by:

C =mc, (3.2)
For each of the hot and cold fluids in both heat exchangers. Thus, the effectiveness of each HEX
can be found by the following relation:

€= Qa/Qmax (3.3)
in which the maximum rate of heat transfer for each heat exchanger is given by:

Qmax = Cmin X ATmax = Conin(Thout — Tein) (34)
Moreover, Cmin being the minimum of the two heat capacity rates in each heat exchanger.
Meanwhile, the energy demand for heating the intake air to the set-point temperature (minimum
temperature to which air must be heated) can be found by:

Qaem = Pair X Vair X Cpal-r(Tset — Tamp) (35)
Employing these equations and correlating to the system shown in Figure 3.1, a set of six equations
and six unknowns can be written assuming a constant effectiveness for each of the heat exchangers.
This is considered a reasonable assumption as long as a conservative value is used. Nevertheless,
in the following sections the impact of each of the HEX effectiveness on the performance of the

system will be evaluated. The six equations, Eq (3.6-3.11), are as follows.
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TZ = Tl - (Cmin,l X eexh/cexh) X (Tl - T6) (3-6)

T3 = T + (Cexn/Cqryu) X (Ty — T3) (3.7)
T,=Ts;— (Qloss,s/cgly,t) (3-8)
Ts = T; + (Chinz X €air/ Cair) X (T4 — T7) (3.9)
Ts = Ty — (Cair/Cqry,t) X (Tg — Ty) (3.10)
Te = Ts — (Qloss,r/cgly,t) (3-11)

in which the subscripts s and r represent the supply and return pipelines and u and t refer to values
relative to one unit (or module) of the exhaust heat recovery part of the system, and to the full total

system (and all of its modules) respectively. The values for heat saved can then be calculated by:

Qsav = Cqir X (T7 — Tg) (3.12)

Since the exhaust should not be cooled excessively to avoid condensation and consequent
corrosion problems a minimum exhaust cooling temperature is defined as Texn,min. Based on such
number a value for heat discarded can be calculated for the energy that is not used whenever there
is not enough demand to use the full potential of the EHRU and cool the exhaust down to the

minimum temperature. Hence, the heat discarded can be found by:

Qdisc = Coxn X (TZ - Texh,min) (313)

It can be noted that if all heat capacity rates and effectiveness are constant in the Eq (3.6-3.11) the
equation set becomes all linear and can be solved by conventional means. However, one of the
advantages of this model is to allow for variable thermophysical properties to be used depending
on the temperatures found for each period of time. For that to be implemented an iterative solving
algorithm has to be employed. It is also important to note that these equations describe the steady-
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state operation of the system, which would be stablished for periods with constant input parameters
(mainly temperatures). Based on mean temperatures such periods can be then modeled as months,

days or hours. For the scope of this work, the daily analysis was deemed sufficient.

Therefore, having all the thermodynamic fundamentals of the system described and the
assumptions stated, a MATLAB code was developed to implement them with an iterative

approach.

3.3 Code Description

The code was developed on MATLAB focusing on the iteration process that solves the set of Eq.
(3.6-3.11) to find the temperatures of interest, T2 to Te and Tg (since T1 and T7 are constant)
successively for every instance of time in the defined period. Using these temperatures, the heat
savings, heat demand and heat discarded values can be found. Here the analysis was done daily,
using daily temperatures read from a spreadsheet file. However, it was developed in a way that
allows for any other period of time to be used (months or hours). The iterations repeat for every
instance of the time period until a tolerance previously defined by the user is achieved (here 0.001
°C was used). Most thermophysical parameters are considered constant with exception of density
for air which is deemed the only parameter with relevant variations in the temperature ranges
estimated for the system. After all desired variables are calculated the temperatures and energy
values are written to an excel spreadsheet for ease of data manipulation. A full version of one
variant of the code is reported in Appendix A . Additionally, the flowchart in Figure 3.3

demonstrates the solution process used by the code.
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Figure 3.3. Flowchart of overall actions performed by the developed MATLAB code

3.4 Analytical Results of Coupled Analysis

Using the developed code, a run was performed for the base model. For the sake of comparison
results are shown in Figure 3.4. along with previously published results for the decoupled model
of the system. The results show a satisfactory performance of the system successfully recovering
about 151,010GJ of heat per year, providing about 55% of the total heat demand of the mine for

intake air heating purposes. It is possible to see that the results are very similar for the coupled and
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decoupled analysis with a very subtle overestimation of the decoupled one. One of the causes for
such phenomena is that the previous model would not take the effectiveness of the IAHU into
account in the calculations and would just assume a fixed amount of energy being transferred in
that part of the system. That would lead to resulting effectiveness for such unit that changed from
extremely low values to unrealistically high ones. In the coupled analysis however, a reasonable
value of 67% is assumed for the effectiveness of said unit, based on similar devices found in
literature [58,62]. Thus, this constant value is close to the average of the numbers that would occur
in the decoupled analysis, resulting in the comparable overall energy amounts seen in Figure 3.4.
Some of the main parameters used in the analysis are listed in Table 3.2 and were used unless
otherwise specified. The reported heat loss on the pipes was calculated based on a conduction

model for commercial insulation according to literature [63].

Table 3.2. Parameters of the heat exchanger units and pipeline connection

Exhaust Heat Recovery Unit Intake Air Heating Unit

Cpeexh (J/kg-°C) 1050 Cpair (J/kg-°C) 1010
Thexh (Kg/s) 2.33 Vair (M3/5) 702
Texh,in (°C) 476.22 pair (kg/m3) Ideal-gas model
Texhmin (°C) 189.5 Tset (°C) 4.0
mglyu (Kg/s) 3 Mgyt (Kg/s) 45
Calyu (W/°C) 10,050 Cglyt (W/°C) 150,750
€exh 0.615 €air 0.67
Qosss (W/m) 52.3 Qrossr (W/m) 16

It is important to keep in mind that even though the coupled analysis ended up resulting in very
similar values to the much simpler decoupled one, the current method allows for the IAHU impact

on the system to be evaluated in detail. If nothing else, the base results show that the assumptions
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used on the decoupled analysis were valid and appropriate for an initial study of the proposed
system. Note that the results below also prove that for a system of this magnitude the amount of

energy loss in the existing pipeline would be negligible.
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Figure 3.4. Energy values for the base coupled scenario compared with the previously published uncoupled

results

To evaluate the impact of the IAHU on the overall performance of the system a sensitivity analysis
is conducted implementing a series of increasing effectiveness values (40-90%). Note that a heat
exchanger effectiveness is a crucial parameter intended to be a measure of the performance of a
specific unit. Some operating conditions (i.e., heat capacity ratio) are known to impact
effectiveness but for a given HEX type it depends mostly on geometric characteristics, e.g., total

heat transfer area [50]. Thus, the goal of this analysis is to check how a better heat exchanger (with
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a larger heat transfer area and consequently higher cost) would impact the performance of the

system.
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Figure 3.5. Sensitivity analysis on the effectiveness of the intake air heating unit

For the more detailed intake air heating unit investigation, the code was modified to loop over the
whole calculation using distinct effectiveness for the intake air heating unit and the annual energy
values were reported, the main ones being shown in Figure 3.5. It is possible to see a difference of
only 20% in the amount of energy saved by the system (about 25,000 GJ) from the lowest
effectiveness to the highest. This shows that for a constant effectiveness of the EHRU, the
exclusive change of the other unit does not have a great impact in the overall system performance.
Hence, it can be said that instead of selecting a unit with a very high effectiveness for the intake
air part of the system, one should instead give preference to a unit with a lower pressure drop,

since this is a common trade-off in heat exchangers design [51]. These two factors are the ones
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most directly related with better manufacturing techniques and increase of material that imply in

a rise in cost of the desired unit.
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Figure 3.6. Simultaneous sensitivity analysis on the effectiveness of both heat exchangers: a) Annual heat
saved by the system; b) Percentage of annual heat saved by total heat demand; c) Heat discarded (relative to

a cooled exhaust temperature of 189.5 °C)

Furthermore, to evaluate if such behaviour is caused by the constancy of the other parameters, that
could be somehow limiting the overall amount of heat that the system is able to recover, a new

analysis is performed. Here the code was modified to loop over different effectiveness for both
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heat exchangers in the system at the same time leading to the results presented in Figure 3.6. This
required the mass flow rate of glycol per module (rhgy,u ) to be changed from 3kg/s to 4.1kg/s to
enable the glycol loop to absorb all the available heat without experiencing an undesirably large
temperature change. It is important to note that in some cases with very high performance of both
heat exchangers, the heat recovered from the exhaust led to a real minimum cooled exhaust
temperature lower than the design one (Texhmin = 189.5°C). This however would be a challenge in
a real system due to the high possibility of condensation and corrosion related problems. Thus, if
such performance is desired from the system, a solution for the corrosion problem would have to
be worked on. This could be in the form of filtration and treatment of the exhaust gases, or perhaps
through the use of a highly corrosion resistant heat exchanger coupled with an efficient drainage

scheme.

It is possible to see in the contours in Figure 3.6. that the influence of the effectiveness of the intake
air heating unit is minimal when compared to the EHRU one. While improving the IAHU
performance alone (horizontal direction) barely had any significant effect in the results, improving
the EHRU performance (vertical direction) led to an increase of almost 70% in the overall saved
energy, allowing the system to provide more than 70% of the heat demand of the mine. This
behaviour could be due the extremely low temperatures found in the intake air side of the cycle,
creating a very large temperature difference between fluids. These give the potential for most of
the heat that has been captured to be delivered even with a small effectiveness. The conclusion is
that while it might be worth improving both heat exchangers at the same time, improving the
EHRU is largely more effective when it comes to saving heat. This confirms the previously

mentioned thought that when selecting the IAHU one should give preference to lower pressure
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drops rather than unit effectiveness, since the pressure drop in such unit, for very large flows of
air, is responsible for one of the highest costs associated with the system [3]. Another important
point to be noted is that in Figure 3.6c, the heat discarded is still calculated with the design
minimum cooled exhaust temperature in mind, which is here deemed to be a value that safely
avoids the risk of condensation. Because of that, the large blue area forms on the top of said contour
plot meaning that for all those cases the exhaust is being cooled to a lower temperature than the
design one (but that extra energy is not counted because cooling the exhaust so much here is not
of interest), every day except when less or no heat is needed (mostly on summer). One could then
use this information to find the best possible heat exchanger effectiveness that would grant the

lowest exhaust temperature to still be the design one.

These results show once more that the system proposed here has good potential for energy saving
in remote arctic underground mines and that it its implementation about 55% of the heat needed

by a highly demanding mine, leading to more than 150,000GJ of savings per year.

Another point that is worth mentioning, is that a model like this could be further expanded to
consider other sources of waste heat available in a mine, or it could be coupled with other similar
models (like other ones developed in studies published by this group [46]) for that same end. The
idea is that a larger system could be developed that would manage all thermal energy in a mine,
recovering energy from all points where it is available and delivering it wherever it is necessary.
For that, it would be essential to use an extensive model like the one developed here to evaluate

the viability of such system.
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Chapter 4. Numerical Modeling of the Intake Air Heating Unit

The system proposed in this study consists mainly of two interconnected heat exchangers, the
previously mentioned exhaust heat recovery unit and the intake air heating unit, as displayed in
Figure 3.1. The first of which has been extensively studied in previous works by this group [3,27].
Thus, during the majority of the analyses presented in here, the IAHU remains in focus. In the
following sections, more details are given regarding said unit, mainly when it comes to the small

scale one used in the experimental pilot setup as will be discussed in the next chapter.

4.1 Unit Description

34.9cm

£ 8
1.|9_(!m 44.45cm
For dimensional purposes only.
Actual part may differ.
a) b)

Figure 4.1. Cross-flow heat exchanger used in the pilot scale setup: a)Real picture; b) Manufacturer’s

representation with real dimensions

As previously mentioned in section 3.1 the type of unit selected for intake air heating in this study
is a compact cross-flow fin-and-tube heat exchanger. The main reasons being its large heat transfer

area usually implemented to improve performance in the gas side, and its design to achieve low
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pressure drop. For these reasons this type of unit is commonly employed in off-the-shelf air
conditioning units for both the evaporator and the condenser side and other heating, ventilation
and air conditioning (HVAC) related units. It is also used as a radiator in the vast majority of fossil-
fueled cars to cool down the engine coolant. Besides, this type of unit has also been showed to be
a good option for mine ventilation systems [46,58]. The unit selected for the pilot test scale setup
can be seen in Figure 4.1. This specific device has one pass on the gas side and 8 passes on the

liquid side, with a unmixed flow on the former and mixed on the latter [64].

a) b)

Figure 4.2. 3D CAD model of the pilot scale of the cross-flow heat exchanger used in the pilot scale:

a)Perspective; b)Front view

To better understand the operation of this unit and to corroborate the experimental test results, the
IAHU was 3D modelled in SolidWorks 2017 (as seen in Figure 4.2) and later numerically
investigated using Ansys Fluent 19.1. The computational fluid dynamics analysis allows for
temperature profiles, heat transfer rates, effectiveness and velocity fields to be evaluated and
investigated in more detail than the existing experimental setup with the only significant limitation

being the computational power of the machine used for the simulations. It is important to note that
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for the small scale analyses presented here, the main parameters for the intake air section of the
system will be the heat transferred and the temperature difference experience by the cold air. The
actual air temperatures will not be as low as it would be seen in a real case scenario of a remote
arctic mine in need of intake air heating due to practical limitations of the experimental setup
constructed for this study. Nevertheless, temperature differences, heat transfer rates, effectiveness
and velocity fields are still comparable and can be used to develop conservative estimations of the
large scale performance, mainly when considering that the maximum temperature difference
(ATmax) between fluids is one of the main factors driving the heat transfer and it would be higher

in a real scenario.

4.2  Simulation Methods

In a CFD analysis, the first step is to determine the geometry of the model that needs to be
investigated, as shown in Figure 4.2. Afterwards, the domains have to be discerned and modelled
accordingly. For this specific unit, all three domains were modelled: gas (cold intake air), solid
(the heat exchanger itself) and liquid (working fluid in the cycle), different from the model
developed for EHRU in previous studies [27]. Although this considerably increases the
computational demand and complexity of the analysis it was deemed necessary due to the nature
of finned tubes that cannot be simplified as simple walls without thickness. Hence, after the
domains are fully defined, they are discretized in space in what is called a mesh which is one of
the factors that make the analysis so demanding. A mesh is composed of hundreds, thousands or
even millions of interconnected elements that are stored as individual coordinates for each piece
(see Figure 4.3.) As the simulation runs, the discretized Navier-Stokes equations are solved

iteratively for every element successively until the tolerances are met. Such process can be
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extremely time consuming for large domains and/or small elements depending on the
computational power of the machine used to run it. Because of that, several techniques are usually
employed to simplify the analysis as possible and lower the computational time. With that in mind,
the developed 3D model was partitioned, and each subpart used in a different section of the

analysis, these are all represented in Figure 4.4.
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Figure 4.3. Example of mesh created for a section of the cross-flow heat exchanger with all three domains

(gas, solid and liquid)

The type, or geometry of the elements in the mesh is also an important parameter in the simulation.
Hexahedral (or square in 2D) elements are usually preferred as they can cover an area with a lower
number of elements than the tetrahedral ones. The former also commonly leads to less truncation
error as it can be implemented to follow the direction of fluid flows and field of gradients. They
are however hard to implement in more complicated geometries. In this study after successive

trials with different types and geometries, the assembly meshing method called Cutcell was used
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and was essential for the successful simulation of the unit, being then used for the whole study.
This method converts complex assembly geometries in cartesian coordinates with faces following
the main coordinate axes and implements smaller elements on intricate details of the domain. The

mesh displayed in Figure 4.3 is a Cutcell mesh [65].

b) c)

Figure 4.4. Subdivisions of the cross-flow heat exchanger used in different steps of the analysis: a)Full heat

exchanger; b)One liquid pass (or row); c)Unitary section of the pass (~1/10 of a row)

Before the case of interest can be run, a mesh sensitivity analysis needs to be performed. Since the
domains are discretized in space, the sizes of the elements have to be small enough to capture the
phenomena taking place in the operation of the equipment (i.e., pressure and temperature
gradients). The mesh sensitivity analysis seeks to prove that the mesh used for the analysis is fine
enough so that results cannot be made more accurate with even further mesh refinement. For this

part of the study the heat exchanger section shown in Figure 4.4c) was used.
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Another important part of the CFD analysis is the correct implementation of the boundary
conditions, which are particularly important for simulation of smaller parts of the domain. Due to
the nature of the one-unmixed-gas-pass mixed-liquid-multipass cross-flow heat exchanger it is
known that the passes work independently of each other for the unmixed side (gas) in a sort of in
parallel configuration and in series for the mixed side (liquid) [64,66]. For this reason, it becomes
a fair assumption to say that the boundaries between passes are adiabatic. Therefore, one fluid pass
(or row) was modelled as shown in Figure 4.4b) and used for the rest of this chapter for the sake
of simplification and reduction of computational time. The simulations were carried considering
no heat loss occurred in the pipes between passes and the outlet temperature of each pass was
assumed to be the inlet temperature of the subsequent one. Other than that, the boundary conditions
for lateral sections of the solid domain are considered either symmetric (for the unitary piece) or
adiabatic (for the full row). Since the performance of the steady-state operation of the system was

sought, all simulations were run to reflect that.

A final important point to mention is the viscous model used simulate turbulence within the flow.
Turbulence is the irregular motion of the fluid domain when under specific flow conditions. Such
motion is known to be directly related to the heat transfer in a heat exchanger and it is important
that the appropriate method is selected to model turbulence [67]. These models also affect the way
the fluid is calculated near the walls, which is essentially where the heat transfer happens in a
HEX. However, there is not a definitive turbulence model that can reliably predict flows in all
sorts of conditions and different users commonly disagree on the most appropriate models for each
condition. Here the Standard K-¢ model was used along with an Enhanced Wall Treatment that

improves precision of flow near the walls. The reason for that is that after a very long process
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testing distinct viscous modeling methods this was the one that led to the best match with
experimental data, resulting in a flow behaviour closer to the real one for the conditions

implemented here as will be shown in Chapter 5:.

4.3 Mesh Sensitivity Analysis

In this study it was reasonably assumed that the smallest area with the higher gradients of
temperature is in between fins, which is also the area in which the flow conditions determine the
heat transfer happening in the gas side [68]. Hence, the main parameter used for this mesh
sensitivity analysis was the average number of elements in between fins. Accordingly, using only
a small unitary section of the heat exchanger as shown in Figure 4.4b) should be enough to give a
good assessment of the impact of element size in the overall heat transfer. The main input

parameters and boundary conditions utilized are reported in Table 4.1.

Table 4.1. Material properties and boundary conditions of mesh sensitivity analysis

Gas Liquid Solid
Material Air Water Aluminum
p (kg/m’) 1.225 998.2 2719
cp (I/kg-°C) 1006.43 4182 871
k (W/m-°C) 0.0242 0.6 202.4
Inlet velocity (m/s) 1.03 0.277
Inlet mass flow rate (kg/s) 0.110 0.0233
Inlet temperature (°C) 16 66
Outlet Pressure-outlet Pressure-outlet
Top/Bottom Wall boundaries Symmetric Symmetric
Lateral wall boundaries Adiabatic
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e)

Figure 4.5. Modelled section showing 5 different levels of mesh refinement, refinement increases (minimum

element size decreases) from a) to e)

The section utilized consists of a finned pipe with about 1/10 of the total length of a row. Meshes
with increasing refinement levels were created and run until heat transfer and temperature
difference results between meshes changed less than 1%. Images of the mesh evidencing the region

surrounding the fins are displayed in Figure 4.5.
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Table 4.2. Parameters of the meshes used for the sensitivity analysis

Discrepancy

Gas Liquid
Test# | Description Element Minir_num element Elements AT (%) | AT (%)
count size [mm] across gap

1 Coarse 503,464 0.40 4 - -

2 Fine 727,386 0.35 5 4.0% 4.0%

3 Finer 1,089,449 0.30 6 2.4% 2.6%

4 Superfine 1,704,492 0.25 7 1.5% 1.4%

5 Ultrafine 2,297,668 0.22 8 0.7% 0.7%
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Figure 4.6. Results for mesh sensitivity analysis: a)Gas side; b)Liquid side
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The element size for each mesh was gradually reduced to achieve an increment of one additional

element in the gap between fins for each different one. Figure 4.6 shows the main results from the

analysis, temperature change and heat transfer rate for each fluid. Note that the scale of the vertical

axis does not start from zero to better show the converging behaviour of the results, since the

change is still too small to see in a plot which axis starts from zero. It is possible to see that the

discrepancy between results with sequential number of elements across the gap drops down to less

than 1% from 7 to 8 elements (see Table 4.2). This shows that a sufficient refinement was achieved

and enhancing the mesh will not significantly improve results for this scenario. Thus, the
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refinement that leads to 7 elements across the gap (Superfine) is selected for all the further
simulations on this heat exchanger. Figure 4.7 shows temperature contours for a vertical middle
section of the heat exchanger unitary piece for two distinct mesh refinements. Note how the
contours change and the number of elements in between fins on the coarse case is insufficient to

successfully represent the actual flow and temperatures(left-hand side, closer to the pipe).
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Figure 4.7. Temperature contours of heat exchanger section: a)Test 1 (Coarse); b)Test 4 (Superfine)

4.4  Simulation Results

After the mesh sensitivity analysis showed that the refinement used in test #4 was sufficiently
accurate, i.e., 7 elements across the gaps in between fins capture well the heat transfer and fluid
flow in said location, a larger model was developed for the remainder of the analysis. The previous
model contained an extended air domain surrounding the solid body (HEX unit piece) to allow for
the detailed investigation of the fluid flow before and after the heat exchanger, the contour plots
for both temperature and velocity can be seen in Figure 4.8. The plots show how the region in

between fins are the sections with higher velocity, consequently higher heat convection factor,
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higher heat transfer rate and temperature gradients. Thus, confirming the previous expectations

regarding the model and its region of interest.
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Figure 4.8. Contours of the unitary section with extended air domain: a)Temperature; b)Velocity
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With the mesh sensitivity evaluated, a larger model was sought, one that could comprise the
performance of the whole heat exchanger. However, with the mesh refinement deemed necessary,
a model of the complete heat exchanger became unviable with the existing computational
resources available, since it was estimated that the model would have more than 100 million
elements. Then, a method was developed for the evaluation in which one row (or pass) of the heat
exchanger was modelled. This allows for each pass to be simulated almost independently and
successively, similar to methods previously used in literature for this kind of heat exchanger
[64,66]. In this analysis the outlet temperature of each row was used as the inlet temperature of the
following one, assuming no heat is lost in the inter-row connections. The new model is shown in
Figure 4.9. A pipe can be seen protruding from the main geometry, such protrusion (considered

insulated) seeks to allow the in-pipe flow to fully develop before it reaches the heat exchanger.

Figure 4.9. Full row model developed for further simulations: a)Perspective; b)Area between fins in detail

It is important to mention that the process of manually conducting eight simulations to account for
the whole heat exchanger would be extremely laborious and time consuming preventing the
development of a considerable number of simulations for different cases. To mitigate that, the

author developed a code using both script commands (used in a journal file read by Fluent that

46



inputs series of instructions automatically) and the more advanced scheme commands (derived
from the original programming language used in Fluent). This code was implemented for all full
HEX simulations which were run in Béluga, the High Power Computing cluster available to this
group. Such code would implement the correct boundary conditions, read fluid outlet temperature
after the simulation was finished, input it as the fluid inlet temperature, run the simulation once
again, and repeat this process 6 more times leading to a less laborious and less time consuming
process (that would still take about 12 hours to end). Without this code it would have been

impossible in practical terms to successfully perform most of the simulations that are here reported.

Table 4.3. Material properties and boundary conditions of initial tests with a full row using water

Gas Liquid Solid
Material Air Water Aluminum
p (kg/m’) 1.225 998.2 2719
cp (I/kg-°C) 1006.43 4182 871
k (W/m-°C) 0.0242 0.6 202.4
Inlet velocity (m/s) 1.11 0.166
Inlet mass flow rate (kg/s) 0.119 0.0126
Inlet temperature (°C) 15.3 815
Outlet Pressure-outlet Pressure-outlet
Top/Bottom Wall boundaries Symmetric - Symmetric
Lateral wall boundaries - - Adiabatic

Following such methodology, all eight passes are individually simulated, one after the other. The
input data and boundary conditions were slightly modified to match results of previous
experimental results of the EHRU and are listed in Table 4.3. Hence, the performance of the whole

heat exchanger was evaluated. Figure 4.10 shows an assembly of the temperature contours of each
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row representing what would be the contours of the full heat exchanger. It is possible to see the
gradual temperature drop of the liquid over the consecutive passes. It can also be seen that the air
temperature change decreases from the first row to the eighth one, consequence of a lower
temperature difference between the fluids. It is important to mention that even using the maximum
amount of computational resources available on the high power computing clusters of Béluga,
each simulation of a specific pass would take about 1.5 hours to complete, leading to a total time
of about 12 hours for the full heat exchanger.
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Figure 4.10. Temperature contours of the whole heat exchanger, assembly of the contours of each individual

pass.
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The results of this test are compiled in Table 4.4. As expected, the temperature change in each
fluid decreases almost linearly through the rows. It also shows that the overall effectiveness ¢ is
found to be about 48.5% for this specific unit with these operating conditions. Which is lower than
the one assumed for the base case in section 3.4. However, as seen in the same section this should
not seriously impact the performance of a closed loop system dealing with freezing cold

temperatures on the intake air side.

Table 4.4. Overall results for sequential set of simulations for all 8 passes using water

Fluid Air Water
Pass # AT [°C] AT [°C]
1 232 6.6
2 20.9 5.9
3 18.8 5.3
4 16.9 4.8
5 15.2 43
6 13.7 3.9
7 12.4 35
8 11.1 3.2
Inlet T [°C] 15.3 815
Outlet T [°C] 31.8 44.0
AT [°C] 16. 375
0 [kw] 1.98
£ 56.6%
AP [Pa] 67 | 2064

This unit successfully delivers 1.98kW of heat which represents about 90% of the heat that was
originally recovered (about 2.2kW) from the exhaust of the small scale diesel generator used in
the experimental test that led to the input parameters employed here. However, such data refers to
a small scale pilot test setup that has considerable limitations on its creation. A real scenario would

have much lower air temperatures that would significantly increase the temperature difference
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between fluids and consequently the overall amount of heat transferred. This as discussed in
section 3.4, would allow for the IAHU to virtually deliver most of the recovered heat in the EHRU
allowing its performance to drive the whole system. The fluid employed would also change, as for
very low temperatures a water-glycol mix becomes necessary. For those reasons, such conditions

are further investigated in the next section.

4.4.1 Performance Using Glycol

Considering the extremely low temperatures that the proposed system would be subjected to in a
real mining application scenario, it is clear that water-glycol mixture becomes necessary. For that
reason, simulations are run employing a 50% mass glycol mix, as previously considered in section
3.4. The main parameters are reported in Table 4.5. For the base case, using a liquid inlet
temperature of 15.3°C, results are displayed in Table 4.6. It is possible to see that assuming the
same inlet temperatures, slightly less heat is transferred due to the lower specific heat of the glycol

mixture. It is also possible to see that the effectiveness of the system stays approximately constant.

Table 4.5. Material properties and boundary conditions of glycol simulations

Gas Liquid Solid
Material Air 50% Water-Glycol mix Aluminum
p (kg/m?) 1.225 1085.82 2719
cp (I/kg-°C) 1006.43 3350 871
k (W/m-°C) 0.0242 0.43 202.4
Inlet velocity (m/s) 1.11 0.153
Inlet mass flow rate (kg/s) 0.119 0.0126
Inlet temperature (°C) Variable 815
Outlet Pressure-outlet Pressure-outlet
Wall boundaries Symmetric Symmetric
Lateral wall boundaries Adiabatic
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Since the consecutive passes of the heat exchanger act as distinct heat exchangers themselves the

consecutive heat exchanged in each one is investigated. Figure 4.11 shows the heat transfer rate in

each pass for several different fresh intake air temperatures. The main objective of this analysis is

to check the performance of the IAHU in a more realistic scenario. It is expected that the

effectiveness of the heat exchanger stays approximately constant since air inlet temperature is the

only variable changing. Hence, since the maximum temperature difference grows, the actual heat

exchanged also increases. It can also be seen that the heat transferred per pass decreases as the

liquid travels through the successive passes following a slow exponential decay. This is relevant

information that helps to understand the performance of a multipass cross-flow heat exchanger.

Note that a large-scale device intended for a real mine operation would have considerably more

passes per unit similar to a more conventional HVAC unit.

Table 4.6. Overall results for sequential set of simulations for all 8 passes using glycol

Fluid Air Glycol
Pass # AT [°C] AT [°C]
1 18.8 6.6
2 16.9 6.0
3 15.2 5.4
4 13.6 4.8
5 12.3 4.4
6 11.0 3.9
7 9.9 35
8 8.9 3.2
Inlet T [°C] 15.3 815
Outlet T [°C] 28.6 437
AT [°C] 13.3 37.8
Q [kw] 1.59
€ 57.0%
AP [Pa] 6.73 241.0
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Figure 4.11. Heat exchanged per pass for several fresh intake air temperatures

The total heat transfer rate as well as the overall temperature change in the fresh intake air side are
represented in Figure 4.12. It can be seen that overall heat transfer rate and consequently
temperature change increases linearly (note the two lines with different inclinations), achieving in
the extreme scenarios a heat transfer rate of about 2.5kW which is higher than the rate of heat
recovered from exhaust. This helps to demonstrate that a large scale waste heat recovery system
operating in a remote Arctic mine would be able to take advantage of the very low temperatures
of the fresh intake air flow and deliver almost all the heat that is recovered. When operating in a
closed-loop the steady-state heat transfer settles for an approximately equal amount in both sides
(except for eventual heat losses). This value would certainly be a number between the observed

rates for the open-loop results.
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Figure 4.12. Total heat transfer rate and air temperature change for several different fresh intake air

temperatures

Since the experimental pilot-scale tests performed for this work were all based on water as the
operating liquid, it would be interesting to see how the glycol mix would perform compared to the
water based system. Hence, the data in Table 4.7 is taken from real pilot-scale tests for a more
realistic comparison between water and glycol, considering real temperatures from the generator
and the exhaust heat recovery system. Figure 4.13 shows the heat exchanged per pass for each of
the successive passes for both glycol and water using temperatures representing different loads of
the diesel generator. It is possible to see that although both liquids have a subtle exponential decay,
not only glycol constantly gives less heat than water if it is at the same temperature (due to its
lower specific heat) but the rate of heat transfer decays faster than that for pure water. It is also
noticeable that the differences between cases (both distinct fluids and loads) decrease tending to

converge to a minimum heat transfer happening between the much lower temperature gradients.
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Table 4.7. Experimental data used as input for water/glycol comparison

Engine | Water Volumetric | Water Outlet Temperature of Re;(\a/aetre d
Load Flow Rate EHRU (°C)
W)
44% 63.7 1,135
66% 70.0 1,448
0.765 LPM
80% 75.0 1,753
98% 84.6 2,217
400 ]
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Figure 4.13. Water and glycol heat exchanged per pass comparison assuming constant temperatures for each

load

Figure 4.14. shows overall heat transfer rates and fresh air temperature changes for both fluids at
all loads (i.e., resulting water temperatures). The results show that overall difference between
liquids slowly increases with temperature following the expectations that the higher the gradient
the more impact the difference in cp will have on the overall energy available. Nevertheless, it is

expected that the difference in heat delivered will decrease in a real case since the lower specific
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heat of the glycol mixture would lead to a higher outlet temperature from the EHRU assuming the

heat recovered stays approximately constant.
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Figure 4.14. Water and glycol total heat transfer rate and air temperature change comparison
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Finally, all these results show that not only the system proposed here works well in delivering

heat from exhaust to cold air, but several conditions in a real case scenario would actually boost

its performance and make even more beneficial to a mine in need of intake air heating.
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Chapter 5: Experimental Pilot-Test Setup

To prove that a real-life exhaust heat recovery system would be able to recover significant portion
of the energy available in a diesel generator and deliver it to a fresh airflow for mining applications,
an experimental setup was designed, built and tested. This chapter seeks to demonstrate the
construction of the designed system and report the results of the tests performed in it, as well as

the comparison of such results with the numerical model of the IAHU previously presented.

5.1 Description of Experimental Setup

The pilot-scale test part of this study has the main goal of testing the closest possible to a real case
application of the system, using energy recovered from a real diesel generator to heat a flow of
cold fresh air. This was done employing the experimental scale version of the EHRU, co-designed
by the author for previous studies of this group [27] and shown in Figure 5.1. The shell-and-tube
heat exchanger used can be seen in detail in the top right corner. A list with the main pieces of

equipment used in such system is reported in Appendix B .

Figure 5.1. First part of the experimental setup used in previous studies (Exhaust heat recovery system), heat

exchanger in detail
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This system recovers heat from the exhaust stream of a diesel generator and transfers it to a flow
of water. Hence, the air heating portion of the project was designed having in mind to pump the
water to another module where the heat would be transferred from the water into a cold air flow.
It is important to mention that all parts of this exhaust heat recovery system were designed and
constructed as a composition of mobile units that can be wheeled around and tested anywhere.
This was necessary since there was no permission for the diesel generator to be run inside of the
CMP building which led to significant additional challenges when designing and building the
system. Thus, to achieve the desired goal a pilot-scale cold air heating unit was conceived
consisting mainly of a small portable air conditioning unit and a radiator-like cross-flow heat
exchanger, a draft of the arrangement is shown in Figure 5.2. This drawing was done in SolidWorks
2017 as the other designs shown in section 4.1, and was sent to a sheet metal company for the

fabrication of the ductwork. The cross-flow heat exchanger can be seen midway through the duct.

a) b)

Figure 5.2. Preliminary draft of the pilot scale intake air heating unit

After the duct was fabricated and delivered (the part can be seen in Figure 5.3) the assembly

process was initiated coupling all the other components of the system. A list with the main
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components of the intake air heating part of the system is reported in Appendix B . To provide the
cold air that would be heated, for cost, space and practicality limitations, a generic mobile air
conditioning unit was chosen, which can provide air as cold as approximately 15°C. Such
temperature is warmer than the one to be found in arctic mines in need of intake air heating, but
this is deemed sufficient to demonstrate a significant temperature change in the cold airflow. From
previous work done in section 4.4.1 it is also demonstrated that the real lower air temperatures

would only help the performance of the IAHU.

Figure 5.3. Ductwork with insulated interior fabricated in sheet metal as per author’s design

The unit was constructed to be mobile as the rest of the experimental setup. Several sensors were
attached to the inside of the duct outlet to measure the different temperatures obtained across the
duct cross sectional area as expected according to simulation results. Since it would be unfeasible
to measure the individual outlet temperature of each pass diverse points (nine points with one
temperature sensor each) were selected for measurements that would later be averaged. The fully

assembled system is shown in Figure 5.4. Note that the inside of the ductwork was insulated for a
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better performance of the system, as well as the connections for water. The author actually intended
the insulation to be outside of the duct, the insulation being inside blocks a small part of the heat
exchanger interfering with heat transfer. Besides, even with the existing insulation, as will be
reported in the following sections, there were still considerable sources of heat loss on the system
which significantly lowered its performance. Several environmental factors were also noticed to
impact measurements and performance itself e.g., the sun shining directly into the metal parts of

the system and wind blowing into warm surfaces.

a) b)

Figure 5.4. Pilot-scale test setup of the intake air heating unit constructed for the study

With the last part of the system constructed and insulated by the author to the best possible, the
whole system could be connected together and tested. A depiction of both units interconnected is
shown in Figure 5.5. During this study the steady-state performance of the system is focused. In
the tests performed here it would take about 10-15 minutes for the system to reach a steady-state

depending on the weather conditions and parameters inputs.
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Figure 5.5. Draft of full both units interconnected, exhaust heat recovery and intake air heating

5.2 Experimental Results and Numerical Validation

In the experimental tests the system would operate together as a whole, the operation being as
follows. The Load bank would draw load from the diesel generator imitating the consumption from
an end-user, allowing a specific electric load to be selected. With the diesel generator in operation
the hot exhaust stream would be directed to the shell-and-tube heat exchanger doing the heat
recovery and transferring the recovered heat to a water stream. A pump would send the water to
the cross-flow heat exchanger that would remove part of the heat from the water and transfer it to
a cold stream of air mimicking the cold ambient air from a remote Arctic mine. The results for the

EHRU are listed in Table 5.1 while results for the IAHU are reported in Table 5.2.
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Table 5.1. Experimental results from exhaust heat recovery unit on full system run

EHRU
Engine | Water
Exhaust | Exhaust | Water | Water Heat Heat
Load Flow
Inlet Outlet Inlet | Outlet | Recovered € rec./Heat
(°C) (°C) (°C) (°C) (kW) avail.
22% 168.10 75.70 40.9 58.4 0.92 72.6% 83%
44% 197.90 84.60 422 63.7 1.14 72.8% 52%
0.765
66% LPM 239.00 97.40 425 70 1.45 72.1% 44%
80% 284.70 115.70 417 75 1.75 69.6% 44%
98% 366.60 151.80 425 84.6 2.22 66.3% 45%

Table 5.2. Experimental results from intake air heating unit on full system run

IAHU
Engine | .. : :
L oad Airflow | Water | Water | Air Air Heat Heat Heat
Inlet | Outlet | Inlet | Outlet | Delivered € del./Heat | del./Heat
(°C) (°C) (°C) (°C) (kW) rec. avail.
22% 55.80 36.60 12.6 20.93 1.00 48.3% 109% 91%
44% 60.60 39.90 13.7 22.82 1.09 47.2% 97% 50%
205CFM
(0.0968
66% me/s) 67.20 4350 12.9 23.75 1.25 47.2% 90% 40%
80% 72.70 46.10 13.8 25.63 1.40 47.2% 81% 36%
98% 81.50 51.30 15.3 27.71 1.59 47.0% 67% 30%

It is possible to see that the effectiveness of both devices stays approximately constant, with the
EHRU experiencing a slightly higher change due to the much larger change in operating conditions
(i.e., exhaust inlet temperature and consequently maximum temperature differential) when varying
generator loads. Also note that the EHRU is capable of recovering roughly around 54% of the
energy available on the exhaust (estimated based on literature [3]). Moreover, the IAHU is able to

deliver about 89% of the energy that has already been recovered, or 49% of the available energy
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on the exhaust of the diesel generator, with the lowest value being around 30% for higher loads
(when the maximum energy is available). In that case, the energy delivered to the cold fresh air is
found to be 1.6kW, which is considerably lower than the amount previously shown in section 4.4,
the reason for this will be later addressed by the author. It is a fact that every heat exchanger has
specific operating ranges in which they are designed to operate better. In a real world scenario, the
heat exchangers would be selected to be operating in maximum performance for the average load

consumption (40-70%) of each one allowing it to perform somewhat better than the one used here.
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Figure 5.6. Heat recovered (on the exhaust heat recovery unit) and heat delivered (on the intake air heating

unit) for full cycle run

A chart is displayed in Figure 5.6 showing the heat successfully recovered from the exhaust in the
first heat exchanger (EHRU) and then the heat successfully delivered to the cold air in the second
heat exchanger (IAHU). Note that in that the discrepancy gets higher as the load increases, due to

the higher temperatures in the system leading to points of higher energy loss and disturbance by
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the ambient conditions. Besides, there were several limitations on the performance of the IAHU
due to its construction which will be later discussed. It is possible to see that in the lowest load
more heat is delivered than it is recovered, this happens due to the open-cycle nature of the test
and shows that there is potential for all (or close) of the recovered heat to be delivered depending

on the operating parameters of the system, as previously reported in sections 3.4 and 4.4.

e

=

/ > . | VA, f, \/,’-i

Figure 5.7. Airduct outlet with temperature sensors and cross-flow heat exchanger in evidence

Finally, to validate the results obtained in section 4.4 and the model employed to achieve them,
the numerical model is used to simulate the exact cases run using the experimental setup. However,
when running these cases, the author noticed a flaw in the construction of the duct that significantly
impacts the performance of the unit. Due to the way the cross-flow heat exchanger is mounted into
the frame that goes in the duct, a portion of said unit is blocked (around all four of the edges, but
mostly on the top and the bottom) preventing air to flow there (see Figure 5.7). Thus, with these

conditions taken into account, the model was adapted and utilized for the following simulations.
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Results of this analysis are shown in Figure 5.8. The difference between model and real operation

is about 5-8% for all parameters and is mainly due to energy losses to the ambient air, heat

introduction by sunlight, and human error on measurements.
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Figure 5.8. Results for intake air heating unit with full system operational
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Another series of tests was performed to see the influence of the flow rate of working fluid in the
system. For that the water flow rate was varied and the measurements recorded. The results for
such tests are reported in

Table 5.3 for the EHRU and in Table 5.4 for the IAHU. As can be seen, the flow rate does not
have a big impact the performance of the systems, with only a minor change in heat transfer rate
happening that is a direct consequence of the change in fluid velocity inside the pipes of the heat
exchangers (mainly in the IAHU). It can be noted however that the effectiveness of the devices
drops slightly (again, mainly for the IAHU). This shows that the operating range of fluid velocity
that the cross-flow heat exchanger was designed for is more limited than the other device. That is
totally comprehensible as the cross-flow HEX used here is not specifically designed for this mean
and is a radiator used for engine coolant that is supposed to operate with low flows and velocities
of the liquid inside the pipes. Thus, in a real case scenario the flow of liquid should be chosen to
keep velocity in the most efficient range of operation for which the units were designed, while
keeping temperature change of fluid in a reasonable level to improve heat transfer and minimize
losses. For this system specifically it is clear that the units perform slightly better with a low flow

rate (below one liter per minute).

Table 5.3. Experimental results from exhaust heat recovery unit on full system run with variable water flow

EHRU
) Water
Engine
L oad Flow | Exhaust | Exhaust | Water | Water Heat Heat
(LPM) | Inlet Outlet | Inlet | Outlet | Recovered £ rec./Heat

(°C) cc) | o) | o (KW) avail.

0.89 299.30 153.10 40.4 65.1 1.51 56.5% 37%

1.019 296.60 154.10 40.3 62.2 1.53 55.6% 37%

82%
1.105 297.10 155.90 405 60.9 1.55 55.0% 38%
1.216 298.70 157.70 412 59.8 1.56 54.8% 38%
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Table 5.4. Experimental results from intake air heating unit on full system run with variable water flow

I1AHU
Water
Flow | Airflow | Water | Water | Air Air Heat Heat Heat
(LPM) Inlet | Outlet | Inlet | Outlet | Delivered £ del./Heat | del./Heat
(°C) (°C) (°C) (°C) (kW) rec. avail.
0.89 61.90 43.10 15.4 25.39 1.17 40.43% 77% 29%
1.019 | 205CEM | 593 42.90 15.4 25.16 1.14 37.36% 75% 28%
(0.0968
m3/s)
1.105 57.90 42.90 15.4 24.94 1.12 35.29% 72% 27%
1.216 56.90 43.20 15.8 25.17 1.10 33.33% 71% 27%

Figure 5.9 shows the energy recovered and delivered during this series of tests involving variable
water flows. Note that the overall energy is almost constant, with a small increase of the heat
recovered (higher velocity of the fluid inside the pipes of the shell-and-tube HEX improves heat
transfer) but a minor decrease in the heat delivered (as the liquid temperature is not so high
anymore and the temperature differential drops). For a closed-loop, the heat transfer rates can be

expected to lay in between the two lines in the chart.
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Figure 5.9. Heat recovered (on the exhaust heat recovery unit) and heat delivered (on the intake air heating

unit) for full cycle run with variable water flow and constant load
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It is important to notice that the system holds the potential for a considerably more efficient
operation if the construction flaw did not exist. Another limitation for the operation of the unit is
the fact that the cross-flow heat exchanger used here, although selected based on its capacity, was
not manufactured specifically for this mean (different from the shell-and-tube working as EHRU)
and is actually designed to cool down engine coolant for internal combustion engines. It is safe to
say that for a real industrial-scale system, an IAHU categorically and correctly designed for its
purpose would perform better and have significant higher effectiveness for its operating conditions
(mainly due to very cold air temperatures), allowing for virtually most of heat recovered to be
delivered to the cold intake air. Also, it is important to remember that besides successfully
recovering a significant part of the heat available and delivering it, the system is also cost-effective,

which has been demonstrated in a previous study developed by the author [3].
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Chapter 6: Conclusions and Recommendations

Remote mines located in cold areas of Canada and other countries close to the Arctic pole are
exposed to extremely low temperatures and because of that they have a great cost with intake air
heating to bring the subfreezing air to a comfortable temperature for machinery and human
workers. At the same time, remote mines not connected to the power grid rely on diesel generators
for power, which have been demonstrated to constantly discard a lot of energy in the form of heat
through various means, mainly the exhaust stream. The system proposed here holds the potential
to mitigate a good extent of the aforementioned cost with a green solution that also will decrease

their greenhouse gas emissions, using part of the energy that is being neglected.

After doing an extensive literature research, it was found that exhaust heat recovery, and waste
heat recovery systems in general are usually developed aiming to generate electricity, with only a
few studies focusing on the use of the energy in the form of heat as it is. Using the heat directly
however, is a strategy that avoids the significant energy losses consequent of conversion that
usually undermines the financial viability of common waste heat recovery systems. Also, the use
of waste heat recovery in mining applications as reported in literature, is very limited to a few
specific applications, and except for other works developed by this group no other work has been
done in exhaust heat recovery for mine heating applications, i.e., to heat underground mine intake

air.

Based on that potential, an uncomplicated system was conceived that could recover heat from the

exhaust stream of a diesel generator, transport it through a distance and deliver it to a cold intake
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airflow of a mine. The system, consisting mainly of two interconnected heat exchangers of
different types, each selected by its individual properties, was then modeled by several different

methodologies, all seeking to demonstrate its viability for the situation that led to its creation.

Then, an analytical model was created on MATLAB to evaluate the overall performance of the
system in a series of situations using real climate history data and other parameters from a remote
Arctic mine located in Northwest Territories, Canada. The coupled model developed was an
enhancement of a previous one co-developed by the author for a pervious study that had some
limitations in its methods and did not consider the coupled nature of the system (these were pointed
by peer-reviewers) and that the author wanted to investigate further in detail. It turns out that the
model results showed that previous values reported were good estimations of the operation of the
system since: the heat loss through the pipes for a system this size, as long as adequate off-the-
shelf insulation is implemented, does not have a great effect in in its performance. Also, it was
shown that since there is so much energy available in the exhaust stream (at a high grade) and the
intake air temperature is so low, there is potential to deliver most of the heat that is recovered, with
the exhaust heat recovery unit driving the overall performance of the coupled system. Then, it was
shown that there during several periods during a year a considerable amount of energy is still
neglected after supplying the existing demand, which creates the opportunity for even larger

savings if some sort of energy storage method is implemented.

Next, a numerical model of the cross-flow heat exchanger selected to be utilized in the pilot-test
scale version of the system was created to evaluate its performance in detail, investigate its

operation under more realistic conditions and corroborate the experimental tests to be later
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performed. After a considerable effort to successfully model the unit using computational fluid
dynamics that involved coding, extensive and time consuming simulations and parametric
investigation, it was found that the unit would effectively transfer the heat to a fresh cold airflow
as intended being able to deliver most of the heat that had been recovered. Actually, it is shown
that for more realistic conditions (with much colder air) there is potential to deliver all of the heat

that is recovered, which would be limited only by heat losses in a real case closed-loop system.

Finally, the pilot-test scale version of the system was fully designed and built all using mobile
equipment, which represented a huge additional challenge not only for equipment selection but
also to perform the tests having the minimal possible environmental interference in the
experiments. Although some assembly limitations and construction faults decreased the
performance of the intake air heating unit, the system still worked effectively delivering most of
the heat that was recovered (67-100%) and about 30-91% of the heat that was available in the
exhaust of the small-scale diesel generator. It was also demonstrated that when taking into account
the construction liabilities, the numerical model would successfully represent the unit utilized,

having their results validated against each other.

6.1 Perspectives for the mining engineering industry

From this study it becomes clear that an exhaust waste heat recovery system of this sort would be
significantly beneficial to a remote underground mine in need of intake air heating. Following
some other studies from the author on the financial viability of a similar system (which has been

already proved [3]), this work seeks to further validate those results, showing in detail the operation
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of the alternative intake air heating system and show that it has the potential to create significant
savings in all mines where opportunity exists. It is imperative that companies at least investigate
the possibility of implementing a system like this when opening a new mine in a remote location

of Canada, or other Arctic countries.

Also, as previously mentioned in this work. There are several other works in literature developed
by this group on waste heat recovery use and alternative energy solutions for mines in Canada.
Some of the research developed here, mainly the analytical model, could (and will be) be coupled
with similar models developed for other systems to evaluate the overall performance of a greater
thermal energy management system to be implemented in Canadian mines. The idea would be to
have one interconnected system that goes through the whole mine recovering waste heat wherever

it is available and delivering it wherever it is necessary.

6.2 Recommendations for further studies

After developing this research a few points are raised regarding possible benefit from further
investigation into some aspects of it. It would certainly be useful to investigate the performance of
an industrial-scale larger version of the system demonstrated here to be implemented in a real mine
scenario, using better thermal technology and not having the budget, construction and practicality
limitations involved here. Besides, the analytical model used here should be extended to take into
account other sources of heat, as well as different end-users in a mine and evaluate what

performance a larger system as such would have.
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Appendices

Appendix A - Analytical MATLAB code used

clear all

close all

clc

FE—————= Reading weather data------ %
syms x Yy

[A,B,C]= xlsread('Neo.xlsx', '"NWT") ;
T air amb = A(:,2);

days = A(:,1);

months = A(:,3);

period = length(days);

sec_period = 24*3600; % Amount of seconds in one unit of period (24*3600 for

day)

% ——————- Mine/Power plant parameters—------------— %

W mine avg = 18; % Average power consumption per year from Gen-sets [MW]
% W _gen max = 2.725; % Maximum generator power capacity [MW]

W gen max = 1.750; % Maximum generator power capacity [MW]

L gen avg = 0.7; % Generator average load [%]

W gen avg = L gen avg.*W gen max; S%Average generator load

N gen avg = round(W mine avg./W gen avg); S%Average number of operational
generators

%% ———————- Ambient air data----------%%

cp_air = 1010; % Isobaric heat capacity of air [J/kg-K]

k air = 0.0229; % Thermal conductivity of air [W/m-k]

rho air = 1.39; % Density of air [kg/m?]

mu air = 16.2*(10"7(-6)); % Dynamic viscosity of air [Pa.s]

P air = 101000;
R gas air = 287.03;
syms C gas air (x)

V _dot _air = 708; % Volumetric flow rate of air [m?®/s]

% M dot air = V _dot air*rho air; % Mass flow rate of air [kg/s]
% C air = cp _air*M dot air; % Heat capacity rate of air [W/K]

C gas_air(x) = cp_air*V dot air*P air/(R gas air*(273.15+x));

T set = 4.0;
DeltaT = zeros(period,1l);

for i=l:period
DeltaT(i) = T _set - T air amb(i);
if DeltaT (i)<0
DeltaT (i) =0;
end
end

———————————— Plot DeltaT--------%
% plot (days,DeltaT)
x1im ([0 365])

oo
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Stitle('")
xlabel ('Time (days) ')
ylabel ('\DeltaT (°C)")

3% ————- Exhaust stream data-------- %

cp_exh = 1050; % Isobaric heat capacity of exhaust [J/kg-K]

k exh = 0.0458; % Thermal conductivity of exhaust [W/m-k]

rho exh = 0.58; % Density of exhaust [kg/m?®]

mu exh = 31.1*(10"7(-6)); % Dynamic viscosity of exhaust[Pa.s]
% M dot exh = 4.172; % Mass flow rate of exhaust [kg/s]

M dot exh = 2.33; % Mass flow rate of exhaust [kg/s]

C_exh = cp exh*M dot exh; % Heat capacity rate of exhaust [W/K]

% T exh in = 449; %Exhaust temperature at inlet [°C]

T exh in = 476.22; %Exhaust temperature at inlet [°C]

T exh min = 189.5; %Minimum temperature to which exhaust should be cooled
[°C]

% ————- Water-Glychol mixture data-------- %

cp_gly = 3350; % Isobaric heat capacity of water-glycol mix [J/kg-K]

k gly = 0.42; % Thermal conductivity of water-glycol mix [W/m-k]

rho gly = 1085.82; % Density of water-glycol mix [kg/m?]

mu gly = 1500*%(10"(-6)); % Dynamic viscosity of water-glycol mix[Pa.s]

M dot gly unit = 4.1; % Mass flow rate of water-glycol mix [kg/s]

M dot gly total = M dot gly unit*N gen avg; % Total mass flow rate of glycol
for all generators [kg/s]

C gly u = cp _gly*M dot gly unit; % Heat capacity rate of water-glycol mix
per EHRU [W/K]

C gly t = cp _gly*M dot gly total; % Heat capacity rate of water-glycol mix

[

o)

total EHRUs [W/K]

3% ————- Heat exchangers calculation-------%%

T = zeros(period, 8);

T old = zeros (8,1);

Q dot lossl = 52.3; % Heat loss on the piping lines (supply + return)
[W/m]

Q dot loss2

16; % Heat loss on the piping lines (supply + return) [W/m]

[

L pipeline = 1000; % Lenght of the pipeline (one way) [m]
Q dot loss pipel = Q dot lossl*L pipeline; % Heat loss on the pipe

)

Q dot loss pipe2 = Q dot loss2*L pipeline; % Heat loss on the pipe

E
E

ff exh = 0.615 % Effectiveness of the exhaust heat recovery unit (EHRU)
ff air = 0.67; % Effectiveness of the intake air heating unit (IAHU)

C min 1 = min(C exh,C gly u); % C minimum between exhaust and glychol

Q req = zeros(period,l); % Heat required for intake air heating

Q sav = zeros(period,1l); % Heat saved by using the system

Q disc = zeros(period,l); % Heat discarded still safely available
Q sav_mon = zeros(l2,1); % Heat saved by using the system monthly

Q reqg mon

zeros(12,1); % Heat required monthly

[

Q disc mon = zeros(l2,1); % Heat discarded monthly
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tol = 0.001;
it max = 50;

for i=l:period
% for i=1:1

T(i,1) = T exh in; % Temperature at point 1 [°C]

T(i,7) = T air amb(i); % Temperature at point 7 [°C]

T(i,6) = 10; % Initial guess for temperature at point 6 [°C]
res = ones(6,1);

k = 0;

if (T _air amb (i) < T_ set)

while ((min(res)>= tol) && (k < it max))

for j=1:8
T_old(j) = T(i,3);
end
C min 2 = min(C_gas_air(mean([T(i,7) T(i,8)])),C gly t); % C
minimum between air and glychol
k =%k +1
T(i,2) = T(i,1) - (C_min 1*Eff exh/C exh)*(T(i,1) - T(i,6));
T(i,3) = T(i,6) + (C_exh/C gly u)*(T(i,1) - T(i,2));
T(1i,4) T(i,3) - (Q dot loss pipel*0.75/C gly t);
T(i,8) T(i,7) + (C_min_2*Eff_air/C_gas_air(mean([T(i,7)
T(i,8)1)))*(T(i,4) T(i,7));
T(i,5) = T(i,4) - (C_gas_air(mean([T(i,7)
T(i,8)]1))/C gly t)*(T(i,8) - T(i,7));
T(i,6) = T(i,5) - (Q dot loss pipe2*0.25/C gly t);
res(l) = abs(T(i,2) - T _old(2));
res(2) = abs(T(i,3) - T_old(3));
res(3) = abs(T(i,4) - T _old(4));
res(4) = abs(T(i,5) - T_old(5));
res(5) = abs(T(i,6) - T _old(6));
res(6) = abs(T(i,8) - T 01d(8));
display (k) ;
display(res);
Q air(i) = C gas air(mean([T(i,7) T(i,8)]))*(T(i,8) -
T(i,7)) *sec_period;
Q reg(i) = C gas _air(mean ([T _set T air amb(i)]))*(T_set -
T air amb(i)) *sec period;
if (T(i,8) <= T set)
Q sav (i) = Q air(i);
Q disc(i) = N _gen avg*C exh* (T (i,2)-T exh min)*sec period;
elseif (T(i,8) > T_ set)
Q_sav(i) = Q_req(i);
) —

T aux = T(4i,1 (Q_sav(i)/sec_period + Q dot loss pipel +
Q dot loss pipe2)/(C_exh*N gen avg);

Q disc(i) = N _gen avg*C _exh* (T aux - T exh min) *sec period;
end
end
elseif (T _air amb (i) >= T_ set)
Q sav (i) 0;

T(i,6) = 0;



Q disc(i) = N _gen avg*C exh* (T (i,1)-T exh min)*sec period;

end
display(T(i,:));
m = months (i) ;
if (Q disc(i)
Q disc (i)
end
Q sav_mon (m
Q reqg _mon (m
Q disc_mon (
end
T exh min real = min(T(T(:,2)>0,2))

)

’

A~

0
0
) = Q sav _mon(m) + Q sav (i)
) = Q reqg mon(m) + Q reqg(i);
m) = Q disc_mon(m) + disc

0
©

plot(days,T(:,7))
x1im ([0 365])
Stitle('")

xlabel ('Time (days) ")
ylabel ("T(°C) ")

hold on
plot(days,T(:,8))
x1im ([0 365])
Stitle('")

xlabel ('Time (days) ")
ylabel ("T(°C) ")
legend ('T {ambient}','T {intake}')

plot(days,T(:,1))
x1im ([0 365])
title('")

xlabel ('Time (days) ")
ylabel ("T(°C)")

hold on

plot (days,T(:,2))
x1im ([0 365])
title('")

xlabel ('Time (days) ")
ylabel ("T(°C)")
legend ('T {1}','T {2}")

figure
plot(days,T(:,3))
x1im ([0 365])
gtitle('")

xlabel ('Time (days) ")
ylabel ("T(°C)")

hold on

plot (days,T(:,6))
x1im ([0 365])
Stitle('")

xlabel ('Time (days) ")
ylabel ("T(°C)")
legend ('T {3}','T {6}")

o

$% —-—--—-- Plot Qs-------%%

o
o
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figure

plot (days,Q sav)

x1lim ([0 365])
Stitle('")

xlabel ('Time (days) ")

ylabel ('Qdot (W
legend ('Qdot

) ")

{saved}'")

'Q {discarded}'

'T5', 'T6',

figure
bar([1:12], [Q sav_mon./1000000000,
Q disc mon./1000000000])
% x1lim([1 127])
Stitle('")
xlabel ('Time (months) ")
ylabel ('Q(GJ) ")
legend ('Q {saved}','Q {required}',
% ———————- Write Qs and Ts to file-—----- %
filename = 'results.xlsx';
x1lRangel = 'B2';
x1lRange2 = 'B2';
sheetl = 1;
sheet2 = 2;
721l = cell(13,3);
z2 = cell (period,8);
Z21(1,1:3) = {'Q _saved (GJ)'
z2(1,1:8) = {'T1', 'T2",
for 1i=2:13
21(i,1) = [{Q sav mon(i-1)/1E9}]
z1(i,2) = [{Q req mon(i-1)/1E9}];
Zz1(i,3) = [{Q disc mon(i-1)/1E9}];
end
for 1=2:366
22(i,1) = [{T(i-1,1)}]1;
22(i,2) = [{T(1i-1,2)}1;
22(i,3) = [{T(1i-1,3)}1;
Z22(i,4) = [{T(1i-1,4)}1;
22(i,5) = [{T(i-1,5)}1;
22(i,6) = [{T(i-1,6)}];
Z22(i,7) = [{T(1-1,7)}1:
Z22(i,8) = [{T(i-1,8)}1;
end

x1lswrite (filename, 21, sheetl, x1Rangel)
x1lswrite (filename, 22, sheet2,x1Range?)

Q reg mon./1000000000,

)

'Q required (GJ)','Q discarded
|T7|,
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Appendix B - Equipment Listing

B.1

Exhaust heat recovery setup
No Equipment Quantity Model Description
01 | Generator Load Bank 01 SIMPLEX Swift-E 10kw | Draws aspecific electric load
from the generator.
Typical mobile diesel moto
02 Diesel Generator 01 DuroStar DS7000Q generator used in residential
applications.
Shell-and-Tube Heat Bowman Exhaust Gas Heat_ exchanger designed
03 01 specially for exhaust heat
Exchanger Cooler #2-25-3737-4 . .
recovery with 10kW capacity.
o Cole Parmer Peristaltic Mini peristaltic pump with
04 Peristaltic Pump 01 Pump 7553-20 controllable speed 6-600 RPM.
MasterFlex Speed Electronic speed controller for
05 Pump Speed Controller 01 Controller 7553-71 small peristaltic pump.
06 Water Tank 01 Uline Plastic Drum S-9945 31?"“ capacity plastic
Uline Plastic Drum Band 300 Watts heater that indirectly
07 Tank Heater 01 Heater H-2961 heats the water inside the tank.
08 | Air Mass Flow Meter 01 OMEGA FMA1800A Air flowmeter with max cap.
For 1000L/min.
09 Water Volumetric Flow 01 OMEGA Micro-flow meter | Paddlewheel flow meter for
Meter #FTB324D water range: 300-3000mL/min.
Sealed high temperature
thermocouple temperature
10 Temperature Sensors 05 K-type Thermocouples sensors with NPT connections
for in-flow measurement.
Analogic sealed pressure
11 Pressure Gauges 04 Analogic Pressure Gauges gauges with NPT connection
for in-flow measurement cap.
5PSI.
12 Thermocouple 01 THTK-6 Thermometer Thermocouple reader with 4 K-

Temperature Reader

88598 4ch K SD Logger

type ports and data logging.
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B.2 Intake air heating setup
No Equipment Quantity Model Description
12 Mobile Air Conditioner 01 Senville SENP/10 Portable Air conditioner device.
13 Air Duct 01 Gal\(anlzeq ductwork Duct for heat'exchar)ger that
fabricated in sheet metal connects to air conditioner.
Hot Wire/Vane Hot Wire/VVane Anemometer Anemometer_to measure the
14 01 airflow velocity and
Anemometer TPI 575 .
temperature in the duct.
Sealed high temperature
thermocouple temperature
15 Temperature Sensors 12 K-type Thermocouples sensors with NPT connections
for in-flow measurement.
Analogic sealed presssure
16 Pressure Gauges 03 Analogic Pressure Gauges gauges with NPT connection for
in-flow measurement cap. 5PSI.
17 Thermocouple 03 THTK-6 Thermometer Thermocouple reader with 4 K-

Temperature Reader

type ports and data logging.
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