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ABSTRACT

In this research, a novel U-Tube pipe configuration, consisting of a single U-Tube pipe with
two outer fins, was proposed to enhance the thermal efficiency of the vertical ground heat
exchanger (VGHE). The ground thermal behavior at and around the VGHE were studied for both
conventional single U-Tube and novel U-Tube pipe configurations. The effects of different grout
materials and heat injection rates were also studied for the novel U-Tube pipe configuration. To
demonstrate superior thermal efficiency, the obtained temperature data from thermal response tests
(TRTs) for the novel U-Tube pipe configuration were compared with the result obtained from the

conventional single U-Tube pipe configuration.

A small-scale experimental apparatus was designed and built for this research project, including
a water supply system, a sand tank, and a data acquisition system to conduct TRTs with various
pipe configurations, grout materials, and heat injection rates. The line source model was used in

this research to estimate the ground thermal properties.

Two TRTs were conducted for the VGHE with the conventional single U-Tube pipe and with
the novel U-Tube pipe configuration, respectively, to find out which pipe configuration had a
superior heat transfer rate. The results show the differences between the inlet and outlet water
temperatures are 0.4 °C for the conventional single U-Tube pipe configuration, and 0.7 °C for the
novel U-Tube pipe configuration, after 60 hours, indicating a superior heat injection rate for the

novel U-Tube pipe configuration.

The results indicate that the effective ground thermal conductivity for the novel U-Tube pipe
configuration is 4.85 W/ m. K, which is 23.6% higher than that of the conventional single U-Tube
pipe configuration. The borehole thermal resistance for the novel U-Tube pipe configuration was
0.680 m. K/ W, which is 29.2% lower than that of the conventional single U-Tube pipe

configuration.

The results show that the temperature at the borehole wall had increased by 4.87 °C when
the novel U-Tube pipe configuration was used. With the novel U-Tube pipe configuration, at 45
cm radial distance from the center of the borehole and at different depths, the highest temperature

had increased by 0.54 °C more than the conventional single U-Tube at a depth of 35 cm from the



top of the sand tank. These observations indicate higher heat injection in the ground when the

novel U-Tube pipe configuration was used.

Four TRTs were also conducted in the laboratory to investigate the impacts of grout materials
(bentonite and silica sand) and heat injection rates on the thermal efficiency of the novel U-Tube
pipe configuration. The results show that the difference between the inlet and outlet water
temperatures of the VGHE with silica sand was higher than the VGHE with bentonite as grout, i.e.
the borehole thermal resistance for the novel U-Tube pipe with silica sand as grout to be less than
that with bentonite as grout. The heat exchange rate also increased with an increase in the inlet

water temperature entering to the VGHE.

Based on the experimental results, when the novel U-Tube pipe configuration is used, the
number of boreholes required for the conventional single U-Tube is decreased by about 58%,

which will in turn decrease the installation and material costs.
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Chapter 1

Introduction

This chapter outlines the impacts of fossil fuel based energy generation on the environment and
presents the problem description for this dissertation. Thereafter, the objectives and expected
contributions of this dissertation are mentioned. In addition, the organization of the dissertation is

also described. Finally, the published/under review papers are presented at the end of this chapter.

1.1 Background

Excessive fossil fuel-based energy consumption, due to rapid global development and
population growth, has caused environmental damages, global warming and increased the cost of
space conditioning in built environment. As a result, researchers around the word are searching for
other energy sources which are economical and have the potential to reduce environmental
damages. Fossil fuels include coal, oil, gasoline, diesel, and natural gas, and the world depends on
these resources for energy production. One of the most significant damages resulting from the use
of fossil fuel-based energy is environmental pollution, which results from the combustion of fossil
fuels. Another problem is the increase of carbon dioxide emissions in the atmosphere, which
contributes to an increase in global warming. In recent years, renewable energies such as solar,
wind, ocean, and geothermal are used as clean energies to decrease pollution in the atmosphere.
These renewable energies are environment friendly and have less carbon dioxide emissions than
other conventional energy sources. The energy generated and/or stored in the Earth (i.e. ground)
is called geothermal energy. Geothermal energy is used to produce electricity and heat. Geothermal
resources are divided into three different temperatures: high, moderate, and low [1, 2]. Ground
source heat pump (GSHP) is used to transfer the thermal energy between the ground and buildings
for the purpose of heating and cooling. GSHP consists of a heat pump and a ground heat exchanger
(GHE). GHE is a critical component of GHSP that captures heat from and/or dissipate heat to the

ground. GHEs can be classified into two types: open and closed systems. GSHPs have three



advantages compared to air source heat pumps (ASHPsY). First of all, ASHPs need to be defrosted
in winter, unlike GSHPs. GSHPs use water as a heat carrier fluid, which has more suitable heat
transfer capacity for this application than air which is used in ASHPs. Another advantage is the
constant ground temperature over the year and it is closer to the comfort temperature for human
compared to the outside air temperature, which changes significantly depending on the season [3].
The US Environmental Protection Agency reported that the energy consumption and greenhouse
gas emission were reduced 44% by using GSHP systems compared to using the ASHP systems,
and 72% compared to using standard air-conditioning equipment for heating/cooling of buildings

[4].

The ground temperature is approximately constant at depths of 5 to 10 meters, and it is near to
the average ambient temperature. GSHP technology exploits the constant ground temperature over
the year to extract the heat from buildings and transfer the heat into the ground in summer, as well
as to extract the heat from the ground and transfer it into the buildings in winter [5]. GSHPs can
be of two types: open and closed systems. In closed systems, there are three types of GHEs,
vertical, horizontal, and pond. Recently, vertical ground heat exchangers (VGHES) are preferred
to connect with heat pumps for the GSHP applications because the VGHEs require a small area
and have a stronger efficiency. GSHPs is considered as an effective technology to increase the
thermal performance and decrease the energy consumption, particularly in building applications.
However, designers are still working to improve the design of GSHP with the aim to decrease the
installation cost and increase the thermal performance of the GHESs. Due to crude oil predicament
in the early 1970's, Europe and North America began scientific search and empirical study about
GSHPs. Significant experimental investigations were done to create standard and design methods
for VGHEs [6]. More recently, the focus on renewable energy and net-zero constriction practices
have increased the research activities related to GSHP. This study focuses on the innovative

techniques to enhance heat exchange efficiency of VGHEs.

1 ASHPs draw heat from the outside air during the winter (i.e. heating season) and reject heat to outside during the
summer (i.e. cooling season).



1.2 Problem description

Finding ways to reduce installation cost and optimize the depth of the vertical ground heat
exchangers (VGHESs) are among the most important challenges for designers of the ground source
heat pumps (GSHPs). Increased depth of the borehole leads to an increase in the installation and
material costs, while decreasing the length below the required depth results in the inability to obtain
the target fluid temperature. It is very important to predict the accurate temperature of the fluid
entering the heat pump in order to design the VGHE. Overall, two types of thermal processes occur
in and around the borehole during the heat injection or extraction in the VGHEs. The ground
temperature changes rapidly at the borehole. However, it changes relatively slowly around and

away from the borehole.

Several past studies focused on improving the thermal performance of VGHEs by inserting
different pipe configurations in the borehole. However, there exists further opportunities for
researchers to develop new pipe configurations to increase the heat transfer rate in the VGHEs and

increase the coefficient of performance of GSHP.

1.3 Objectives

The main objective of this research is to improve the thermal performance of VGHEs. In order
to do that a new pipe configuration will be used to increase the heat transfer rate between the
ground and the VGHE and decrease the length of the borehole. Also, the heat transfer rates in and
outside the borehole will be studied to understand overall heat transfer characteristics of the
ground. In addition, the effects of different grout materials and heat injection rates on the thermal
efficiency of VGHE will be investigated.

1.4 Expected contributions

Various researchers conducted several studies to improve the thermal performance of VGHEs.
A comprehensive literature search was carried out on ways of improving the thermal performance

of VGHEs. According to the published literature, several parameters have an impact on the thermal



performance of GSHP systems. However, there is always scope to do more work in this area and

suggest a new pipe configuration to increase the heat transfer rate in the VGHEs.

One way to increase the heat transfer rate in VGHES is to increase the surface area of the pipe
configuration. This study suggests addition of two fins in two directions of the outer side of the
conventional single U-Tube pipe to increase the heat transfer surface area. The main contributions

of this study are:

1) Improvement of thermal performance of VGHESs and decrease the borehole depth, resulting in
reduction of installation and material costs.

2) Reduction of installation and material costs would increase the market penetration of GSHP in
the building construction sector.

3) Reduction in the consumption of fossil fuels, followed by a reduction in carbon dioxide

emission in the environment.

1.5 Organization of the dissertation

This dissertation is organized in seven chapters as outlined below:

Chapter 1 explains the background, problem description, objectives, expected contributions,

organization of the dissertation, and publications.

Chapter 2 reviews the efficiency of GHEs in heat pump systems. The main focus of this chapter
is to review how different construction and operation parameters (e.g., pipe configuration, pipe
diameter, grout, heat injection rate, and volumetric flow rate) impact the thermal efficiency of the
vertical ground heat exchanger (VGHE) in a ground source heat pump (GSHP) system. The
published literature indicates that thermal performance of VGHEs increases with an increase of
borehole diameter and/or pipe diameter. The literature shows that the borehole thermal resistance
of VGHEs decreases within a range of 9% to 52% to pipe configurations and grout materials.
Furthermore, this chapter also identifies the scope to increase the thermal efficiency of VGHE.
The chapter concludes that in order to enhance the heat transfer rate in VGHE, any attempt to

increase the surface area of the pipe configuration would likely be an effective solution.



Chapters 3 presents the methodology and it is divided into the thermal response test (TRT) and
line source theory. The thermal response test contains the principles and procedures of the TRT,
including an estimation of the initial ground temperature, measuring the flow rate, the heat input
rate, and the period of the test for VGHEs. This chapter also reviews the derivation of the line

source theory that is used to determine the ground thermal properties.

Chapters 4 describes a small-scale experimental apparatus established in the laboratory. The
experimental apparatus consists of three main parts: (i) a water supply system, (ii) a sand tank, and
(iii) a data acquisition system. The aim of the apparatus was to conduct thermal response tests

(TRTS) to characterize the performance of VGHE.

Chapters 5 is divided into two parts. Section 5.1 compares the obtained results from the proposed
U-Tube pipe configuration and the conventional single U-Tube pipe configuration, based on the
heat exchange rate and the ground thermal properties. Section 5.2 discusses how the ground
temperature changed at the borehole wall and around the VGHE during the heat injection and

recovery time for the two pipe configurations.

Chapters 6 estimates the effects of two different parameters (two grout materials, and two heat
injection rates) on the thermal efficiency of the novel U-Tube pipe configuration. In this chapter,
two different grout materials (bentonite and silica sand) and two different inlet water temperatures
(50 °C and 60 °C) were used to evaluate the influence of these parameters on the thermal efficiency

of the novel U-Tube pipe configuration.

Chapters 7 presents the main observations and conclusions. The suggestions for future research

are also provided at the end of this chapter.

1.6 Publications

During writing this dissertation, three chapters from the dissertation have been prepared for
publications.
Paper 1 (Published).

Based on Chapter 2 and published in MDPI Journal, Clean Technol. 2020, 2(2), 204-224;
https://doi.org/10.3390/cleantechnol2020014, 9 Jun 2020.




Paper 2 (Draft Under Review)

Based on Chapter 5.1: A Novel U-Tube Pipe Configuration for Enhanced Efficiency of Vertical

Ground Heat Exchanger.
Paper 3 (Draft Under Review)

Based on Chapter 6: The Influence of Grout Materials and Heat Injection Rate on Thermal

Performance of Vertical Ground Heat Exchangers with Novel U-Tube Pipe Configuration.

Note: The number of references in the Chapters does not reflect the number of references in the

papers but the number of references in the bibliography.



Chapter 2

Critical review of efficiency of ground heat

exchangers in heat pump systems

Abstract

Use of ground source heat pumps has increased significantly in recent years for space heating
and cooling of residential houses and commercial buildings, in both heating (i.e., cold region) and
cooling (i.e., warm region) dominated climates, to its low carbon footprint. Ground source heat
pumps exploit the passive energy storage capacity of the ground for space heating and cooling of
buildings. The main focus of this chapter is to review how different construction and operation
parameters (e.g., pipe configuration, pipe diameter, grout, heat injection rate, and volumetric flow
rate) have an impact on the thermal efficiency of the vertical ground heat exchanger (VGHE) in a
ground source heat pump (GSHP) system. The published literature indicates that thermal
performance of VGHEs increase with an increase of borehole diameter and/or pipe diameter. The
literature shows that the borehole thermal resistance of VGHESs decreases within a range of 9% to
52% to pipe configurations and grout materials. Furthermore, this chapter also identifies the scope
to increase the thermal efficiency of VGHE. It was concluded that in order to enhance the heat
transfer rate in VGHE, any attempt to increase the surface area of the pipe configuration would

likely be an effective solution.

2.1 Introduction

In a world under climate change emergency, the importance of eco-friendly renewable energy
as a replacement of fossil fuel based energy cannot be overemphasized. Residential and
commercial buildings are considered to be the main consumers of energy in the world, which are

responsible for 15% to 30% of the total world energy consumption. Also 15% to 30% of the total



greenhouse gases is produced and emitted to the environment due to fossil fuel combustion [7].
Geothermal energy can be used to produce electricity and heat. Geothermal energy resources are
divided into three different categories: (i) high temperature (> 150 °C) resources used to produce
electricity, (ii) moderate temperature (< 150 °C) resources used for direct applications, and (iii)
low temperature (< 32 °C) resources used to support heat pumps for space heating and cooling
buildings [2]. Geothermal is considered as the fifth biggest source of renewable energy and is
available across the world [8, 9]. Ground source heat pump (GSHP) systems, consisting of heat
pumps and ground heat exchangers, is a source of renewable energy in both cold and warm
climates. This technology is employed to extract the heat from buildings in summer and transfer
into the ground, as well as in winter to extract the heat from the ground and transfer into the
buildings. Ground source heat pump systems can be equipped with two types of ground heat
exchangers: (i) Vertical, and (ii) Horizontal. Vertical ground heat exchangers have many
advantages over horizontal ones, such as higher energy efficiency and a much smaller area required
for installation. However, both vertical and horizontal systems provide a clean energy exchange
operation that exploits the thermal energy storage capacity of the underground soil and reduces or
eliminates the fossil fuel-based energy consumption in buildings. The amount of heat transferred
between the heat carrier fluid and ground determines the efficiency of the ground source heat pump
systems. Various researchers used analytical, experimental, and numerical studies to devise ways
for improving the heat transfer rate between the VGHE and the ground. The aim of this chapter is
to review the published literature on various options, including pipe configurations, to improve the

efficiency of ground heat exchangers.
2.1.1 Research background

A ground source heat pump system consists of a heat pump and one or multiple borehole ground
heat exchangers that are coupled together to transfer the thermal energy between the ground and
buildings as shown in Figure 2.1. The heat pump consists of five major components, including a
compressor, an expansion valve, two heat exchangers (evaporator and condenser), and a reversing
valve. In addition, there are other accessories, for example pipes, a fan in the air heat exchanger
(condenser), and controls [10]. In heating dominated climates, the evaporator heat exchanger is

coupled with the vertical ground heat exchanger to exchange the heat while the condenser heat



exchanger exchanges heat with space. Ground heat exchangers generally consist of two types: (1)

Open, and (2) Closed systems.
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Figure 2.1: Ground source heat pump system (in heating —dominated climate)
e Open system
The open system uses a heat source, such as a well, lake, or river as a ground heat exchanger.

The groundwater is pumped into the heat pump to exchange the heat and then the groundwater

returns to the ground as shown in Figure 2.2.
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Figure 2.2 Ground schematics of different open ground heat exchanges

e Closed system
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The closed system can also use heat source, such as a well, lake, or river, as a ground heat

exchanger. However, in a closed system, the heat carrier fluid is circulated through a close-loop

ground heat exchanger to transfer the thermal energy between the ground and the heat pump unit

(Figure 2.3). There are three types of ground heat exchangers (horizontal, vertical, and pond/lake)

as shown in Figure 2.3. Figure 2.4 shows the cross section of the commonly used vertical heat

exchanger designs.
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Figure 2.3: Schematics of different closed ground heat exchanges [11]
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Figure 2.4: Cross section of the commonly used vertical heat exchanger designs

e Borehole thermal resistance

A heat exchanger inserted into a vertical or horizontal borehole is termed a borehole heat
exchanger, and borehole thermal resistance is an important parameter for both steady state and
transient heat transfer analysis. The borehole thermal resistance is a function of the mean
temperature of the heat carrier fluid in the legs of the U-Tube and the borehole wall temperature.
The steady state thermal resistance of the borehole can be defined by the equation 2.1 [12]:

__ (Tf-Tp)
q="—"p (2.1)
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Where Ty is the mean temperature of the heat carrier fluid in the legs of the U-Tube (°C), T}, is

the temperature on the borehole wall (°C), R, is the borehole thermal resistance (m. K/ W), and g

is a specific heat rate (heat transfer rate per unit length of borehole) (W/ m).

The borehole heat exchanger consists of three components: (1) fluid, (2) pipe, and (3) grout
material, as shown in Figure 2.5. The borehole resistance can be expressed as shown in the

equation 2.2:
R, =R;+R,+R, (2.2)

Where Ry is fluid thermal resistance (m. K/ W), R,, is pipe wall thermal resistance (m. K/ W), and

R4 is grout thermal resistance (m. K/ W).
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Figure 2.5: Thermal resistance in borehole ground heat exchanger

e Thermal response test

Thermal response test (TRT) is the most widely used method to assess the influence of ground
properties (e.g., thermal conductivity of the underground soil, thermal resistance of the borehole,
etc.) on the performance of the borehole ground heat exchanger [13-16]. In this method, the inlet
(T;,) and outlet (T,,,;) fluid temperature data are analyzed. The first thermal response test in the
field was performed to estimate the thermal resistance of the heat carrier fluid and the borehole
wall, and thermal conductivity of the ground [13]. A first mobile thermal response test device was
constructed at the Lulea University of Technology, Sweden [14]. In 1996, they also developed a
mobile response test device to estimate the thermal conductivity of the ground as well as the impact

of natural convection and flow of the groundwater in the boreholes. A similar experimental device
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was developed at the Oklahoma State University to estimate the ground thermal properties [15].

In 2000, the first field thermal response test was performed in Germany [16].

2.2 Literature review

Various researchers conducted studies to understand the ground heat transfer behavior in and
around the vertical ground borehole heat exchangers. These research studies (numerical and
experimental (including laboratory and field studies)) focus on a number of issues related to the
measurement and analysis of performance of ground heat exchangers, and could be broadly

classified into four different categories:

e Effects of grout materials on the thermal performance of ground heat exchangers.

e Influence of different pipe configurations on the thermal performance of ground heat
exchangers

e Effects of borehole depths and diameters on the thermal performance of ground heat
exchangers.

e Miscellaneous issues related to performance of ground heat exchangers (e.g., ground
heat transfer characteristics calculation methods; recovery time; performance in
arctic/cold climate etc.)

2.2.1 Effects of grout materials on the thermal performance of ground

heat exchangers

Laboratory and field studies were performed to determine how several variables such as grout
thermal conductivity, borehole diameter, pipe size, and pipe configuration could impact the total
thermal resistance in the borehole. Laboratory study indicated that an increase in the thermal
conductivity of grout reduced the borehole thermal resistance. However, there was very small
additional reduction of the thermal resistance produced when grout thermal conductivity was
above 1.73 W/ m. K [17]. Laboratory studies were undertaken to study the effects of the thermal
conductivity of cementitious grouts with various fillers on borehole thermal resistance. It was
reported that decreasing the water-cement ratio and addition of conductive filler significantly
increased the grout thermal conductivity. In the dry condition, superplasticizer cement-sand grout
had a higher thermal conductivity than bentonites and neat cements. Several grouts were tested to
determine how different grouts allow for the decrease of the length of the borehole, resulting in

cost savings and improved performance. Theoretical studies predicted that the length of the
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borehole decreased by 22% — 37% when the cement-sand grouts were used in the borehole heat
exchanger in place of commonly used granular bentonite-water mixes [18]. Four types of soils
were tested in the laboratory to estimate the impact of bulk density and moisture content on the
thermal conductivity of some Jordanian soils. The four types of soils were sand, sandy loam, loam,
and clay loam. The results showed that the thermal conductivity increased with the increase of soil
density and moisture content. In addition, it was also observed that the thermal conductivity of
sandy soil was higher than the clay loam soil. In this study, the thermal conductivities calculated
using the cooling data were found to be lower than the same calculated using the heating data [19].
A number of thermal response tests were conducted to study the impact of different types of grout
materials on the thermal performance of double U-pipe ground heat exchangers (GHES). Figure
2.6 shows the cross section of double U-pipe ground heat exchanger with spacer. Four different
types of grout materials: (1) bentonite, (2) bentonite with spacers, (3) 50% sand and bentonite with
spacers, and (4) Quartz sand with spacers were used during these thermal response tests. The
results showed that the borehole thermal resistance of the double U-pipe ground heat exchanger
with quartz sand and spacers was 30% lower compared to when bentonite with spacers was used
as grout. It was also noticed that the thermal resistance values for the double U-Tube GHE with
and without spacers were 0.141 m. K/ W and 0.143 m. K/ W, respectively [20].
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Figure 2.6: Cross section of double U-Tube pipe with spacer to keep space constant

Laboratory thermal response tests were conducted to evaluate the influence of groundwater
flow on the heat transfer in the borehole ground heat exchangers. The effective thermal
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conductivity increased with an increase of the groundwater velocity [21]. It is a common practice
in Scandinavia to use groundwater as grout between the U-Tube and the borehole wall because the
borehole is cased at the bottom to solid bedrock. The thermal resistance of groundwater borehole
is lower compared to grouted boreholes because the heat transfer is enhanced by buoyancy-driven
natural convection. A number of thermal response tests are conducted with different heat flow
rates to identify the effect of convective heat flow in groundwater (as grout) on the heat transfer in
ground heat exchangers constructed in solid/fractured bedrock. In the borehole heat exchanger
constructed in solid bedrock, the convective flow in groundwater affected the borehole thermal
resistance. The borehole thermal resistance decreased when the heat injection rate increased. In
the fractured bedrock, the heat injection rate influenced the bedrock thermal conductivity. The
thermal conductivity of the fractured bedrock increased with the increase of heat injection rate
[22]. Six vertical ground heat exchangers were constructed in the field with different construction
parameters to estimate the thermal efficiency of the GHEs. The three different construction
parameters considered were: (1) grout materials (cement and bentonite), (2) pipe configurations
(U-loop and new 3 pipe-type, as shown in Figure 2.7), and (3) additives (silica sand and graphite).
It was found that the cement grout has a higher heat transfer efficiency than the bentonite grout. In
addition, the thermal efficiency of 3 pipe-type configuration with the cement silica sand grout was

higher than that of U-loop with the same grout [4].
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Figure 2.7: Cross section of new 3 pipe-type

Nine thermal response tests were carried out (TRTS) at the Chalmers University of Technology,

Sweden to determine the ground properties inside and in the vicinity of the nine boreholes during



16

heat injection. Groundwater filled the space between the borehole (depth 80 m) and U-Tube. The
same heat injection and turbulent water flow rate were used for the nine boreholes, and the
minimum test duration was about 48 hours. The mean value of the thermal conductivity of the nine
boreholes was 3.01 W/ m. K with £7% variation. The estimated borehole thermal resistances for
nine boreholes were within a range of 0.062 m. K/ W + 0.012 m. K/ W [23]. New grout mixtures
which were produced from industrial waste such as pulverized fuel ash (PFA) were proposed to
improve the heat transfer characteristics of the borehole ground heat exchangers. The PFA was
mixed with different grout materials such as fine sand, coarse sand, ground glass, and fluorspar. It
was found that the heat transfer characteristics of the borehole ground heat exchangers improved
when PFA mixed with fluorspar/coarse sand was used as grout material [24]. Laboratory studies
were performed for a concentric ground heat exchanger to compare two different grouts (phase
change materials (PCMs) and sand soil) to improve the thermal performance of ground heat
exchangers. The results showed that the soil temperature oscillates less with PCMs grout than with
sand soil grout [25]. A small-scale borehole heat exchanger (BHE) was inserted in the insulating
sandbox (length: 1 m; depth: 1 m, and width: 1 m), and two parallel pipes were inserted in 1 m
depth of the BHE. The main objective was to estimate the effects of three different grouts (silica
sand-based, bentonite-based, and homemade admixture containing natural graphite) on the thermal
resistance of the borehole heat exchangers. The results indicated that the homemade admixture
with 5% natural graphite was the best option as grout in the borehole heat exchanger [26]. A
numerical model was suggested for the BHE in the five-layered subsurface. The influence of
groundwater flow was taken into account to minimize the total borehole length. Numerical analysis
was used to estimate the performance of heat transfer characteristics of the BHEs with and without
groundwater flow. The results indicated that the convection flow in groundwater leads to increased
heat transfer between BHE and the ground by 55% [27]. Field studies were performed to estimate
the influence of two different grout materials (cement-grout and gravel-backfill) on the borehole
thermal resistance of BHEs. The borehole thermal resistance of the BHE with gravel-backfill
(0.141 m. K/ W) was lower than the same with cement-grout (0.155 m. K/ W). In addition, use of
gravel-backfill reduces the installation cost and time compared to cement-grouted. The space
between the U-Tube and the borehole took 2 hours to fill with gravel-backfill, while it needed
three days to fill with cement-grout [28]. Field thermal response tests were performed at two

different locations to study the effects of the groundwater level on the effective ground thermal
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conductivity and heat transfer rate of the borehole heat exchangers. It was reported that the
effective ground thermal conductivity and heat transfer rate of the borehole heat exchangers
increased with an increase in the level of the groundwater [29]. Field studies were conducted to
investigate the effects of different rock types (alluvial deposit, granite, and gneiss) and borehole
depths (150 m and 200 m) on the effective ground thermal conductivity. The results indicated that
the effective ground thermal conductivity increased by increasing the borehole depth. The results
also showed that gneiss was the best option to increase the effective ground thermal conductivity,
followed by alluvial deposit and granite [30].

2.2.2 Influence of different pipe configurations on the thermal

performance of ground heat exchangers

A novel quasi-three-dimensional model was developed for GHES to understand the heat transfer
processes that occurs in GHESs during the heat injection and rejection. Analytical solutions were
used to evaluate the thermal resistance for different configurations of single and double U-Tube
boreholes. The obtained results showed that the double U-Tube borehole had 30% — 90% lower
thermal resistance than the single U-Tube borehole [31]. A new configuration of coaxial borehole
heat exchanger was suggested to improve the thermal performance of a borehole heat exchanger.
The coaxial borehole heat exchanger comprises of pipe-in-pipe in which the outer pipe contacted
directly with the surrounding bedrock. The goal of this study was to compare the thermal efficiency
of a conventional U-Tube borehole heat exchanger with a new coaxial borehole heat exchanger.
The temperature of the fluid was measured at specific points by using fiber optic cables installed
in the borehole. The heat transfer performance of coaxial heat exchanger was stronger than a
common U-Tube heat exchanger [32]. A novel coaxial borehole ground heat exchanger (pipe-in-
pipe with external insulation around the central pipe) was suggested to improve the heat transfer
rate. The numerical results indicated that the heat extracted from the ground by using coaxial
borehole heat exchanger with insulation was 40% higher than the same without insulation [33].
Thermal response tests were conducted to evaluate the thermal performance of GHEs with three
different pipe configurations in Oklahoma City. The three different pipe configurations were: (1)
coaxial, (2) double U-tube, and (3) single U-tube. The results showed that the best option to reduce
the thermal resistance of the borehole was the double U-tube heat exchanger, followed by a single

U-tube heat exchanger and a coaxial heat exchanger [34]. Field experiment studies were
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undertaken to estimate the impact of different pipe configurations on the thermal borehole
resistance of borehole heat exchangers (BHEs). In this study, the three different pipe
configurations were: (1) coaxial (115 mm borehole diameter), (2) single U-tube (180 mm borehole
diameter), and (3) double U-tube (180 mm borehole diameter), all with the same depth (30 m).
The distance between each borehole was 5 m, as shown in Figure 2.8. The results showed the
ground thermal conductivity for the coaxial BHE was 2.21 W/ m. K, and the borehole thermal
resistance was 0.344 m. K/ W. The thermal resistance of the double U-tube was 0.162 m. K/ W,
which represented the best BHE performance, followed by the single U-tube type (0.251 m. K/
W), and coaxial type (0.344 m. K/ W) [35].
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Figure 2.8: Top view of eleven boreholes

Field studies were conducted by using a new method (Distributed Thermal Response Test
(DTRT)) to study the effects of different volumetric flow rates (0.13, 0.21, 0.24 L/ s) and pipe
configurations (U-Tube, pipe-in-pipe, and multi-pipes) on the ground properties of BHEs. The
local borehole resistances were 0.015 m. K/ W and 0.040 m. K/ W in pipe-in-pipe and multi-pipe
BHEs, respectively, which were substantially lower than the same for single U-Tube BHE. The
results also showed the increased temperature difference between pipes due to the decline of the
flow rates, which was followed by decreasing evaporation temperature in the heat pump [36].
Numerical studies were carried out to estimate the influence of two different parameters
(volumetric flow rates and pipe configurations) on the heat extraction rate of GHEs. Three different
pipe configurations were used for small diameter boreholes: (1) single U-Tube, (2) double cross
U-Tube, and (3) double U-Tube, and two different pipe configurations were used for larger
diameter boreholes: (1) spiral, and (2) multiple U-Tube. The results showed the thermal
performance in GHEs improved by using turbulent flow rate and increasing the flow rate in pipes.
The performance of the double U-Tube in small diameter borehole had a range of 8% to 23%
higher than double cross U-Tube in the same small diameter borehole. There was little change in
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the performance of the spiral and multiple U-Tubes in the larger diameter borehole when the pipe
lengths inside the borehole were the same [37]. Experimental studies were conducted to investigate
the performance of three different pipe configurations (single U-Tube, double U-Tube, and triple
U-Tubes) inserted in GHEs. The results showed the increasing number of U-Tubes in the borehole
led to an increase in the performance of the borehole. It was also reported that the performances
of triple U-Tube and double U-Tube were 33% and 17% higher than the same for single U-Tube.
The drilling cost was also reduced up to 25% with triple U-Tube in the borehole [38]. A numerical
analysis (Computational Fluid Dynamics (CFD) code) was used to compare the thermal
performance of U-Tube and spiral-tube GHEs in both laminar and turbulent flow conditions. The
thermal performance of the spiral-tube GHE was compared with the U-Tube GHE. In the laminar
flow, the performance of the spiral-tube increased by 62.7%, and in the turbulent, it increased by
33.5% [39]. Numerical studies were carried out to estimate the internal thermal processes between
pipes inside the boreholes and thermal performance of multiple-tube GHEs. In this study, four
different ground heat exchangers: (1) single U-Tube, (2) multi-tube, (3) three-tube, and (4) four-
tube were used, as shown in Figure 2.9. The thermal performances of multi-tube, four-tube, and
three-tube GHEs were compared with the single U-Tube GHE. It increased by 20.1% for multi-
tube, 13.6% for four-tube, and 9.1% for three-tube. It was reported that the thermal performance
was influenced by the internal thermal processes between tubes in the boreholes. The heat
exchange rate increased between the boreholes and the ground due to an increase in the number of
inlet tubes in the borehole [40].
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Figure 2.9: Cross sections of four ground heat exchangers (GHES): (1) single U-Tube, (2) multi-
tube, (3) three-tube, and (4) four-tube

Field studies were conducted to estimate the thermal resistance and the average circulating
water temperature (ACWT) for three different pipe configurations: (1) new design which has three

inlet pipes and one outlet (3I-type), (2) double U-Tube, and (3) single U-tube, as shown in Figure
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2.10. The experimental results indicated that the average circulating water temperatures for single
U-Tube and double U-Tube were 3.7 °C and 1 °C higher than the same for 3I-type. The results
also showed the best option to reduce the thermal resistance of the borehole was the 3l-type,
followed by the double U-Tube and the single U-Tube [41].
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Figure 2.10: Cross section of the 3I-type, double U-Tube, and single U-Tube

Experimental and numerical studies were conducted to estimate the thermal efficiency of two
types of GHEs: coil-type and W-type energy piles. There were good agreements between
numerical analysis outputs and experimental observations. Numerical analysis was utilized to
predict the heat exchange rate in ground heat exchangers (coil-type and W-type energy piles) over
a period of three months. The results indicated that the coil-type has higher heat exchange
efficiency than the same for W-type but was found to be more expensive than the W-type [42]. An
analytical design calculation suggested that the coaxial GHESs at a high flow rate have less borehole
thermal resistance (below 0.05 m. K/ W) than a single U-Tube. On the other hand, the coaxial
GHEs have higher borehole thermal resistance than double U-pipe GHEs [43]. Two field studies
were conducted to evaluate the effects of two different pipe configurations (single U-Tube and
double U-Tube) on thermal performance of the GHEs. The results indicated that the ground
thermal conductivity values of the double U-Tube and single U-Tube were 31.7 W/ m. K and 3.03
W/m. K, respectively. The borehole thermal resistance values of the double U-Tube and single U-
Tube were 0.081 m .K/ W and 0.130 m .K/ W, respectively [44]. Experimental and numerical
studies were carried out to estimate the thermal efficiency of four types of energy pile GHEs:
double-U, triple-U, double-W, and spiral. The results showed that triple-U type was the best option
for thermal efficiency. The results also showed that the highest economic performance was triple-

U type, followed by double-U type, spiral type and double-W type [45]. Field studies were
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conducted to evaluate the effects of increased number of tubes and tube diameters, as shown in
Figure 2.11, on the thermal performance of the GHEs. It was reported that more tubes and larger
tube diameter in the borehole led to reduced grout space, followed by decreased water temperature
entering into the heat pump [44].

2-tube diameter 30 mm, 150 m 4-tube diameter 30 mm, 150 m
Sm S5m Sm
N . .
Borehole diameter 150 mm | 2-tube diameter 40 mm, 150 m 2-tube diameter 30 mm, 100 m

Figure 2.11: Cross section of ground heat exchangers

Small-scale laboratory studies were performed to estimate the influences of different pipe
configurations: single and double U-Tubes (with or without spacers), as shown in Figure 2.12, and
helical-shaped pipe on the efficiency of GHESs. The best heat transfer rate was found in the helical
pipe GHE, compared to both single and double U-Tube (with or without spacers) GHEs. It was
also reported that the thermal efficiency of single U-Tube and double U-Tube GHESs with spacers
improved by 30%, compared to the same without spacers [46].

& Inlet == Outlet
Single U-tube without spacers Double U-tube without spacers
Single U-tube with spacers Double U-tube with spacers

Figure 2.12: The position of the single and double U-Tube with and without spaces
2.2.3 Effects of borehole depths and diameters on the thermal

performance of ground heat exchangers

First field studies were carried out, supported by numerical analysis, at a depth of 22 m in Latin
America to estimate the borehole thermal resistance and the thermal conductivity of the ground.

Thermal conductivity of the ground was calculated by using line source theory [11], which was
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lower compared to the same obtained from numerical analysis [47]. First field thermal response
test was conducted to evaluate the thermal performance of U-Tube borehole heat exchangers in
Cyprus. Line source model was used to evaluate the thermal conductivity of the ground layers
composed of clay, silt and sand, and the borehole thermal resistance. Boreholes were of 50 m
depth. The thermal conductivity for the ground was 1.61 W/ m. K and the borehole thermal
resistance was 0.257 m. K/ W [48]. The first thermal response test in Saudi Arabia was carried out
to calculate the ground thermal properties such as the thermal conductivity, the thermal diffusivity,
and the borehole thermal resistance for borehole heat exchangers with single U-Tube. The
borehole depth was 100 m and bentonite—sand mixture filled the spaces between the borehole and
the U-Tube. The mean undisturbed ground temperature was 32.6 °C before the thermal response
test started. The thermal characteristics derived from experimental data using line source theory
were: thermal conductivity 2.15 W/ m. K, thermal diffusivity 6.252 x 10 -6 m?/ s, and thermal
resistance of the borehole wall 0.315 m. K/ W [49]. Three thermal response tests (TRTS) were
conducted with different borehole depths (30 m, 60 m, and 90 m), all with a 150 mm borehole
diameter in the garden of a village house in Elazing, Turkey to study the temperature distributions
in boreholes of a conventional U-Tube borehole heat exchanger. The results from the cooling and
heating experiments showed that the 90 m depth borehole heat exchanger had a stronger
performance than those with the depths of 60 m and 30 m. The coefficient of performance (COP)
of a heat pump is the ratio of energy output to the energy input. However, considering the borehole
digging cost, the optimum depth was found to be 60 m with COP = 3.0 [50]. Laboratory experiment
in a horizontal sandbox (length: 18 m, depth: 1.8 m, and width: 1.8 m) with a single U-Tube was
conducted with GHE to estimate the ground thermal properties. A large number of thermocouples
were placed at specific locations in the sandbox to understand the heat transfer process in and
around the GHE. Researchers utilized the temperature data collected at the borehole wall to
determine the borehole thermal resistance. Temperature data collected during the test within the
soil were used to estimate the soil thermal conductivity. The values of borehole thermal resistance
and soil thermal conductivity were used to verify the heat transfer in the borehole ground heat
exchanger [51]. A novel approach (Distributed Thermal Response Test) was developed to
determine the thermal conductivity of the ground and thermal resistance of the BHE at different

depths. Figure 2.13 shows the cross section of coaxial borehole heat exchanger. This study showed
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that the borehole thermal resistance (local and global) of the coaxial heat exchanger is lower than

the same for a single U-tube borehole heat exchanger [52].

Borehole wall
Central wall

Figure 2.13: Cross section of coaxial borehole heat exchanger

Field studies were performed to investigate the effects of different borehole diameters (121
mm, 165 mm, and 180 mm) (see Figure 2.14) on the thermal efficiency of BHEs. The results
showed that the larger diameter led to an increase in the thermal exchange rate. In the seasonal
cooling period, the amount of thermal exchange in the180 mm and 165 mm borehole diameters
were 7.1% and 3.2% higher than the same for 121 mm borehole diameter [53].

Borehole

® Temperature sensor

’4—" ’d—b P
121 mm 165 mm ‘ ‘ 180 mm ‘

Figure 2.14: Cross section of different borehole diameters

An experimental study was conducted with a single borehole ( length: 400 mm) inserted at the
center from the top of the sand tank (length: 1.35 m and diameter: 1.4 m) to measure the borehole
wall temperature at various depths and different times (1 hour, 6 hours, 12 hours, 24 hours, and
168 hours) during the thermal response test. The results indicated that the temperature at borehole
wall increased with the duration of the thermal response test [54]. Field studies were performed to
estimate the ground thermal properties at the Technical University of Sofia, Bulgaria. A mobile
system was built and used for conducting the thermal response tests. In this study, temperature

data were collected during two thermal response tests for single U-Tube borehole ground heat
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exchangers in 2011 and 2012 and were compared. In 2011, the ground thermal conductivity was
1.58 W/ m. K and the borehole thermal resistance was 0.187 m. K/ W, while in 2012, the ground
thermal conductivity was 1.65 W/ m. K and the borehole thermal resistance was 0.179 m. K/ W
[55].

2.2.4 Miscellaneous issues related to performance of ground heat

exchangers

Numerical studies were carried out to predict transient ground heat transfer behavior of the
vertical U-Tube with different pipe diameters, shank spacing, and borehole sizes. Numerical
observations were compared with known analytical case solutions [56]. A three-dimensional
unstructured finite volume model for conventional single U-Tube was developed. In this study,
Delaunay triangulation method was utilized to mesh the cross section of the borehole field,
including inside and around the borehole. In order to characterize the variation of temperature with
the depth, the ground was divided into multiple layers. The inlet fluid temperature of the borehole
was used as a boundary condition, and the inner and outer surfaces of the two legs of the U-Tube
were considered as the conjugated interfaces in the area. Therefore, the conjugate heat transfer
processes in and around the pipes could be calculated. There was a good agreement for the outlet
water temperature both when measured during the experiment and predicted by the numerical
model [57]. A three dimensional numerical computational-fluid-dynamics model was
implemented to predict the complex heat transfer process with approximately 3.5% error.
Statistical analyses were conducted to show how different design parameters could simultaneously
impact the response variables [58]. Rest or recovery period needed was measured for the borehole
after the thermal response test to return to the initial ground temperature prior to the test. Thermal
response tests were carried out by using many heat injections of different rates and time durations.
The recovery time of the initial ground temperature depends on the time and the rate of heat
injection throughout the test. The initial ground temperature returned to within 272.85 °C after 10
days when the thermal response test was conducted for 48 hours and the rate of heat injection was
67 W/ m. There was also a close agreement between the temperatures obtained from the
mathematical model and experiment. It was noted that the recovery time increases with the
duration of test and rate of the heat injection [59]. It is reported that a number of residential-size

GSHPs were installed in cold climates of Alaska to estimate the performance of GSHPs. The
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results showed that the ground source heat pumps were effective in cold climates, and the COP
was between 2.0 and 3.5 [60]. A residential-size GSHP was installed in Fairbanks, Alaska to study
the impacts of the heat extraction over a period of three months on the ground thermal properties
and any decline in heat pump system efficiency. The results showed that the surrounding soil
temperature was higher than the soil temperature around the ground heat exchanger. The results
also indicated that the COP of the circulating pumps and the heat pump was 3.3 [61]. Four field
tests on two boreholes (depth 40 m) were performed to evaluate the ground properties of double
U-Tube ground heat exchangers used for thermal energy storage in Melbourne, Australia. As the
heat injection rate was not constant during the thermal response test, the results were compared by
three different methods: (1) conventional slope determination, (2) geothermal properties
measurement (GPM) model, and (3) two parameter curve fitting. There was a good agreement
between the geothermal properties measurement (GPM) model and two parameter curve fittings.
The values of the ground properties were variable while using the slope determination method
because the heat injection was not constant during the thermal response test (TRT). The results
also showed the difference between the conventional slope determination method and the other
two methods, ranging from 2% to 37% [62]. A small experimental apparatus for a single U-Tube
ground heat exchanger was established in the laboratory to study transient heat transfer. At the
same time, results from an axisymmetric numerical model of the ground surrounding the borehole
were compared with the experimental results. There was an agreement between the experimental
and numerical results which indicates the accuracy of the data collected from the experimental
setup [63]. First field thermal response test was conducted to estimate the soil thermal response in
Guayaquil, Ecuador. It was reported that the soil temperature was between 27 °C and 29 °C. The
results also showed the thermal conductivity of the soil was 1.13 W/ m. K and the borehole thermal
resistance was 0.33 m. K/ W [64]. A field test was carried out to estimate the distribution of
undisturbed ground temperature during the period of heat injection in underground thermal energy
storage (UTES) system established in Golden, Colorado, USA. The system comprised of five
boreholes with a depth of 9 m, and the center to center distance between these boreholes was 2.5
m. It was indicated that during a period of 75 days, a constant heat of 20 W/ m was injected into
the ground. The undisturbed ground temperature was increased by 7 °C. Four months later, it was
noticed that the heat storage decreased by 60% [65]. A novel transient quasi-3D entire time scale

line source model was developed, which studied transient borehole thermal resistance and
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examines the heat flux profile along the two legs of the U- tube as a variable. The results were
compared with experimental sandbox and maximum relative error was found to be less than 5%
[66]. The effect of many variables were analyzed on the GSHPs currently installed in 24 buildings
in cold climate zones of the United States. The factors included in the study were: (1) system
performance, (2) potential energy savings, (3) cost of system, (4) operational difficulties, (5)
purpose of using geothermal system, and (6) owner satisfaction to date. The results showed that
75% of building owners were highly satisfied with the use of GSHP systems, including noise level,
cost, and comfort. Approximately 85% of homeowners encouraged other people to use this
technology, and about 71% of GSHP systems did not have issues during their operation.
Furthermore, the study showed that the overall performance of the real GHP systems used in cold
climate regions was 6.1% lower in energy consumption and about 7.2% lower in cost savings than

the national energy use and mean energy costs in similar buildings in the United States [67].

A comprehensive list of all the literature discussed in this section is shown in Table 2.1.



Table 2. 1: Summary of the literature
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Source

Description

Conclusion/s or Observation/s

Remund C. P
(1999) [17]

Investigated the impacts of grout on the
borehole thermal resistance.

Increasing the thermal conductivity of the
grout from about 0.43 to 0.85 Btu/h.ft.°F
reduces borehole thermal resistance by
15.3 t0 19.5%.

(2001) [20]

with and without spacers.

Allan and Studied how cement-sand, bentonites, Cement-sand (grout) more suitable to
Kavanaugh and neat cements grout would affect the | reduce borehole length than bentonites
(1999) [18] borehole length. and neat cements.

Abu-Hamdeh | Examined the effects of bulk density and | Soil thermal conductivity increased with
et al. (2001) moisture content on the thermal the increase of soil density and moisture
[19] conductivity of some Jordanian soils. content.

Pahud and Estimated the effects of bentonite, 50% | The quartz sand and spacers was the best
Matthey sand and bentonite, and quartz sand, option to increase the efficiency. The

borehole thermal resistances with spacers
was less than without spacers.

Katsura et al.
(2006) [21]

Evaluated the influence of ground water
flow on the heat transfer in the GHEs.

The effective thermal conductivity
increased with an increase in the ground
water velocity.

Gustafsson
and

Westerlund
(2010) [22]

Considered the effects of the convective
heat flow on the heat transfer in the
GHEs.

In the solid bedrock, the borehole thermal
resistance decreased when the convective
heat flow increased. The heat flow
through fractured bedrock increased with
increased convective heat flow.

(2013) [24]

were produced from industrial waste
such as pulverized fuel ash (PFA) to
improve the heat transfer characteristics
of the borehole heat exchangers.

Lee et al. Estimated the thermal efficiency of The thermal efficiency of 3-pipe
(2011) [4] GHEs with U-loop and 3-pipe. configuration was higher than U-loop.
Alrtimi et al. Proposed new grout mixtures which The thermal conductivities of fluorspar

and coarse sand, all with 20% of PFA had
higher thermal conductivities compared to
other grouts.

Lei and Dai
(2013) [25]

Compared phase change materials to
sand-soil.

The soil temperature oscillates less with
PCMs grouts than with sand-soil grout.

Erol and
Francois
(2014) [26]

Examined silica sand-based, bentonite-
based, and homemade admixture as
grout in the GHE.

The homemade admixture with 5%
natural graphite was the best option for
grout in the GHE.

Luo et al.
(2015) [27]

Estimated the performance of heat
transfer characteristic of the GHEs with
and without groundwater flow.

The convection flow in groundwater led
to increased heat transfer between GHE
and the ground.
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Choi and Ooka
(2016) [28]

Studied the influences of cement-grout
and gravel-backfill on the borehole
thermal resistance of GHEs.

The borehole thermal resistance of the
GHE with gravel-backfill was lower than
the same with cement-grout.

Luo et al.
(2018) [29]

Examined the effects of the groundwater
level on effective ground thermal
conductivity and heat transfer rate of
GHEs.

The effective ground thermal conductivity
and heat transfer rate of borehole heat
exchangers increased with increasing
level of the groundwater.

Studied the effects of different rock
types (alluvial deposit, granite, and

The effective ground thermal conductivity

Lee C (2019) : increased by increasing the borehole
[30] gneiss) and borehole_ depths (150 m and depth. The gneiss had the maximum
200 m) on the effective ground thermal . -
conductivity effective ground thermal conductivity.
Zang et al Developed a novel quasi-three- The novel quasi-three-dimensional model

(2003) [31]

dimensional model to estimate ground
properties.

was helpful to understand the processes of
heat transfer in VGHEs.

Suggested a new configuration of
coaxial (consists of pipe-in-pipe in

Acuiia and . : . The thermal performance of the pipe in
Palm (2010) Wh'Ch the outer pipe contacted directly pipe was superior compared to the single
[32] \_Nlth the surrounding of bedrock) to U-Tube pipe.

improve the thermal performance of

GHE.

Introduced a new approach of coaxial The heat extracted from the ground by
Guillaume F using coaxial GHE with insulation was

(2011) [33]

GHE with external insulation around the
central pipe.

higher than the same for without
insulation.

Beier and
Ewbank
(2012) [34]

Performed TRTs for GHEs under
various pipe configurations (coaxial,
double U-Tube, and single U-Tube).

The thermal resistance of borehole was
the lowest when pipe configuration was
double U-Tube.

Desmedt et al.
(2012) [35]

Estimated the impact of coaxial, single
U-Tube, and double U-Tube on the
borehole thermal resistance of GHEs.

The thermal resistance of the double U-
tube was lower than single U-Tube type,
and coaxial type.

Acufia J
(2013) [36]

Used a new method (Distributed
Thermal Response Test) to study the
effects of different volumetric flow rates
on the performance of GHEs.

The temperature difference between pipes
increased due to the decline of the flow
rates.

Bidarmaghz et
al. (2013) [37]

Estimated the effects of the fluid flow
rate on the thermal performance of
GHEs.

The thermal performance in GHEs
improved by using turbulent flow and
increasing the flow rate in pipes.

Dincer et al.
(2014) [38]

Estimate the performance of single U-
Tube, double U-Tube, and triple U-
Tubes of GHEs.

The performance of triple U-Tube was
higher than the double U-Tube and single
U-Tube.




29

Haddada and
Miyara
(2014a) [39]

Compared the performance of U-tube
and spiral-tube GHEs in both laminar
and turbulent flow conditions.

In the laminar flow, the performance of
the spiral-tube increased by 62.7%, and in
the turbulent flow, it increased by 33.5%,
when compared with the single U-Tube.

Haddada and
Miyara
(2014b) [40]

Estimated the performance of different
pipe configurations in GHEs.

The heat exchange rate increased between
the boreholes and the ground due to
increased number of inlet tubes in
borehole.

Liu et al.
(2015) [41]

Compared the influence of single U-
tube, double U-tube, and a new design
(3ltype) on the borehole thermal
resistance.

The borehole thermal resistance of the
3ltype was lower than for double U-tube
and the single U-tube.

Yoon et al.
(2015) [42]

Estimated the thermal efficiency of two
types of GHESs: coil-type and W-type.

Coil-type had a higher heat exchange
efficiency than the W-type.

Raymond et al.
(2015) [43]

Preformed analytical models for two
coaxial pipe configurations with
different borehole diameters to reduce
the depth of the borehole.

The borehole thermal resistance of the
coaxial GHEs decreased due to an
increase in the thermal conductivity of the
outer pipe.

Chang and Evaluated the effects of increasing Increasing number of tubes and using
Kim (2016) number of tubes and tube diameters on large tube diameter in the borehole leads
[44] the performance of GHEs. to increased heat transfer in GHEs.

Luo et al. Compared the thermal efficiency of four

(2016) [45]

types GHEs: double-U, triple-U, double-
W, and spiral.

Tripe-U type was the best option.

Blazquez et al.
(2017) [46]

Studied the impact of single and double
U-Tube (with or without spacers), and
spiral pipes on the efficiency of GHEs.

The performance of the U-Tube VGHEs
with spacers was superior to the same
without spacers.

Busso et al.
(2003) [47]

Conducted a first thermal response test
in Latin America to evaluate ground
properties.

Both ‘line source model’ and ‘two-
variable parameter fitting’ could be
considered as quick and reliable
evaluation methods. However, the
accuracy depends on the amount of care
taken while conducting thermal response
tests.

Florides and
Kalogirou
(2008) [48]

Conducted the first thermal response test
in Cyprus to evaluate ground properties.

Thermal conductivity for the ground was
found to be 1.61 W/ m. K borehole
thermal resistance was 0.25 m. K/ W.

Shargawy et
al. (2009) [49]

Conducted the first field study in Saudi
Avrabia to calculate the ground thermal
properties.

The mean undisturbed ground temperature
was 32.6 °C.

Esen and Inalli
(2009) [50]

Compared the thermal performance of
the single U-Tube GHEs with different
depths.

The thermal performance increased with
increased depths.
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Beier et al.
(2011) [51]

Designed a laboratory sand tank to
verify the heat transfer in and around
the GHE.

Independent values of borehole thermal
resistance and soil thermal conductivity
were calculated from data collected during
the test. These independent values were
used to verify GHE models.

Developed a novel approach

Acufia and (Distributed Thermal Response Test) The borehole thermal resistance of the
Palm (2013) to determine the ground thermal coaxial pipe was lower than the same for
[52] properties of a GHE at different single U-Tube.
depths.
Preformed field studies to investigate
Luo et al. the effects of different borehole The results showed that the larger diameter
(2013)[53] diameters on the thermal efficiency of | leads to an increase in the heat transfer rate.
GHEs.
Conducted laboratory study to measure
Cimmino and | the borehole wall temperature during The temperature at borehole wall increased

Bernier (2015)
[54]

the thermal response test. The borehole
temperature reached a steady state
condition after 168 hours.

with increased duration of the thermal
response test.

Georgiev et al.
(2016) [55]

Compared temperature data collected
during two thermal response tests in
the same area and at different times.

Very small difference between temperature
data collected during 2001 and 2012.

Yavuzturk et
al. (1999) [56]

Developed numerical model to predict
the long and short time of the vertical
U-tube ground heat transfer behavior
with different composition conditions,
such as different pipe diameters, shank
spacing, and borehole sizes.

The numerical results were compared with
the analytical models with an average
relative error of £1% for the inner pipe
temperature. During the first hours, the
errors were more significant and they
decreased with time.

Li and Zheng
(2009) [57]

Developed a 3D numerical model to
predict the outlet water temperature for
single U- tube GHE.

In order to characterize the variation of
temperature with the depth, the ground was
divided into multiple layers. The inlet fluid
temperature of the borehole was used as a
boundary condition. The results obtained
from experimental and numerical models
showed close agreement for the outlet water
temperature.

Khalajzadeh et
al. (2011) [58]

A three dimensional CFD simulation
tool was used to study the influences
of VGHE design parameters on
efficiency of heat transfer.

The inlet fluid temperature and pipe
diameter had a higher impact on the
efficiency of heat transfer, while the depth
had a lower impact on the efficiency of heat
transfer.

Javed et al.
(2011b) [59]

Measured the recovery time needed for
the borehole after the test to return to
the initial ground temperature.

The recovery time is strongly dependent on
the TRT period and the value of heat
injection rate throughout the TRT.
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Meyer et al.
(2011) [60]

Installed a number of residential-size
ground source heat pumps in cold
climates to study the performance of
GSHPs.

The ground source heat pumps were found
to be effective in cold climates, and the
COP varied between 2.0 and 3.5.

Garber-Slaght

Installed a residential-size ground
source heat pump to study the impacts
of extracted heat over a period of three

The results showed that the surrounding
soil temperature is higher than the soil

etal. (2014) months on the around thermal temperature around the ground heat
[61] . g L exchanger and the COP of the heat pump

properties and any decline in heat

2 was 3.3.

pump system efficiency.

In-situ thermal responses of borehole

heat exchangers were analyzed using The results obtained from GPM model have
Lhendup et al.

(2014) [62]

slope determination, two variable
parameter fitting and the geothermal
properties measurement (GPM) model.

better agreements with the measured
temperatures from boreholes.

Shirazi and
Bernier (2014)
[63]

Developed a numerical model to study
the ground heat transfer in radial and
axial directions in the vicinity of the
borehole ground heat exchanger. At the
same time, an experimental apparatus
was constructed in laboratory to
validate the obtained results collected
from the numerical study.

There was an agreement between the
experimental and numerical results which
validated the outputs from the numerical
model. It was also reported that the
experimental apparatus could be used to
validate different borehole designs.

Soriano et al.
(2015) [64]

Performed the first field tests to
estimate the soil thermal response in
Guayaquil, Ecuador

Thermal conductivity and resistivity values
of the soil were found to be 1.130 W/m-K
and 0.33 m-K/W, respectively. The average
soil temperature within a depth of 50 m
was 29 °C, lower than daily average
daylight temperature in summer, which
means the soil could still be used as heat
sink to reject the heat in the summer.

Baser et al.
(2015) [65]

Carried out a field test to estimate the
distribution of undisturbed ground
temperature during the period a of heat
injection in underground thermal
energy storage system.

The undisturbed ground temperature was
increased by 7 °C. Four months later, it was
noticed that the heat storage was decreased
by 60%.

Zhang et al.
(2016) [66]

Developed a transient quasi-3D whole
time scale line source model, which
characterized transient borehole
thermal resistance and examined the
heat flux profile along the two legs of
the U- tube.

The accuracy of predicting the circulating
fluid and the outside ground temperatures
increased by using the proposed new
transient quasi-3D entire time scale line
source model. The data collected from the
experimental study indicated that the
prediction errors for the inlet and outlet
fluid temperatures were less than 5%.
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The overall performance of the GSHPs
used in cold climate regions was slightly

Investigated the performance of better (=6.1% lower energy consumption

Yuetal. GSHPs installed in 24 buildings in cold and ~7.2% lower in cost) compared to the
(2017) [67] climate zones of the United States e 7010 p
(US) national median of energy use and energy

cost of typical buildings of the same type
nationwide (US).

2.3 Critical Observations

This chapter reviewed various experimental and numerical studies on closed-loop vertical
ground heat exchangers (VGHESs). These studies indicate that several parameters such as fluid
flow rate, thermal properties of the pipe and grout material, inlet and outlet pipe diameter,
configuration of the pipes, etc. have significant impacts on the efficiency of ground source heat
pumps (GSHPs). Several studies reported the use of numerical models to simulate the heat transfer
process in VGHEs. Numerical models were found to be very useful tools to predict the
performance and develop optimum design parameters for VGHEs. According to the studies
reviewed in this chapter, several design parameters may be altered to reduce the length of the

borehole while increasing the efficiency of the borehole heat exchangers.

Grout material are considered to be one of these parameters that has an effect on the efficiency
of VGHEs. In the case of one particular experiment, the thermal resistance between the borehole
wall and the heat carrier fluid decreased due to an increase in the thermal conductivity of the grout
[17]. Another study found that depending on borehole diameter and soil thermal conductivity, the
length of the borehole would decrease when sand is added to cement-sand grout [18]. It was also
reported that the thermal conductivity of the grout increases with the increase in soil density and
moisture content during both heating and cooling cycles [19]. Under certain geological conditions,
groundwater can also function as grout. The presence of natural convection flow in groundwater-
filled borehole heat exchangers at deferent heat injection rates during thermal response tests was
reported [22].

Borehole configuration also has an impact on the efficiency of ground heat exchangers. The
thermal resistance of the double U-Tube VGHESs with spacers was lower than without spacers [20].
Several studies reported that coaxial, double U-Tube, spiral-tube and multi-tube boreholes had

superior thermal performance compared to common single U-Tube heat exchangers [33, 36, 39,
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41, 52]. The thermal efficiency of coaxial borehole heat exchanger could be improved further by
externally insulating the central pipe [33]. Triple-U type was found to produce the highest thermal
performance and lowest drilling costs among double-U, triple-U, double-W and spiral [38]. The
overall thermal efficiency could be increased by increasing borehole depth [30, 50]. Higher

thermal conductivity of the outer pipe would also increase the thermal efficiency of VGHEs [43].

Another parameter that has an impact on the efficiency of the ground heat exchangers is
borehole diameter. Larger borehole diameter and/or pipe diameter would lead to an increase in the
thermal performance of VGHEs [40, 53].

In addition, the borehole thermal resistance of VGHE could decrease within a range of 9% to

52% due to pipe configurations and characteristics of grout materials [18, 20, 24, 27].

To sum up, this chapter did a comprehensive review on the efficiency of ground heat
exchangers (GHE) in heat pump systems. Increasing the efficiency of the GHE may lead to
decreased borehole depths and installation costs. Hence, identification and optimization of design
and operation parameters that can reduce the borehole depth are among the most important design
challenges. To deal with these challenges, various researchers conducted several studies to
improve the heat transfer efficiency of GHEs. However, there are still opportunities for engineers
to suggest new pipe configurations that can increase the surface area of the pipe and heat transfer
rate in GHEs. One of the most attractive solutions to increase the heat transfer rate in VGHEs is to
increase the surface area of the pipe configuration which could lead to higher heat exchange
capacity of VGHEs. It is well known that heat transfer from a surface can be increased by attaching
external fins (i.e. extended surfaces) [2]. However, research activities reported in the literature do
not provide any information about the performance of GHEs with external fins. Therefore, this

research initiative investigates the impacts of external fins on the heat transfer capacity of VGHEs.
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Chapter 3

Methodology

This chapter presents the methodology including the laboratory based thermal response test (TRT)
and analysis of the test results using line source theory [14]. The first part describes the principles and
procedures of the TRT, and the second part explains how line source theory is applied to determine

ground thermal properties.

3.1 Thermal response test (TRT)

Ground source heat pumps (GSHPs) are consisted of two parts: a heat pump, and a vertical
ground heat exchanger (VGHE), which are coupled together to provide heating and cooling for
residential and commercial buildings. The knowledge of ground thermal properties is considered
a prerequisite in order to reach the ideal design for GHEs connected to heat pump systems [68].
Several variables such as the filling inside the borehole (e.g. grout), borehole diameter, pipe size,
and pipe configuration have significant impact on the effective ground thermal conductivity and
borehole thermal resistance. The values of these two parameters are functionally linked and critical
for the thermal performance of GHEs. Since the middle of the 1990s researchers suggested
different approaches to measure ground thermal properties in field, and the number of mobile
TRTSs were built in different countries to carry out these measurements [69]. Today the TRTSs are
widely used to estimate the ground thermal properties as well as the performance of heat transfer
between the GHE and the ground. VVarious methods are utilized to analyze the inlet, T;,, (°C), and

outlet, T,,,; (°C), fluid temperature data to estimate ground properties.

The primary thermal properties of interest for the performance assessment of GHEs are:
(i) effective ground thermal conductivity, and

(ii) borehole thermal resistance.
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o Effective ground thermal conductivity (dff)

The ideal design of VGHES depends on the value of the effective ground thermal conductivity
around the VGHEs. The effective ground thermal conductivity is higher than thermal conductivity
of the ground around the borehole. The former is estimated by TRTs, which indicate a mean value
for the ground around the vertical ground heat exchanger (influenced by the impacts of

groundwater flow, borehole grouting, natural convection in the boreholes, etc.).

e Borehole thermal resistance (Ry,)

The borehole thermal resistance can be calculated by using steady state heat transfer models,
which are designed for this purpose. The borehole thermal resistance is the thermal resistance
between heat carrier fluid in the legs of the U-Tube and the borehole wall as shown in Figure 3.1.

Ground

Borehole

\

o

U-tube

Figure 3.1: Cross section of the borehole

The borehole thermal resistance is defined as:

The VGHE consists of three components: the fluid, the pipe, the grout material as shown in
Figure 3.2. The borehole thermal resistance can be expressed as shown in the following equation
[70, 71, 72, 73]:
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Figure 3.2: Thermal resistance in VGHE [12]
The thermal resistance of the fluid can be calculated by using the following equation [70, 72,
73]:

1
R, =
f 2nrih;

(3.3)

Where, h; is the convective heat transfer coefficient of the fluid inside the pipe W/ m? K, and r; is

the inner radius of the pipe (m).

0.8 p,1
hi _ 0.023Re"°Pr Af (3.4)

Ti

Re is the Reynolds number of the fluid, A is the thermal conductivity of the fluid W/ m. K, B. is

the Prandtl number, n = 0.4 for heating and n = 0.3 for cooling.

The thermal resistance of the grout material was calculated by the equivalent diameter method
suggested by Gu and O’Neal (1998) which uses a single concentric cylindrical heat sink instead
of U-Tube as shown in Figure 3.3 [70, 74, 75]:

Dag ! Pe.o
Dy,
— >
Grout Grout
Borehole De ;

Figure 3.3: Cross section for the equivalent diameter of a VGHE with two legs U- tube
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Deg = /2Dy oLy = Dpo < Lg <7, (3.5)

Where, D, is the equivalent diameter of the pipe (m), D, , is the outer diameter of the pipe (m),

and L is the center to center distance between the two legs of the U-Tube (m).

The thermal resistance of the pipe is calculated by using the following equation [15, 72, 75]:

D
In (5

R, = —24 (3.6)

21y

Where, D, = D,,; is the inside diameter of the pipe (m), 4, is the pipe thermal conductivity

W/ m. K.

The following equation presents the grout thermal resistance:

D
In 5

= 2 (3.7)

R
2nAg

Where D, is the outside diameter of the grout material m, and 4, is the grout thermal

conductivity W/ m. K. Therefore, the borehole thermal resistance is expressed as:

D D
poo "Gy G 3.8
b — 2nrih; + 277.'/11, + 21T/1g ( ) )

3.1.2 Fundamentals of TRT

TRT is used to determine the heat transfer characteristics between the ground heat exchanger
and the ground. Two parameters which define the heat transfer characteristics in this context are:
(i) effective ground thermal conductivity, and (ii) borehole thermal resistance [76]. Another
important characteristic is the initial ground temperature, which is calculated before the test is

started. Figure 3.4 shows the schematic illustration for the experimental apparatus for a TRT.
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Figure 3.4: Experimental apparatus for a TRT [69]

Eklof and Gehlin (1995) constructed a mobile response test device for TRT at the Lulea
University of Technology, Sweden, and in 1996, they also developed a mobile response device to
estimate the thermal conductivity of the ground as well as the impact natural convection and flow
of the groundwater in the boreholes [14]. Austin (1998) developed a similar experimental
apparatus at Oklahoma State University, USA to estimate the ground thermal properties [15].
Sanner et al (1999) performed the field TRT in Germany [16]. In field, TRTs have now become
widely utilized in Europe, North America, South America, Asia, and Africa to estimate ground
thermal properties for GSHP. Several TRTs were carried out in different parts of the world,
including Chile and Argentina [47], Cyprus [48], Saudi Arabia [49], Bulgaria [55], Ecuador [64],
Libya [77], and Algeria [78].

TRTs were conducted in the laboratory to characterize thermal properties of GHEs. Beier et al.
(2011) built a large horizontal sandbox (length: 18 m, width: 1.8 m, and height: 1.8 m) with a
single U-Tube horizontal GHE. Several thermocouples were also placed at specific locations in

the sandbox. It was reported that the temperature data that collected during the test were used to
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provide independent values for borehole thermal resistance and soil thermal conductivity. These
independent values were used to verify models of ground heat exchangers [51]. Shirazi and Bernier
(2014) designed and constructed a small experimental apparatus (length: 1.35 m and diameter: 1.4
m) for a single U-Tube VGHE to study transient heat transfer behavior [63]. Blazquez et al. (2017)
performed small-scale (length: 1 m and diameter: 0.5 m) laboratory studies to study the impacts
of different pipe configurations, including single and double U-Tube (with or without spacers),
and spiral pipes on the efficiency of VGHEs [46]. Similar studies were also done by Katsura et al.
(2006), Lei and Dai (2013), and Erol and Frangois (2014) [21, 25, 26].

3.1.3 Describing the practical procedures for the TRT

As mentioned in chapter 2 (Section 2.1.1.4), Mogensen (1983) proposed the idea of the TRT
[13]. Thereafter, other researchers established the practical procedures to conduct the test in the
field [4, 14, 15, 29, 44]. These procedures include estimating the initial ground temperature,
measuring the flow rate of heat carrying fluid and heat input rate, and estimating the time duration
of the test.

e Determination of the average initial ground temperature

The initial average ground temperature has a significant effect in the design of VGHE. An
accurate estimation for the average initial soil temperature is needed for the correct design of the
VGHE. It is to be noted, the initial ground temperature increases with the increased depth [79, 80].
The average initial ground temperature commonly can be estimated by using three different
approaches before the TRT is started.

The first approach is circulating the heat carrier fluid in a close system through the VGHE for
about half an hour and without adding heat during the test. The inlet and outlet heat carrier fluid
temperatures are recorded at constant intervals, every 30 seconds by the data acquisition system.
The average initial ground temperature is calculated by using the inlet and outlet temperatures data
collected during 30 minutes. Nevertheless, there is no heat injection by heater during this period,

but at the same time some heat will be added into the system by the pump.
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The second approach is to insert thermocouples down into the water-filled U-Tube and record
the temperatures of water at different depths. An average initial ground temperature is calculated

from the collected temperature data [14, 80, 81].

The third approach is to collect the temperatures of soil at different locations and depths after
few days of construction of the experimental apparatus. Then, average initial ground temperature
is calculated from the collected temperature data.

e Heat injection rate

During TRT, the carrier fluid is heated by electricity to generate a constant heat rate, injected
to the ground by using heat carrier fluid (e.g. water). This heat rate is very similar to the real value
for the operation of GSHP. Gehlin and Hellstrém (2003) noted that heat transfer rate of 50 W/ m
produces the temperature difference at the range of 0.5 °C to 10 °C [82]. It is recommended that
the heat injection rates be at a range between 50 W/ m -80 W/ m in the TRT in real life applications,
but rates outside these ranges can be used in the laboratory for parametric studies [2, 28]. In this

study, the rates of heat injection used were within the range of 25 W/ m -80 W/ m.
e Flow rate

Laboratory experiment study for a horizontal sandbox (length: 18 m, width: 1.8 m, depth: 1.8
m) was conducted by Beier et al. (2011) to estimate the ground thermal properties. A constant heat
injection rate 1056 W/ m was injected throughout the test with a constant flow rate (V) of 0.197
L/ s, and the TRT was conducted for 50 hours [51]. Shirazi and Bernier (2014) conducted TRT for
small scale single U-Tube VGHE to study transient heat transfer in this model. The TRT is
contented for 73 hours and the average volumetric flow rate was 0.0114 L/ s throughout the test
[63]. Gu and O’Neal (1998) established a small-scale single U-Tube VGHE to estimate the effects
of backfills on the performance of U-Tube VGHE at a volumetric flow rate of 0.4 L/ min [83]. The
flow rates adopted in this research were within a range of 0.118 to 1.5 L/ min.

e Measurement duration

The duration of TRT is a practical concern which is also critical for the reliable determination

of ground thermal properties. Kavanaugh (2000, 2001) recommended the time required to obtain
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reliable data from the test would be at a range of 36 hours to 48 hours (Ashrae 2011) while Gehlin
(1998) recommended the same at a range of 50 to 60 hours [2, 84]. According to their field
experiences regarding the time needed for collecting data, Austin et al (1998) recommended that
the period of time for the TRT must be minimum 50 hours to estimate reliable ground properties
[15]. Beier et al. (2011) needed 52 hours to collect temperature data during TRT from the single
U-Tube horizontal GHE within the sandbox to estimate the reliable ground thermal properties [51].
Shirazi and Bernier (2014) conducted TRT to study transient ground heat transfer behavior of the
single U-Tube VGHE. The heat was injected for 73 hours into the single U-Tube VGHE, which
was inserted in a small-scale sand tank [63]. In this study, the time period used for the TRT within

a range of 50 to 60 hours.
e Waiting period before the test and recovery time

After the construction of the GHE, it is important to know the time required for the soil to
reach a steady state condition. It is recommended that there are two different waiting periods, based
on the soil thermal conductivity, to conduct the TRTs after the VGHEsS are installed in the ground.
A five-day period is suggested as the waiting period for the low-conductivity soil A < 1.7 W/ m.

K, while three-day period is suggested for high-conductivity soil 2 > 1.7 W/ m. K [2].

Another factor to be considered in the TRT is the recovery time, which represents the period
between two tests in the same area. It is very important for the ground temperature to return to a
range of -272.85 °C of the initial ground temperature before another test starts [2]. Javed et al.
(2011) recommended that the ground temperature must return to a near range of -273.05 °C to -
272.85 °C of the initial ground temperature before conducting another test [59]. This study

followed the same recommendation (i.e. -272.85 °C).

3.2 Line source theory

The goal of using the TRT is to estimate the heat transfer between the GHE and the ground,
and also the thermal properties of the ground. The rate of the heat transfer of the GHE per unit
depth can be calculated by measuring T;, and T,,;, and flow rate of the heat carrier fluid, which
circulates into the GHE, as expressed in equation 3.9 [15, 85, 86, 87, 88, 89].
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_ Cp m (Tin—Tout)
= 2R o) (3.9)

Where,

q is the rate of heat transfer of the GHE per unit depth (W/ m), T;,, and T,,; are the inlet and
outlet fluid temperatures of the GHE (°C), C,, is the specific heat of the circulating fluid J/ kg. K,

m is the mass flow rate of the heat carrier fluid in circulation (kg/ s), and H is the borehole depth

(m).

Line source model is the analytical solution of the heat transfer problem between the borehole
and the vicinity infinite region, as shown in Figure 3.5. To estimate the ground thermal properties,
the line source model (LSM) has been used in this research. This approach is commonly used in
the practical engineering for Borehole Heat Exchanger (BHE). Line source model is considered
one important method for the mathematical models of VGHE in TRT. Ingersoll and Plass (1948)
reported that the infinite line source was used in the 40s to calculate the ground temperature change
over time for ground loop heat exchangers. Mogensen (1983) carried out the first field study to
estimate the thermal conductivity of the ground by using this theory [15, 70, 80, 85].

Ground surface

Ground
«
< >
< >

—>
r

Figure 3.5: Schematic illustration of the line source mode

3.2.1 Mathematical expressions

Temperature at a location of an infinite solid depends on thermal diffusivity(«), as shown in
the fundamental equation of heat conduction:
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42T = 3% T = 92T 1 92T
w2tz oz ~aor (3.10)

Where,
T is temperature at a point (X, y, z), and it is a function of time (t) and thermal diffusivity (o).
Thermal diffusivity (o) = 1/pc.
Where,

a is thermal diffusivity (m?/ s), p is the density (kg/ m®), A is the thermal conductivity ( W/ m.
K), and ¢, is the specific heat capacity (J/ kg. K).

At point (x, y, z) and at time t in an infinite solid, the temperature goes up as a result of the
emission of the amount of instantaneous heat in point (%, y,z). The material initial temperature is

assumed to be 0 °C. Equation (3.10) is satisfied by:

T =T(rt) = 8(met)3/2 e~ (=) +(y-y)?+(z-2)%)/4at (3.11)

This expression (Eq. 3.11) becomes infinite at (x,y,Zz) when t=>0. At all the other points it

tends to zero. T(r, t) represents the temperature in point (x, y, z) at time t.

Instantaneous line source is crossing through the point (x, y) while it is parallel to the z-axis.

The temperature is calculated by integrating equation 3.11:

Q °° (=) (y=3) 2+ (2-2)?
T=T(t)=—-5| dze Zat
8(mat)2 '~

= 4 e~ [=0?+y-y)?]/4at
drtat

Where, 72 = ((x —x )2 4 (y — y )?

T(r,t) = ﬁe‘rz/““t (3.12)

The above equation expresses line source equation only when t = 0, so the previous equation
can be changed for a continuous line source over a long period of time. If the heat Q(£) starts to

be injected at t = 0, while the soil temperature is zero, then the temperature at time t will be:
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—r2/4a(t () tdtt (3.13)

T(r,t) =

When Q(¢) is constant —» Q(£) = q, then the equation 3.13 become:

t  _r2/4q(t-f) AE
T(r,t) =— fff e — (3.14)
A new variable is defined as:
r? r? 1
b= da(t—f) E((t—f)) (3.15)
t=0 r
= - o
B 4at
t=t » ﬁ = o0
aB _ _B ( (- 1)) r?
daf ~ (t- t) 4a \ (t-t)2 4a(t—t)2
g _ B dp_ _df
A® o B D (3.16)
Substituting (3.15) and (3.16) into the equation (3.14)
T(rt) = [r2 4 (3.17)
Ly 47Tl eff 4—; B ﬁ '
Where frz T dp = E.(7) = El( )and f—zt
47Tt
T(rt) =—1_F [i (3.18)
nt)= amders T laat '
When the value of Ll is small
4at
r2 72 12 ~ 4at
B il = v +ing— i+ Lat ([m ) in |35 (3.19)

Where y = 0.5772 ... represents Euler’s constant.

By putting In [%] — y from equation (3.19) into equation (3.18), the equation becomes:
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T(r,t) = Mjeff [ln [?] - y] (3.20)

The next equation can be used to calculate the borehole temperature for the transient process [14].
Tp(r,t) =T, + T(r, t) (3.21)

Then by substitute the value of T(r, t) in equation (3.20), the equation becomes as the following:

T,(rt) =T, + Mjeff lm(*35) -] (3.22)

As shown in equation (3.21), the borehole wall temperature at time t (T, (r, t)) is a sum of the
initial ground temperature (T,) and the ground temperature at distance r and time t ( T(r, t)). Also,
there is a relationship between the ground temperature and the heat carrier fluid temperature 7.
The borehole thermal resistance is a function of a constant heat injection, the heat carrier fluid
temperature T¢(t), and the borehole wall temperature. It can be defined by using the following

equation [90, 91]:
T;(t) — Ty(r,t) = Ryq (3.23)
T, (r = 1, t) is the temperature on the borehole wall at time t (°C)

Te(t)= ((Tip + Tour)/2), Where, Te(t) denotes the arithmetic mean of the inlet fluid temperature
(Ty,) and outlet fluid temperature (T,,.) of the borehole (°C)

The line source temperature at the borehole radius (73,), including the impact of the borehole
thermal resistance (R;) between the heat carrier fluid and the borehole wall, was used to evaluate

the mean fluid temperature, T¢(t). Then the fluid temperature as a function of time could be written

as:

Q Q 1 4a
Th(0) = gy In(0) + 3 [meﬁ {zn (—) - y} + Rb] 4T, (3.24)

Where,
R,is the borehole thermal resistance (m. K/ W), T, is the initial underground temperature (°C).

Also the borehole thermal resistance can be expressed by the following equation:
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R, = %[Tf(t) —T,] - — lleff [ln(t) +In (i—é‘) - y] (3.25)

It is noticed that the second and third terms on the right hand in the above equation are constant.
Then it can be considered that the above equation is similar to the linear slope equation as y =

m.x + b.

Eklof and Gehlin (1996) assumed that there is a linear relationship between the mean fluid

temperature and the logarithm time In (t) [14, 89, 92]. It is also expressed by using the following

equation:
Te(t) =m.In(t) + b (3.26)
— =1 -1
Slope =m = her = Aerf = — (3.27)

3.3 Discussion summary

This chapter presented the principles and procedures of the thermal response test (TRT), and
line source theory used to determine the effective ground thermal conductivity and the borehole
thermal resistance. As shown in section 3.1.3, a number of variables must be considered during
the TRT such as the initial ground temperature, the flow rate of heat carrying fluid, the heat
injection rate, duration of the test, and the waiting period before the test and recovery time. The
derivation of the line source theory is explained in section 3.2. The equations in this section are
used to find out variables such as the heat injection/extraction rate of VGHE (see equation 3.9),
the slope (see equation 3.26), the effective ground thermal conductivity (see equation 3.27), and

the borehole thermal resistance (see equation 3.25).



Chapter 4

Small-scale experimental apparatus
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This chapter contains the information regarding materials, design, construction and

instrumentation of the small-scale test apparatus used in this study to conduct thermal response

tests (TRTS).

4.1 Introduction

To evaluate the thermal performance of vertical ground heat exchangers (VGHEs), a small-

scale experimental apparatus was designed, constructed, and commissioned in the Laboratory (E-

Hut 109) at the University of Victoria. The main objective of this chapter is to describe the small-

scale experimental apparatus (Figure 4.1).
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a) Schematic illustration of the experimental setup.

]

e —

Computer



48

,
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Sand tank .

b) Picture of the experimental setup.

Figure 4.1: Small-scale of the experimental apparatus

4.2 Description of the small-scale experimental apparatus

The small-scale experimental apparatus comprises of three main components: (i) a water supply
system, (ii) a sand tank, and (iii) a data acquisition system, as shown in Figure 4.1. Further details

regarding these three components are provided below.
4.2.1 Water supply system

The water supply system is used to circulate water through the closed system at the specific
temperature and flow rate. Major components of water supply system are: (i) circulating bath, (ii)
water flow meter, (iii) flow regulation valve, (iv) thermistors, and (v) data logger. Details regarding

these components are outlined below.
e Circulating Bath

In this study a Circulating Bath (see Figure 4.1b), with a temperature range -20 °C to 135 °C,

was used to circulate the carrier fluid (water) in a closed loop between the VGHE and the water
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supply system, and add heat to the carrier fluid. The heat carrier fluid flow rate was 13.5 L/ min.

The temperature stability of the circulation baths is approximately +0.01 °C.

e Water flow meter

The water flow rate through the system was measured and modified by the flow meter (Omega
FTB-1311) as shown in Figure 4.2. The flow meter used can measure flow rates in the range from

0.118 to 1.5 L/ min with £1% actual flow accuracy.

Flow meter

Flow regulation valve

Figure 4.2: The water flow rate

e Flow regulation valve

Flow regulation valve is used to control the amount of fluid flow rate into the system as shown

in Figure 4.2.
e Thermistors

Two thermistors (Omega TH-44032-1/4ANPT-80; temperature range 0 °C to 75 °C with an
accuracy £0.1 °C) were installed at the inlet and outlet of the VGHE to measure the inlet and outlet
water temperatures (see Figure 4.1b). The connecting pipes between the sand tank and the bath
were insulated to decrease the heat loss between the connecting pipes and the ambient air, (see
Figure 4.1Db).
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e Data logger

A data logger (Omega, OM-62) was used to record the ambient air temperature in the lab during
the TRT and recovery time. It can measure the temperature at range of -40 °C to 70 °C and with
an accuracy = 0.5 °C as shown in Figure 4.3.

\-

“« N

O

Figure 4.3: Photo of data logger (MO-62)
4.2.2 Sand tank

The sand tank used in this study consists of: (i) wooden box, (ii) borehole, (iii) grout
(bentonite/silica sand), (iv) pipe configuration, (v) spacers, (vi) thermocouples, and (vii) soil (silica

sand).
e \Wooden box

In this study, the sand tank (length: 1.0 m; width: 1.0 m; height: 1.1 m) was constructed with
plywood (thickness: 2 cm) and the borehole was inserted in it (see Figure 4.1b).

e Borehole

VGHEs are usually consisting of a single U-Tube or double U-Tube inserted into the boreholes.
Typically, U-Tube pipe is inserted into the borehole at a depth of 20 m to 300 m, with typical
diameters of 76 mm to 150 mm [20, 56, 57]. In this study, a polyvinylchloride (PVC) pipe (length:
1.1 m, inner diameter: 7.6 cm, and outer diameter: 8.2 cm) was inserted from the top at the center

of the sand tank, as shown in Figure 4.4.

Figure 4.4: PVC tube (borehole)
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e Grout

In this study, two different grout materials (bentonite and silica sand) were used to fill the

space between the U-tube pipe and the borehole wall (see Figure 4.1a).

e Pipe configurations

In this study two different pipe configurations were used: (i) a conventional single U-Tube

pipe, and (ii) a novel U-Tube pipe.

1. Conventional single U-Tube pipe configuration

The conventional single U-Tube pipe configuration is made with copper, as shown in Figure
4.5a. It consists of two copper pipes (length: 1 m, inner diameter: 12.7 mm, and outer diameter:
16 mm). The thermal conductivity of copper pipe is 400 W/m. K. Figure 4.5b shows the cross
section of the conventional single U-Tube pipe configuration.

Back

Borehole wall

270° Front

b) Cross section of conventional single U-Tube pipe VGHE

Figure 4.5: Conventional U-Tube pipe configuration VGHE
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2. Novel U-Tube pipe configuration

A novel U-Tube pipe configuration is suggested to enhance the heat transfer rate in VGHEs.
The novel U-Tube pipe configuration consists of the conventional single U-Tube with two outer
fins in two directions on the outer side. The fins are used to enhance heat transfer by conduction
through the solid and also by convection from the solid boundaries. The fins are widely used in
heat exchanging devices (e.g. air conditioning, refrigeration, heat exchangers in power plants,
radiators in cars, and electronic systems). There are many shapes of fins that could be used to

enhance the heat transfer rate such as rectangular, trapezoidal, and concave.

According to published literature, several shapes of fins had an impact on thermal efficiency.
Moradi and Ahmadikia (2010) carried out numerical and analytical studies to examine the effects
of three different shapes of fins (convex, rectangular, and concave) on the thermal efficiency of
the fin. The results indicate that the exponential shape had a higher efficiency, followed by the
rectangular shape and the convex shape [93]. Torabi et al. (2013) studied the effects of three
different fin shapes (concave, rectangular, and trapezoidal) on the efficiency. The results show that
the concave shape had a more suitable efficiency, then the trapezoidal shape and the rectangular
shape [94]. Based on the obtained results mentioned above, the fins were planned to be designed
in concave shape, but then it was decided to change them to trapezoidal shape because the tools in
the workshop at the University of Victoria were not suitable for producing fins in concave shape.
Another secondary reason to select the trapezoidal shape is its small tip at the end of the fin. This
means it can be a good option to increase the fin length without touching the borehole wall,
compared to the rectangular fin, which has a wide tip at the end of the fin. However, analytical
solutions for the rectangular and trapezoidal shapes are carried out later as shown in Appendix A.
The heat transfer rate through the rectangular fin was higher compared to the trapezoidal fin.
Appendix A also shows how to calculate the maximum fin length. The optimum fin length was
approximately between 0.07 m to 0.12 m (see Appendix A, Figure A.3), and a fin length of 0.08

m was chosen to fit design considerations.

In this study, the fins are made with copper (height: 1 m, length: 8 mm, and width: 4 mm).
Figure 4.6a shows the cross section of the trapezoidal shape and figure 4.6b shows the cross section

of the novel U-Tube pipe configuration.
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b) Cross section of novel U-Tube pipe configuration.

Zip plastic Fins

a) Cross section of novel U-Tube pipe configuration.

Figure 4.6: Novel U-Tube pipe configuration VGHE

e Spacers
Figure 4.7 shows that the spacer is placed in the single U-tube configuration and the novel U-

Tube pipe configuration to keep the same distance between the two legs of the U-tube and prevent

the two legs from having contact.
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a) Side view b) Face view
Figure 4.7: Spacer to fix the constant distance between two legs

In order to position the borehole and place the thermocouples inside the sand tank, a wood-

frame is fixed on the top of the tank as shown in Figure 4.8.

Figure 4.8: Wood fixed the borehole

e Thermocouples

A total of 64 thermocouples (EXPP-K-24, maximum temperature 105 °C, accuracy * 0.75° C)
were installed at the specific locations along the height, length and width inside the tank to measure
the sand temperature throughout the test and recovery time (Figure 4.9).
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Figure 4.9: Thermocouples in the sand tank
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e Soil (silica sand)

Soil fills the space between the borehole and the sand tank walls. It is a challenging task to
analyze the heat transfer between the legs of the U-Tube and the soil due to the nonhomogeneous
nature of the soil in and around the GHE [58]. To study the heat transfer behavior in and around
the VGHE, it is very important to use a homogeneous material as soil, such as Ottawa sand type
C-109, bentonite, and silica sand that have known thermo-physical properties. Shirazi and Bernier
(2014) used the Ottawa sand type C-109 as soil in their research. The thermal conductivity of the
Ottawa sand type C-109 is 0.29 W/ m. K and the thermal diffusivity is 0.0198 m?/ day [63]. Ottawa
sand C-109 is a homogeneous graded pure quartz sand with well documented thermal properties.
The weight of the Ottawa sand type C-109 required to fill the sand tank was found to be about
6000 kg, which is more than the load carrying capacity of the laboratory wood floor. In order to
address this issue, silica sand (1700 kg/ m®) was used and the weight of silica sand required to fill
the sand tank turned out to be only 1500 kg.

4.2.3 Data acquisition system

Campbell scientific data acquisition system (CR1000) was used in this research and it had
80 channel for data recordings (Figure 4.10a). Total number of measurements required in this
project was 67 (64 for thermocouples, two for thermistors, and one for water flow meter). To
transfer the data, data acquisition system was connected to a personal computer as shown in Figure
4.10b.

Multiplex

Data logger

a) Data acquisition system Db) Data acquisition system connected with a personal computer

Figure 4.10: Photo of data acquisition system
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Chapter 5

Performance of conventional and novel single U-
Tube pipes

Abstract

A novel U-Tube pipe configuration is suggested to enhance the heat transfer rate in the vertical
ground heat exchanger (VGHE). Laboratory experiments are conducted to compare the thermal
efficiency of VGHESs with two different pipe configurations: (1) a novel U-Tube pipe configuration
(single U-Tube with two outer fins), and (2) a single U-Tube. The results show that the difference
between the inlet and outlet temperatures for the novel U-Tube pipe configuration was 0.67 °C
after 60 hours, while it was 0.38 °C for the single U-tube after the same amount of time. The
borehole thermal resistance for the novel U-Tube pipe configuration was 0.680 m. K/ W, which is
29.2% lower than that of the single U-Tube. The heat exchange rate in the novel U-Tube pipe
configuration is increased by 58% compared to the conventional single U-Tube. Measured ground
temperatures indicate that compared to single U-Tube pipe configuration, the novel U-Tube pipe
configuration has superior heat transfer performance. Based on the experimental results presented
in this chapter, it was concluded that increasing the surface area significantly by introducing
external fins to the U-tube enhances the heat transfer rate, resulting in increased thermal efficiency
of the VGHE.

5.1 Introduction

A ground source heat pump system (GSHP) is an ecofriendly technology utilized for heating
and cooling houses and commercial buildings. GSHP technology exploits the constant ground
temperature over the year to extract heat from buildings and transfer it into the ground in summer,
as well as to extract heat from the ground and transfer it into the buildings in winter [3, 37]. The
GSHP system is constructed by connecting a heat pump with a vertical ground heat exchanger
(VGHE). Since the second half of the 1990s, TRTs have been used to measure ground thermal
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properties (borehole thermal resistance and effective ground thermal conductivity) and
characterize the efficiency of VGHEs. Researchers have suggested different approaches to
measure ground thermal properties in the field, and a number of mobile experimental apparatuses
have been built in different countries to carry out these measurements [69].

The initial capital cost of installing the GSHP systems is a significant consideration in VGHE
design. Hence, there are opportunities for designers to do more work in this area and suggest new
pipe configurations to increase the heat transfer rate in the VGHESs and thus decrease the depth
and cost of borehole installation. During the last decades, several researchers conducted studies to
improve the thermal performance of VGHEs by decreasing the thermal resistance between the
borehole wall and the ground as much as possible. These studies were based on either numerical
or experimental models, the latter includes a small-scale apparatus in the laboratory or a full-scale

field investigation.

Gu and O’Neal (1998) built a small-scale single U-Tube VGHE in the laboratory to estimate
the effects of backfills (bentonite/masonry sand and bentonite/copper powder) on the heat transfer
performance of a single U-Tube VGHE. The single U-Tube copper pipe (inner diameter: 4.8 mm,
outer diameter: 6.4 mm, and length: 1.2 m) was inserted in a metal tank. The obtained results
showed that backfill materials have an influence on the thermal performance of single U-tube
VGHEs [83].

To determine the effects another factor, Pahud and Matthey (2001) conducted TRTs for the
double U-Tube VGHEs, with and without spacers, to estimate the influence of these spacers on
the borehole thermal resistance. The borehole thermal resistances of double U-Tube VGHES with
and without spacers were 0.141 m. K/ W and 0.143 m. K/ W, respectively [20]. Zeng et al. (2003)
suggested an analytical solution considering the influence of fluid axial convective heat transfer
on pipe configurations of VGHEs. Two different configurations, single and double U-Tube, of
VGHEs were examined by using this method. The results showed that the borehole thermal
resistance of double U-Tube VGHE was lower than the single U-Tube VGHE [31].

Esen and Inalli (2009) conducted three TRTs with three different depths (30 m, 60 m, and 90
m) to estimate the thermal performance of the single U-Tube VGHE. The obtained results of the
experimental study for the cooling and heating modes show that the borehole heat exchanger with

a depth of 90 had the strongest performance, but the optimized depth considering the cost was 60
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m with a COP of approximately 3 (see Appendix B) [95]. Javadi et al. (2019) reported that the
outlet water temperature in winter and summer increases and decreases with an increase the VGHE
depth. Increasing the VGHE depth also leads to increased energy consumption of GSHP and a
higher cost. The VGHE depths of 50 to 100 m have been widely used during the last eight years,
followed by the depths of 20 to 50 m [96].

To determine the effects of different pipe configurations on the thermal performance of VGHE,
Acufa and Palm (2010) proposed a new pipe configuration, coaxial (pipe-in-pipe) VGHE, and it
compared with conventional single U-Tube. The outer pipe was in direct contact with the
surrounding bedrock. The results showed that the heat transfer performance of the coaxial VGHE
was superior to the conventional single U-Tube VGHE [32]. Another field study was conducted
by Lee et al. (2011) to estimate the thermal efficiency of two different pipe configurations, the
common U-Tube type and a new 3 pipe-type GHEs. The thermal efficiency of the new 3 pipe-type
configuration was higher than that of the conventional single U-Tube type [4]. In a study which
set out to determine the effects of three different types: (1) coaxial, (2) double U-Tube, and (3) U-
Tube VGHEs in Oklahoma City, Beier and Ewbank (2012) found that the best option to reduce
the thermal resistance of the borehole was the double U-Tube, followed by the single U-Tube, and
finally the coaxial type [34]. In the same year, a field study was performed by Desmedt et al.
(2012) to estimate the influence of two different pipe configurations ((1) single U-pipe, and (2)
double U-pipe) on the efficiency of the VGHEs. The thermal resistance of the double U-Tube
VGHE was 0.162 m. K/ W, 52% lower than the single U-Tube VGHE [35]. To improve the thermal
performance of VGHEs, a numerical study was investigated by Haddada and Miyara (2014) to
estimate the impacts of pipe numbers inside the borehole on the performance of VGHEs. Four
different pipe configurations examined were: (1) U-Tube, (2) multi-tube, (3) three-tube, and (4)
four-tube. The heat exchange rate increased between the boreholes and the ground due to an

increase in the number of inlet tubes inside the borehole [40].

Kramer and Basu (2014) built experimental apparatus in the laboratory to study the effect of
thermal loading on load displacement behavior of the model geothermal pile. The
polyvinylchloride (PVC) U-Tube pipe was installed in a sand tank (length: 1.83 m; depth: 1.83 m,
width: 1.83 m). The U-Tube pipe consisted of two PVC pipes that had an inner diameter of 12.4
mm with a length of 1.22 m [86]. Shirazi and Bernier (2014) established a small scale experimental
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apparatus with a borehole Plexiglas pipe (length: 1.23 m) inserted at the center from the top of the
sand tank (length: 1.35 m and diameter: 1.4 m). The TRT was 73 hours for the heat injection and
5 days to let the sand return to its initial ground temperature. It was reported that the borehole
thermal resistance for the single U-Tube VGHE was 0.61 m. K/ W [63]. Another small scale
VGHE study was conducted by Erol and Francgois (2014) to estimate the effects of backfill
materials on the thermal performance of the VGHE. Two parallel pipes were inserted in the 1m
length of the VGHE in the sand tank of 1m3 Two heat pumps were used to pump the water to
pipes at 12 °C, 15 °C inlet and outlet of water temperatures, respectively. The initial temperature
of the sand was 20°C [26]. One year later, Cimmino and Bernier (2015) built the experimental
setup consisting of a 400 mm tall borehole inserted in center and top of the sand tank (length: 1.35
m, and diameter: 1.4 m). The single U-Tube copper pipe was inserted in the borehole. The
objective of this study was to measure the borehole wall temperature at various depths and different
times during the TRT. The results showed that the borehole wall temperature increased with an
increase in the duration of the TRT [54].

Liu et al. (2015) suggested a new VGHE design with three inlet pipes and one outlet (31-type)
and compared its performance to the single and double U-Tube VGHEs. Experimental results
showed that the thermal resistance of the 3I-type was 31% and 15.8% lower than the single and
double U-Tubes, respectively [41]. In an analysis of the influences of the different pipe material
properties (copper and high density polyethylene pipes) on the performance of VGHES, Ramadan
(2016) found the performance trend remains same for both copper and high density polyethylene
pipes in a ground heat exchanger [97]. Another field was conducted by Chang and Kim (2016) to
estimate the influence of two different pipe configurations, single U-Tube and double U-Tube, on
the thermal performance of VGHEs. The thermal resistance of the single and double U-Tubes was
0.130 m. K/ W and 0.081 m. K/ W, respectively [44]. In a numerical study investigated by Luo et
al. (2016) the thermal efficiency of four different pipe configurations (double-U, triple-U, double-
W, and spiral) was estimated. The triple U-Tube had a higher thermal efficiency, followed by the
double- W, the spiral type, and the double U-Tube. The results also indicated that the double -W
type had the lowest economic performance, followed by the spiral type, the double-U type, and
the triple-U type [45]. Two years later, another numerical study was investigated by Serageldin et
al. (2018) to improve the performance of VGHE by suggestion a novel U-Tube pipe configuration
(an oval U-Tube), and it compared a conventional single U-Tube. The results showed that the
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thermal resistance of the oval U-Tube was 0.125 m. K/ W, and 15.8% lower than the conventional
single U-Tube [98]. A field study was conducted by Bae et al. (2019) to estimate the thermal
performance for four different pipe types (High-density Polyethylene (HDPE) type, HDPE-nano
type, spiral fin type, and coaxial type). The results showed that the best option to reduce the thermal
resistance of the borehole was the spiral fin type (0.181 m. K/ W), followed by the HDPE-nano
type (0.181 m. K/ W), HDPE type (0.183 m. K/ W), and a coaxial type (0.306 m. K/ W) [99].

A recent laboratory study was conducted by Li et al. (2018) to estimate the effects of ground
stratification on the performance of GHEs. Two U-Tube copper GHEs were installed in a sand
tank (depth: 6.25 m, length: 1.5 m, and width 1 m), and the sand tank was filled with sand and
clay. The two U-Tube pipe consisted of two copper pipes that had an inner diameter of 5 mm and
diameter outer 5.5 mm with a length of 6.25 m. The results showed that an increase in the ground
heat injection rates leads to a significant increase in the effects of ground stratification [100]. One
year later, Liang et al. (2019) constructed an experimental setup with a small-scale spiral-tube
copper pipe VGHE inserted in the metal container (diameter: 0.8 m, and height: 1.1 m) setup to
investigate the influences of two parameters ((1) volume flow rate and (2) backfill materials) on
the thermal performance of a small-scale spiral-tube VGHE. The results showed that the heat
exchange rate in the spiral-tube VGHE in blend added to the sand with different Reynolds numbers
(3000 — 8000) enhanced by 20% — 31% compared to the native sand [101]. Researchers proposed
that testing times can be significantly reduced by using a radius of influence in the range of 0.5 m
to 1.5 m, this provides satisfactory temperature readings to determine thermal properties [102,
103]. In this study, a novel U-Tube pipe configuration (conventional single U-Tube with two outer
fins) is proposed to improve the thermal performance of VGHE by increasing the surface area for
a higher heat transfer rate. The primary aim of this study is to evaluate the thermal performance of
the novel U-Tube pipe configuration and compare it with the conventional single U-Tube pipe
configuration. In addition, the ground thermal properties for these two pipe configurations were
estimated by using line source theory (see section 3.2). In order to conduct TRTs, a small-scale
experimental setup was designed, constructed, and commissioned in the laboratory (see chapter
4),

The conventional single U-Tube pipe consists of two copper pipes that have an inner diameter

of 12.7 mm and outer diameter of 16 mm with a length of 1 m (see figure 4.5). The novel U-Tube
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pipe configuration consists of two copper pipes that have an inner diameter of 12.7 mm and outer
diameter of 16 mm with a length of 1 m. The fins are made of copper and have a cross-section of
8 mm x 4 mm, attached over the full height (1 m) of the U-Tube (see figure 4.6). Figure 5.1 shows
the cross-section of the two different pipe configurations. The parameters for the two different pipe
configurations of VGHEs are listed in Table 5.1.

borehole Fins

a) U-Tube pipe b)

Figure 5.1: Cross-section of the two different pipe configurations: (a) Conventional single U-
Tube; (b) Novel U-Tube pipe configuration

A total of 64 thermocouples (EXPP-K-24) are distributed at specific distances inside the sand
tank to measure the temperatures at different locations throughout the test and during the recovery
time until the sand temperature reached the initial temperature. The thermocouples can measure a
maximum temperature of 105 °C with an accuracy + 0.75 °C. Each direction has 16 thermocouples

as shown in Figure 5.2.
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Figure 5.2: Front view for the 16 thermocouples at borehole wall and in silica sand at specific
locations on the right side of sand tank

Table 5.1: Parameters for the two different pipe configurations of VGHESs

Parameters Value Unit
U-Tube pipe outer diameter 16 mm
U-Tube pipe inner diameter 12.7 mm
Space between U-Tube pipes 29 mm
Length of the U-Tube pipe 1.05 m
Thermal conductivity of copper pipe [104] 400 W/ m. K
Fin width 4 mm
Fin length 8 mm
Fin height 1 m
Thermal conductivity of copper fin [104] 400 W/ m. K
Borehole outer diameter (PVC) 82 mm
Borehole inner diameter (PVC) 75 mm
Thermal conductivity borehole wall (PVVC) [104] 0.19 W/ m. K
Thermal conductivity bentonite (grout) [105] 0.8 W/ m. K
Thermal conductivity of silica sand (ground/soil) [40] 242 W/ m. K
Specific heat of silica sand [40] 750 Jkg. K

Density of silica sand [40] 1700 Kg/ m®
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5.2 Experimental results

5.2.1 Effective ground thermal conductivity and borehole thermal

resistance

Two different approaches can be used to estimate the initial ground temperature before the TRT
started [81]. The first approach is to calculate the initial ground temperature with still water in the
U-Tube. The inlet and outlet borehole temperatures and the ground temperature at 64 locations in
the sand tank are recorded every 1 minute for about 1 hour by using the data acquisition system.
The second approach is to circulate the water in a close system through the VGHE for about 1 hour
and without adding heat during the test. Nevertheless, there was no heat injection during this
period, but at the same time some heat would be added into the system by the pump. Then, the
inlet and outlet borehole temperatures and the ground temperatures at the 64 locations in the sand
tank were recorded every 1 minute for 1 hour by using the data acquisition system. In this study,
the first approach is used to estimate the average initial ground temperature. The U-Tube in the
VGHE wall was filled with water for 7 days before the measurement started. The average initial

ground temperature was calculated to be 17.58 °C.

After the average initial ground temperature was calculated as shown before by using first
approach, the TRT was conducted for 130 hours (60 hours for the heat injection and 70 hours to
let the sand return to its initial ground temperature). A constant heat injection rate was used
throughout the TRT. The outlet fluid temperature leaving from the circulating bath and entering to
the VGHE was set to be 50 °C with a constant volumetric flow rate (V) of 0.730 L/ min. The inlet
and outlet fluid temperatures of the borehole were recorded every 5 minutes by using the data
acquisition system. As shown in Figure 5.3, the difference between the inlet and outlet
temperatures was 0.82 °C after 1hour. Then the temperature difference gradually decreased to 0.52
°C after 30 hours, and it decreased further to 0.4 °C after 60 hours.
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Inlet and outlet fluid temperature versus time
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Figure 5.3: Inlet and outlet fluid temperature for the conventional single U-Tube VGHE, during
heat injection

As shown in equation 3.2, there is a linear relationship between T, and In(t). The slope (m) =

0.6189 was calculated from Figure 5.4, and then substituting ‘m’ in the equation 3.27, A.;r was
calculated as 3.92 W/ m. K.
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Figure 5.4: Mean fluid temperature plotted versus logarithmic time, conventional single U-Tube
VGHE
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Using equation 3.9 and from the measured inlet (Tin) and outlet (Tout) temperatures, the heat
exchange rate per unit length (q) of VGHE was calculated. The borehole thermal resistance (R;,)

was calculated using the value of 4.7 (3.92 W/ m. K) in equation 3.2. The value of borehole

thermal resistance (Rp) at t > 5 r¥/ a (i.e. 73 min, see Appendix C; error 10%), was found to be
0.961 m. K/ W. Calculated results are presented in Table 5.2.

Four thermocouples (B1b, B2b, B3b, and B4b) were fixed on the right hand side at borehole
wall, 14.70, 30.30, and 45.00 cm from the center of the borehole, at a height of 700 cm from the
bottom of the sand tank. The four thermocouples (EXPP-K-24) measure the maximum temperature
of 105 °C with an accuracy + 0.75 °C. Before conducting the test, the initial ground temperature
of (B4b, B3b, B2b, B1b) were 17.75 °C, 17.98 °C, 18.06 °C, 18.09 °C, and they increased after 60
hours during the heat injection to 36.16 °C, 25.73 °C, 20.52 °C, 19.95 °C, respectively. The ground
temperatures of the (B4b, B3b, B2b, and B1b) decreased to 18.2 °C, 18.28 °C, 18, and 17.71 °C
after 70 hours from the end of the test as shown in Figure 5.5. However, the ground temperature
changed rapidly and reached to 36.16 °C after 60 hours at the borehole wall. It changed slowly
away from the borehole at 45 cm from the center of the borehole and reached 19.95 °C. The
ambient temperature was recorded during the TRT and recovery time by using a dada logger (OM
62), and it was confined at a range of 14.64 °C to 20.48 °C. The temperature measurement for the

OM-62 was at a range of -40 °C to 70 °C with an accuracy *0.5.
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Figure 5.5: Temperature measurement at the inlet and the outlet, borehole wall, and in sand at
different locations from the borehole wall, conventional single U-Tube VGHE

Another TRT was performed for the novel U-Tube pipe configuration with the similar boundary
conditions used with the conventional single U-Tube. The average initial ground temperature was
calculated to be 19.91 °C before the TRT started.

The TRT was conducted for 145 hours (65 hours for the heat injection and 80 hours to let the
system return to its initial ground temperature). A constant heat injection rate was used throughout
the TRT. The outlet fluid temperature leaving from the bath and entering to the VGHE was set to
be 50 °C with a constant volumetric flow rate of 0.703 L/ min. The difference between the inlet
and outlet temperatures was 0.97 °C afterl hour. Then the temperature difference gradually
decreased to 0.70 °C after 30 hours, and it got to 0.65 °C after 60 hours as shown in Figure 5.6.
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Inlet and outlet fluid temperatures versus time
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Figure 5. 6: Inlet and outlet fluid temperature for the novel U-Tube pipe VGHE, during heat
injection
As shown in equation 3.26, there is a linear relationship between Ty and In(t). The slope
(m) =0.6642 was calculated from Figure 5.7, and then substituting ‘m” in the equation 3.27, (4.f)

was calculated as 4.85 W/ m. K.

Mean fluid temperature versus Logarithmic time
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Figure 5.7: Mean fluid temperature plotted versus logarithmic time, novel U-Tube pipe VGHE

Using equation 3.9 and from the measured inlet (Tin) and outlet (Tout) temperatures, the heat
exchange rate per unit length (q) of VGHE was calculated. The value of borehole thermal
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resistance (R,) was calculated using the value of A.¢; (4.85 W/ m. K) in equation 3.25. The value

of borehole thermal resistance (R,) at t > 5 r?/ a (i.e. 73 min, see Appendix C; error 10%), was

found to be 0.680 m. K/ W. Calculated results are presented in Table 5.2.

As shown in Figure 5.8 the initial ground temperature of (B4b, B3b, B2b, B1b) were 21.08 °C,
22.02 °C,21.72 °C, 21.09 °C, and they increased after 60 hours during the heat injection to 41.03
°C, 29.28 °C, 23.71 °C, 21.69 °C, respectively. The ground temperatures of the (B4b, B3b, B2b,
and B1b) decreased to 20.26 °C, 20.55 °C, 19.74 °C, and 18.5 °C after 80 hours from the end of
the test as shown in Figure 5.8. However, the ground temperature changed rapidly and reached to
41.03 °C after 60 hours at the borehole wall. It changed slowly away from the borehole at 45 cm
from the center of the borehole and reached 21.69 °C. The ambient temperature was recorded
during the TRT and recovery time by using a data logger (OM-62), and it was confined at a range
of 14.84 °C to 21.32 °C.
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Figure 5.8: Temperature at the inlet and the outlet, borehole wall, and in sand at different
locations from the borehole wall, novel U-Tube pipe VGHE

Table 5.2 presents the difference between the inlet and outlet fluid temperatures (AT),

volumetric flow rate (V), heat injection rate (q), effective ground thermal conductivity (4.f), and

borehole thermal resistance (R;,) for the two different pipe configurations.

Table 5.2: Comparison values of AT, V, q, Aeff, and Rb for the two pipe configurations
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Pipe AT at 60 . q at 60 hrs
configurations hours °C v (L/min) wim) | Ferr WM O | Ry (- KIW)
Single l_J-Tub_e pipe 04 0.730 19.05 3.92 0.961
configuration
Novel U-Tube pipe 07 0.703 30.09 4.85 0.680

configuration

Two TRTs were conducted in the laboratory for the two different pipe configurations under
similar boundary conditions to demonstrate the impact of novel U-Tube pipe configuration on the
heat transfer rate of the VGHE. The two different pipe configurations are the conventional single
U-Tube and the novel pipe configuration (the conventional single U-Tube pipe with fins) as shown
in Figure 5.1. The two TRTSs are continued for a period of 60 hours. As shown in Figures 5.3 and
5.6, after 60 hours from starting the test, the difference between the inlet and outlet fluid
temperatures was 0.4 °C for the conventional single U-Tube pipe VGHE while it was 0.7 °C for
novel U-Tube pipe configuration VGHE. The later was increased by 0.29 °C. As would be
expected, the borehole thermal resistance also decreased from 0.961 m. K/ W to 0.680 m. K/ W
due to the introduction of external fins to the conventional single U-Tube (see table 5.2). The
effective ground thermal conductivity was 3.92 W/ m. K for the conventional single U-Tube pipe
configuration, and it was 4.85 W/ m. K for the novel U-Tube pipe configuration. The results also
indicate that that the heat exchange rate for the novel U-Tube pipe configuration was 30.09 W/
m, i.e. an increase of 11.04 W/ m compared to the conventional single U-Tube ( see table 5.2). The
results also show that the temperature at the borehole wall increased by 4.87 °C when the novel
U-Tube pipe configuration was used compared to the conventional single U-Tube. With the novel
U-Tube pipe configuration, at 45 cm from the center of the borehole and at different depths, the
highest temperature increased by 0.54 °C more than the conventional single U-tube pipe
configuration as shown in Figures 5.5 and 5.8. Based on the aforementioned observations, it can
be concluded that substantial improvement of thermal efficiency of VGHE can be made by the
introduction of external fins to the conventional single U-Tube pipe. In practical terms, it means
fewer boreholes are required when conventional single U-Tube pipes are replaced by the novel U-
Tube pipe configuration with external fins, and this, in turn, will reduce the VGHE installation

cost.
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5.2.2 Ground temperature

This section discusses the ground temperature behavior at and around the VGHES during the

heat injection and recovery time for the two pipe configurations.

5.2.2.1 Temperature at and around the conventional U-Tube pipe VGHE

As mentioned in section 5.1, the first TRT for a conventional single U-Tube VGHE was
conducted for 130 hours (60 hours for the heat injection and 70 hours with no heat injection to let
the system return to its initial ground temperature). The ground temperatures were measured by
thermocouples at different locations in the sand tank (Figure 5.9).

Tout Back T

180°
Left

Borehole wall

Front
Tﬂ" Tll
Left side Right side
e D
| ' 'y ' | e
N e e | e &
i : I} Thermocouples
R R T S (] S S S
¢ - ISOm > ;—SOan 7—~—" : 96 cm

70 cm : :
s | * e o P - .
35em , \ : ‘
| R S B R e g
v v 1 r : v Yem
H 147 cm A |
¢ 03cm 7

4
Y

45 cm

Figure 5.9: Front view for the 32 thermocouples on the right and left sides of sand tank -
conventional single U-Tube pipe VGHE

Figures 5.10 and 5.11 show the variation of temperature with time at 64 measurement points
inside the sand tank during the TRT and recovery time. Each of these figures consists of two

columns, and every column in each figure contains four graphs which represent the temperature
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changes at 16 point measurements inside the sand tank during 130 hours. The top row graphs show
the change in temperature with depth at the borehole wall, while the two middle row graphs show
the change in temperature with depth at horizontal distances of 14.7 cm and 30.3 cm, respectively,
from the center of the borehole. The bottom row graphs demonstrate the variation of temperature
with depth at horizontal distance 45 cm from the center of the borehole (i.e. close to the sand tank
wall). In Figures 5.10 and 5.11, four colors, blue, red, grey, and yellow, represent temperature

variation at heights of 96, 70, 35, 9 cm from the bottom of the sand tank, respectively.

In general, it is noticed that ground temperatures continue to go up during 60 hours of heat
injection and it did not reach to a steady state level (see Figures 5.10 and 5.11), unlike the fluid
temperature (see Figure 5.3).

The top row graphs describe the temperature changes with depth during the period of heat
injection and recovery time at the borehole wall. These graphs indicate a rapid rise in temperature
during the first hours, followed by a very slow linear increase in temperature, until the end of heat
injection (60 hours) period. Immediately after stopping the heat injection, the temperature
plummets by about 10 °C in two hours, and thereafter temperature decreased more slowly to the

initial temperature (about 18 °C) after about 70 hours of heat rejection.

The temperature variations with the depth at a radial distance 14.7 cm from the center of the
borehole show that temperature went up slowly at the beginning of the heat injection, compared
to the ground temperature at the borehole wall, and then the temperature increased rapidly until it
reached to the highest value at the end of heat injection period. During the recovery time, the
temperature declined rapidly and reached close to the initial temperature at the end of heat rejection
period. The temperature variations with the depth at 30.3 cm from the center of the borehole in the
sand tank showed an initial time lag (about 5 hours) or very slow rate of temperature increase and
then there was a gradual increase of temperature until the end of heat injection period (60 hours),
however, the rate of temperature increase was much slower than the borehole wall or at a distance
of 14.7 cm from the borehole wall. During the recovery time, the temperature started to drop slowly

back to the initial ground temperature.

The temperature variations at a distance of 45 cm from the center of the borehole shows that
the temperature at this plane changes very slowly and is significantly influenced by the ambient

temperature in the laboratory during the test.
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Figure 5.10: Measuring the temperature at different depth on the borehole wall and at specified

locations in the sand tank, conventional single U-Tube pipe VGHE
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Figure 5.11: Measuring the temperature at different depth on the borehole wall and at specified
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5.2.2.2 Temperature measurements at and around the novel U-Tube pipe
VGHE

The second TRT for the novel U-Tube pipe VGHE was conducted for 145 hours (65 hours for
the heat injection and 80 hours with no heat injection to let the system return to its initial ground
temperature). The ground temperatures were measured by thermocouples at different locations in

the sand tank as shown in Figure 5.12.
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Figure 5.12: Front view for the 32 on the right and left sides of sand tank, novel U-Tube pipe
VGHE

Figures 5.13 and 5.14 demonstrate the variation of temperature with time at 64 measurement
points inside the sand tank during the TRT and recovery time. Each of these figures consists of
two columns, and every column in each figure contains four graphs which represent the

temperature changes at 16 point measurements inside the sand tank during 145 hours. The top row
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graphs represent the change in temperature with depth at the borehole wall, while the two middle
graphs illustrate the change in temperature with depth at horizontal distances of 14.7 cm and 30.3
cm, respectively, from the center of the borehole. The bottom row graphs show the variation of
temperature with depth at horizontal distance 45 cm from the center of the borehole (i.e. close to
the sand tank wall). Four colors, blue, red, grey, and yellow, represent temperature variation at

heights of 96, 70, 35, 9 cm from the bottom of the sand tank, respectively.

In general, it is noticed that ground temperatures continue to go up during 65 hours of heat
injection and it did not reach to a steady state level (see Figures 5.13 and 5.14), unlike the fluid
temperature (see Figure 5.6). This phenomenon was observed in the case of conventional U-tube
pipe too.

The top row graphs describe the temperature changes with depth during the period of heat
injection and recovery time at the borehole wall. These graphs indicate a rapid rise in temperature
during the first hours, followed by a very slow linear increase in temperature, until the end of heat
injection (65 hours) period. Immediately after stopping the heat injection, the temperature
plummets by about 12 °C in two hours, and thereafter temperature decreased more slowly to the

initial temperature (about 20 °C) after about 80 hours of heat rejection.

The temperature variations with depth at horizontal distance 14.7 cm from the center of the
borehole show that temperature increased slowly at the beginning of the heat injection, compared
to the ground temperature at the borehole wall, and then the temperature increased rapidly until it
reached to the maximum value at the end of the heat injection period. During the recovery time,
the temperature declined rapidly and reached close to the initial temperature at the end of heat

rejection period.

The curves located at 30.3 cm from the center of the borehole and at different depths in the sand
tank did not change significantly during the first seven hours, and thereafter the temperature

increased slowly until the end of heat injection period.

The temperature variations at a distance of 45 cm from the center of the borehole shows that
the temperature at this plane changes very slowly and is significantly influenced by the ambient

temperature in the laboratory during the test.
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locations in the sand tank, novel U-Tube pipe VGHE
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Figure 5.14: Measuring the temperature at different depth on the borehole wall and at specified
locations in the sand tank, novel U-Tube pipe VGHE
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Aforementioned observations clearly indicate that overall ground temperature variation
patterns for conventional U-Tube pipe and novel U-Tube pipe configuration remain same.
However, a closer look at the results would show that after 60 hours from starting the test, the
average temperatures at the borehole, in the case of conventional U-Tube pipe configuration, were
35.80 °C (right), 37.79 °C (left), 33.72°C (front) and 34.55 °C (back), and the same for the novel
U-Tube pipe configuration were 40.07 °C (right), 41.32 °C (left), 36.53°C (front) and 37.56 °C
(back). The inlet and outlet fluid temperatures were 49.47°C and 49.09°C for conventional U-Tube
pipe configuration, and 49.29 °C and 48.62 °C for novel U-Tube pipe configuration. The fluid
flow rates were 0.730 L/ min during the test with the conventional U-Tube pipe, and 0.703 L/ min
during the test with the novel U-Tube pipe configuration. These critical observations indicate

higher heat injection in the ground when the novel U-Tube pipe configuration was used.

5.3 Summary of observations

The results from the TRTs conducted in the laboratory on a small-scale VGHE with two
different pipe configurations, a conventional single U-Tube and the same with external fins, have
been presented and examined in this chapter. The main observations are outlined below:

e The difference between the inlet and outlet temperature for the novel U-Tube pipe
configuration (i.e. with external fins) was 0.7 °C after 60 hours while the difference
between the inlet and outlet temperatures for the conventional single U-Tube pipe
configuration was 0.4 °C after 60 hours. Thus, 76.3% increase in temperature difference
has been achieved due to the use of novel pipe configuration.

e The effective ground thermal conductivity for the novel U-Tube pipe configuration was
4.85 W/ m. K, a 23.64% increase compared to the conventional single U-Tube pipe
configuration.

e The borehole thermal resistance for the novel U-Tube pipe configuration was found to be
0.680 m. K/ W, which is 29.22% lower than that of the same with conventional single U-
Tube pipe.

e The increased ground temperatures with the novel U-Tube pipe configuration, compared
to single U-Tube pipe configuration, clearly indicate superior heat transfer performance of

novel pipe configuration.
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e Introduction of external fins to single U-Tube pipe configuration helps to reduce the

number of boreholes by about 58%, which will in turn decrease the installation cost.
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Chapter 6

Effect of different grout materials and heat

Injection rate on the performance of VGHE

Abstract

Grout materials are used to increase the heat transfer rate between the heat carrier fluid (water)
in the pipes and the ground, and enhance the thermal efficiency of vertical ground heat exchangers
(VGHEs). The knowledge of ground thermal properties is considered a prerequisite in order to
reach the ideal design for VGHEs. In this study, two different grout materials (bentonite and silica
sand) and two different inlet water temperatures (50 °C and 60 °C) are used to evaluate the
influence of those parameters on the thermal efficiency of VGHE with novel U-Tube pipe
configuration. The results show that the difference between the inlet and outlet water temperatures
of VGHE increases with an increase in the inlet water temperature. The differences between the
inlet and outlet water temperatures of VGHESs with silica sand are found to be higher than the same
with bentonite. The borehole thermal resistance values for the VGHEs with silica sand are lower
than the same for with bentonite. The heat exchange rates in the VGHESs with silica sand are higher
compared to the VGHESs with bentonite. In addition, the heat exchange rates in VGHES increase

with an increase in the inlet water temperature.

6.1 Introduction

Ground source heat pumps (GSHPs) are utilized to transfer the thermal energy between the
ground and buildings for the purpose of heating, cooling, and hot water in the buildings. GSHPs
consist of heat pumps and ground heat exchangers (GHEs). A VGHE is used as a device to extract
heat in the winter and inject heat in the summer from/ into the ground. This system does not depend
on the outside temperature. Several variables such as the filling inside the borehole, borehole

diameter, pipe size, pipe configuration, heat injection rate etc. have significant impacts on the
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values effective ground thermal conductivity and borehole thermal resistance, the two most

important performance parameters for VGHE.

Laboratory studies were conducted by Gu and O’Neal (1998) to estimate the effects of backfills
(bentonite/masonry sand and bentonite/copper powder) on the thermal performance of VGHEs.
The results showed that backfill materials had an impact on the thermal performance of VGHESs
[83]. Researchers conducted laboratory and field studies to estimate the effects of increasing the
thermal conductivity of the grout on the borehole thermal resistance. Laboratory and field results
indicated that the thermal resistance of grout decreased with an increase in the grout thermal
conductivity [17]. Four different types of grout materials were tested to estimate the effects of
these different types of grout materials on the borehole thermal resistance of double U-Tube
VGHEs. The four different types of grout materials were (1) bentonite, (2) bentonite with spacers,
(3) 50% sand and bentonite with spacers, and (4) Quartz sand with spacers. The lowest borehole
thermal resistance of double U-Tube VGHE was with quartz sand and spacers, followed by 50%
sand and bentonite with spacers, bentonite with spacers, and bentonite without spacers [20]. Esen
and Inalli (2009) conducted three TRTs with three different depths (30 m, 60 m, and 90 m) to
estimate the thermal performance of the single U-Tube VGHE. The results of the cooling and
heating experiments indicated that the thermal performance of the single U-Tube VGHE increased
with an increase in borehole depth [50, 106]. Theoretical and experimental studies were used to
analyze the impacts of the grout thermal conductivity on two parameters (the borehole thermal
resistance and the heat exchange rate) in the VGHE. The results showed there was a significantly
more decrease in the total thermal resistance when the thermal conductivity of the grout was
changed from 0.75 W/ m. K to 1.5 W/ m. K than when the thermal conductivity of grout was
changed from 1.5 W/ m. K to 2.4 W/ m. K. It was also recommended that the thermal conductivity
of the grout be larger than the thermal conductivity of the soil to enhance the heat exchange rate
of VGHE [73]. Experimental studies were done to estimate the influences of multi-injection-rate
on two VGHEs with lengths of 75 m and 150 m. The heat injection rate was in range of 21 W/ m
to 83 W/ m. The results indicated that the convective flow in the VGHE increases with an increase
in the heat injection rate, followed by a decrease in the borehole thermal resistance from 0.12 m.
K/ W to 0.065 m. K/ W [22]. Field studies were conducted to estimate the effects of the two
different construction parameters on the borehole thermal resistance of single U-Tube VGHEs.
The two different construction parameters were: (i) grout materials (cement and bentonite) and (ii)
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additives (silica sand and graphite). The cement grout had a higher thermal efficiency than the
bentonite grout. It was also indicated that the graphite had a convincing performance to enhance
the thermal efficiency compared to silica sand [4]. Field TRTs were conducted to estimate the
effects of different backfill materials on the thermal performance of VGHE. The obtained results
indicate that the thermal conductivity of sand—bentonite mixtures increased with an increase in the
bentonite percentage in the form of dry mass until it reached to the highest at the range of 10% to
12%. The heat injection and heat extraction rates were enhanced by 31.1% and 22.2% with sand—
bentonite backfill material compared to a common sand—clay material [107]. Experimental studies
were carried out to estimate the influences of the four different grouting materials on ground
thermal properties. However, the four thermal response tests (TRTs) were conducted in same
geological area, and every borehole was filled by a different grout mix. The results showed that an
increase in the grout thermal conductivity leads to a reduction in the thermal resistance of grout
mix [108]. Laboratory studies were carried out to estimate the effects of three different grout
materials (silica sand-based, bentonite-based, and homemade admixture containing natural
graphite) on the performance of the VGHEs. Laboratory results indicated that homemade
admixture containing 5% natural graphite had a higher thermal conductivity, followed by silica
sand-based, and the bentonite-based [26]. Shirazi and Bernier (2014) built a small-scale
experimental apparatus to run TRTs. A borehole Plexiglas pipe was inserted in the sand tank
(length: 1.35 m and diameter: 1.4 m), and a single U-Tube copper pipe was inserted in the borehole.
The results indicated that the borehole thermal resistance was 0.61 m. K/ W [63]. Cimmino and
Bernier (2015) built a small-scale experimental apparatus to run TRTSs in the laboratory. A small-
scale borehole (length: 400 mm) was inserted in a sand tank (length: 1.35, and diameter: 1. 4 m),
and a single U-Tube copper pipe was inserted in the borehole. In this study, the temperature along
the borehole was measured during the TRT and the heat injection rate was calculated [54].
Experimental studies were performed to estimate the influences of two different parameters: (1)
two different backfill materials (cement- gravel) and (2) two different heat injection rates (45 W/
m and 90 W/ m) on the thermal performance of VGHEs. The borehole thermal resistance of the
VGHEs with gravel and cement was decreased by 9.8% and 8.7%, respectively, as the heat rate
was doubled. However, the borehole thermal resistance of the VGHE with cement was higher than
that of the VGHE with gravel [28]. Five TRTs were performed to study the effects of multi-rate
heat injections on the ground thermal properties of the single U-Tube VGHESs. The heat injection
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rate was in a range of - 45 W/ m to 75 W/ m, and the space between the borehole and the single
U-Tube was filled by groundwater. The results illustrated that the value of the borehole thermal
resistance varied between 0.042 m. K/ W and 0.095 m. K/ W. However, the value of the effective
thermal conductivity was between 3.3 W/m. K and 3.4 W/m. K [109]. Li et al. (2018) established
an experimental box (6.25 m x 1.5 m x 1 m) to investigate the transient heat transfer performance
of double U-Tube GHE in layered ground. Two U-Tubes copper pipes were inserted in the
experimental box, which was filled with sand and clay. Then, the experimental results were
compared to the numerical results [100]. Field studies were done to evaluate the influences of two
different parameters (borehole depths and rock types) on the thermal performance of VGHESs. The
two different parameters were rock types (Gneiss, Alluvium, and Granite), and borehole depths
(150 m and 200 m). The results showed that the highest ground effective thermal conductivity was
with gneiss, followed by alluvial, and granite. The ground effective thermal conductivity increased
with the depth increase [30]. A numerical study was investigated to estimate the effects of two
parameters (grout thermal conductivity and grout heat capacity) on thermal performance of
VGHEs. The results indicated that the grout heat capacity had 5.2% higher compared to the grout
thermal conductivity [110]. Laboratory studies were conducted by Li et al. (2019) to estimate the
influence of VGHEs in a layered subsurface. The results indicate that using various geological
materials resulted in different heat transfer efficiencies of VGHESs because of different temperature
distributions [111]. TRTs were performed to evaluate the impacts of two different parameters (heat
injection rate and volumetric or recirculation flow rate) on the ground properties of conventional
single U-Tube VGHEs. It was reported that the effective thermal conductivity increased with an
increase in the heat injection rate. The results also showed the ambient temperature had a higher

impact with decrease in recirculation flow rate [89].

The main objective of this study is to estimate the effects of two different grout materials
(bentonite and silica sand) and two different heat injection rates (circulating fluid temperatures: 50
°C and 60 °C) on the thermal efficiency of VGHE with novel U-Tube pipe configuration (single
U-Tube pipe with two outer fins) as shown in Figure 6.1. Line source theory is used to estimate
the effective ground thermal conductivity and the borehole thermal resistance (see section 3.2).
Parameters for the pipe configurations, borehole, and grouting materials of the VGHE are listed in
Table 5.1.
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Figure 6.1: Cross section of the novel U-Tube pipe VGHE

6.2 Analysis of experimental results

TRTs are widely used to estimate the thermal properties of GHESs that are coupled with heat
pumps for GSHP applications. The principle of the TRT is described in a number of different
studies (e.g., see the references [14, 80]). In this research, the circulating bath is used to inject heat

to the fluid (water) in a closed circle in and out of the VGHE.

In this study, four TRTs were performed in the laboratory between February 2018 and April,
2018 (see section 4.1). During the first two TRTSs, the space between the pipe configuration and
the borehole wall was filled with bentonite (VGHE No. 1 and 2), while during the other two TRTs,
the space between the pipe configuration and the borehole wall was filled with silica sand (VGHE
No. 3 and 4). In addition, TRTs were performed using two different constant inlet water
temperatures (50 °C and 60 °C) for both grout materials (see Table 6.1).

Table 6.1: Test VGHE No., grouting materials of VGHE, and different inlet water temperatures
coming from the circulating bath

Test VGHE No. Grout Inlet water temperatures coming
from the circulating bath
1 bentonite 50°C
2 bentonite 60 °C
3 silica sand 50°C
4 silica sand 60 °C

The average initial ground temperatures were found to be 19.91 °C and 18.96 °C for the first
two TRTs (VGHE No. 1 and 2) as shown in Table 6.2. As shown in the Figures 6.2 to 6.5, the inlet
and outlet water temperatures increased rapidly as soon as the test started. Then water temperatures

reached to a constant value within a few hours. During the first two TRTs, borehole with bentonite
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(VGHE No. 1 and 2), the inlet and outlet water temperature differences (ATs) were within a range
of 0.67 °C to 0.83 °C after 50 hours of starting the test, as shown in Figures 6.2 and 6.3. Table 6.2
shows results from the first two TRTSs, including the initial ground temperature, water flow rates,

and the difference between the inlet and outlet water temperatures.
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Figure 6.2: Inlet and outlet water temperatures versus time (Inlet water temperature was 50 °C)
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Figure 6.3: Inlet and outlet water temperatures versus time (Inlet water temperature was 60 °C)

The average initial ground temperatures were found to be 21.09 °C and 20.99 °C for the other
two TRTs (VGHE No. 3 and 4) as shown in Table 6.2. During other two TRTSs for the borehole
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with silica sand (VGHE No. 3 and 4), the inlet and outlet water temperature differences (ATs) were
within a range of 0.69 °C to 0.86 °C after 50 hours from starting the test, as shown in Figures 6.4
and 6.5. Table 6.2 shows results for the other two TRTSs, including the average initial ground

temperature, water flow rates, and the difference between the inlet and outlet water temperatures.
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Figure 6.4: Inlet and outlet water temperatures versus time (Inlet water temperature was 50 °C)
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Figure 6.5: Inlet and outlet water temperatures versus (Inlet water temperature was 60 °C)
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The results presented in Figures 6.2 and 6.3 show that during the first two TRTSs, with bentonite
grout, the differences between the inlet and outlet water temperatures of the VGHE were 0.67°C
and 0.83°C for inlet water temperature 50°C and 60 °C, respectively. During the second two TRTs,
with silica sand grout, the differences between the inlet and outlet water temperatures of the VGHE
were 0.69 °C and 0.86 °C for inlet water temperature 50°C and 60 °C, respectively (see Table 6.2).
These observations indicate a highly linear relationship between the heat injection rate, and

difference between inlet and outlet water temperature (AT) for both bentonite and silica sand grout.

Table 6.2: Conditions of tests and final water temperature difference during TRTs

Test VGHE No.  TRT starting time Flow rate V T, (AT) at 50 hours
(MM DD, YYY) L/ min (°C) (°C)
1 Feb 06, 2018, 14:15 0.684 19.91 0.7
2 Feb 12, 2018, 20:15 0.684 18.96 0.8
3 April 10, 2018, 9:20 0.688 21.09 0.7
4 April 23, 2018, 8:10 0.684 20.99 0.9

6.2.1 Effective ground thermal conductivity and borehole thermal

resistance

As shown in equation 3.26, there is a linear relationship between Tr and [n(t). The slope (m)
values for first two TRTs (VGHE No. 1 and 2) = 0.6642 and 0.9759 were calculated from Figures
6.6 and 6.7, and then substituting ‘m’ in the equation 3.27, A.r were calculated as 4.85 W/ m. K

and 5.03 W/ m. K, respectively.
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Mean fluid temperature versus Logarithmic time
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Figure 6.6: Mean fluid temperature versus logarithmic time (Inlet water temperature was 50 °C)
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Figure 6.7: Mean fluid temperature versus logarithmic time (Inlet water temperature was 60 °C)

The values of borehole thermal resistance (R,,) for the first two TRTs were calculated using the
values of A, (4.85 W/ m. Kiand 5.03 W/ m. K) in equation 3.25. The values of borehole thermal
resistance (Rp) at t > 5 r% o (i.e. 73 min, see Appendix C; error 10%), were found to be 0.680 m.
K/ W and 0.597 m. K/ W, respectively, as shown in Table 6.3.
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As shown in equation 3.26, there is a linear relationship between T, and [n(t). The slope (m)
values for other two TRTs (VGHE No. 3 and 4) = 0.5494 and 0.8339 were calculated from Figures
6.8- 6.9, and then substituting ‘m’ in the equation 3.27, A, were calculated as 5.90 W/ m. K and
6.60 W/ m. K, respectively.
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Figure 6.8: Mean fluid temperature versus logarithmic time (Inlet water temperature was 50 °C)
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Figure 6. 9: Mean fluid temperature versus logarithmic time (Inlet water temperature was 60 °C)

The values of borehole thermal resistance (R,,) for the other two TRTs were calculated using
the values of A.¢¢ (5.90 W/ m. K and 6.60 W/ m. K) in equation 3.25. The values of borehole
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thermal resistance (R,) at t > 5 r?/ o (i.e. 73 min, see Appendix C; error 10%), were found to be
0.649 m. K/ W and 0.504 m. K/ W, respectively, as shown in Table 6.3.

Table 6.3: Effective ground thermal conductivity, borehole thermal resistance, and heat injection
rate

Test VGHE No.  TRT starting time Aesr (W/m.K)  Rp(m. K/'W) q (W/m)

(MM DD, YYY)
1 Feb 06, 2018, 14:15 4.85 0.680 30.35
2 Feb 12, 2018, 20:15 5.03 0.597 37.20
3 April 10, 2018, 9:20 5.90 0.649 30.98
4 April 23, 2018, 8:10 6.60 0.504 38.90

As shown in Figures 6.6- 6.9, four TRTs were performed with two different gout materials
(bentonite and silica sand) and two different heat injection rates (circulating fluid temperatures: 50
°C and 60 °C). The obtained results collected during the TRTs for the borehole with bentonite
(VGHE No. 1 and 2) show lower effective ground thermal conductivities than those collected
during the TRTSs for the borehole with silica sand (VGHE No. 3 and 4), as shown in Table 6.3. For
example, the effective ground thermal conductivity was compared between a borehole with
bentonite (VGHE No. 1) and a borehole with silica sand (VGHE No. 3), all with the same water
temperature coming from the circulating bath at 50 °C. It was noticed that the effective ground
thermal conductivity for the borehole with bentonite (VGHE No. 1) was 4.85 W/ m. K, while the
effective ground thermal conductivity for the borehole with silica sand (VGHE No. 4) was 5.90
W/ m. K. Also the obtained results show that the borehole thermal resistance for the (VGHE No.
1 and 2) with bentonite were higher compared to (VGHE No. 3 and 4) to the same with silica sand,
as shown in Table 6.4. For example, the borehole thermal resistance was compared between a
borehole with bentonite (VGHE No. 1) and a borehole with silica sand (VGHE No. 3), all with the
same water temperature coming from the circulating bath at 50 °C. The borehole thermal resistance
for the borehole with bentonite (VGHE No. 1) was 0.680 m. K/ W, while the borehole thermal
resistance for the borehole with silica sand (VGHE No. 4) was 0.649 m. K/ W. The lowest borehole
thermal resistance (0.504 m. K/ W) was found to be at the borehole with silica sand (VGHE No. 4),

and with a water temperature of 60 °C coming from the circulating bath. The heat exchanger rate
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for the (VGHE No. 1 and 2) with bentonite silica sand were lower than that for the (VGHE No. 3
and 4) with silica sand (see Table 6.3).

6.3 Summary of observations

In this chapter, four TRTs were conducted in the laboratory to estimate the influence of different
grout materials and heat injection rates on the thermal efficiency of VGHEs. Two different inlet
water temperature and two different grout materials were used. Line source theory was applied to
estimate the effective ground thermal conductivity (A. ) and the borehole thermal resistance (R).

The main observations of this investigation are summarized below:

e The heat exchange rate of VGHE is influenced by the circulation water temperature from
the bath (i.e. different heat injection rate). Two different inlet water temperatures (50 °C
and 60 °C) coming from the circulating bath were used during the first two TRTs (VGHE
No. 1 and 2), all with bentonite as grout. Another two TRTs (VGHE No. 3 and 4), used
silica sand as grout with the same inlet water temperatures (i.e. 50 °C and 60 °C). The
obtained results show that after 50 hours from starting the test, the difference between the
inlet and outlet water temperatures of the VGHE were 0.67 °C and 0.83 °C for the first two
TRTs, while they were 0.69 °C and 0.86 °C for the other two TRTS, respectively.

e The results show that the effective ground thermal conductivity values obtained from TRTs
(VGHE No. 1 and 2), with bentonite as grout, were 4.85 W/ m. K and 5.03 W/ m. K, while
the effective ground thermal conductivity values obtained from TRTs (VGHE No. 3 and
4), with silica sand as grout, were found to be 5.90 W/ m. K and 6.6 W/ m. K, respectively.
Therefore, the effective ground thermal conductivity values of VGHEs No. 1 and 2, with
bentonite as grout, were lower than those for the VGHEs No. 3 and 4, all with silica sand
as grout. It is noted that thermal conductivity of bentonite was also lower than silica sand
(see Table 5.1).

e The results show that the borehole thermal resistance values for VGHEs No. 1 and 2, with
bentonite as grout, were 0.680 m. K/ W and 0.597 m. K/ W/, respectively, and the same for
VGHEs No. 3 and 4, with silica sand as grout, were 0.649 m. K/ W and 0.504 m. K/ W,

respectively. The observations presented in this study confirm the beneficial influence of
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using grout materials with higher thermal conductivity or lower thermal resistivity on the

overall thermal efficiency of VGHEs.
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Chapter 7

Conclusion and scope of future work

This chapter first outlines the conclusions from this study, and then suggests the scope for

further research.

7.1 Conclusions

The primary objective of this research is to improve the heat exchange efficiency of vertical
ground heat exchanger (VGHE). After conducting a detailed the literature review, thermal
response tests (TRTs) were carried in a purpose-built small-scale laboratory test setup, and
experimental observations were documented and critically analyzed using line source theory.

Conclusions are summarized below:

1. The literature shows that increasing the surface area of the pipe configuration enhances the
heat transfer rate in VGHE.

2. Experimental results from this study confirm that a novel U-Tube pipe configuration, created
by adding two fins on two directions of the outer side of the conventional single U-Tube pipe,
increases the surface area for heat transfer, resulting in increasing the heat transfer rate in the
VGHEs.

3. The difference between the inlet and outlet temperatures for the novel U-Tube pipe
configuration increased by 0.29 °C after 60 hours, which is 76.3% higher than that of the
conventional single U-Tube pipe configuration.

4. The borehole thermal resistance for the novel U-Tube pipe configuration decreased by 0.281
m. K/' W, which is 29.2% lower than that of the conventional single U-Tube pipe configuration.

5. The effective ground thermal conductivity for the novel U-Tube pipe configuration increased
by 0.93 W/ m. K, which is 23.6% higher than that of the conventional single U-Tube pipe

configuration.
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The results showed that the heat exchange rate for the novel U-Tube pipe configuration was
increased by of 11.04 W/ m, which is 58% higher compared to the conventional single U-Tube.
The results indicated that the average ground temperatures at the borehole, in all four
directions, for the novel U-Tube pipe configuration were higher than the same for the
conventional U-Tube pipe configuration. This mean more heat rejected into the ground when
the novel U-Tube pipe configuration was used.

Tests conducted in the laboratory, to investigate the effects of two grout materials (bentonite
and silica sand) on the thermal efficiency of VGHE, show that the heat exchange rate for the
with silica sand (grout) was higher compared to the same with bentonite. Quite naturally, the
borehole thermal resistance with bentonite as grout was found to be higher than the same with
silica sand.

Tests conducted in the laboratory, to investigate the effects two different inlet fluid
temperatures on the thermal efficiency of VGHE, show that difference between the inlet and
outlet temperatures increased with the increase of inlet fluid temperature coming from the
circulation bath.

Overall the results obtained from this research indicate that increased surface area of the U-
Tube pipe due to external fins enhances the heat transfer rate, resulting in an improvement in
the thermal performance of the VGHE, and reduced cost of installation and materials for the

ground source heat pump (GSHP).

7.2 Scope of future work

In this research, the concept of external fins to increase the thermal efficiency of vertical ground

heat exchanger (VGHE) has been successfully introduced and demonstrated through small-scale

laboratory tests. However, further investigations are needed to advance this concept to real life

applications as outlined below:

1.

Conduct large-scale laboratory and field studies to further characterise the beneficial impacts
of single U-tube pipe with external fins on the thermal performance of VGHE.

Copper pipe was used in this small-scale laboratory study. Further investigations should be
carried out both in laboratory and field using High-density polyethylene (HDPE) U-tube pipe

with fins.
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3. Different shapes and size of the fins on U-tube pipe and their impacts on the thermal
performance of VGHE should be investigated and optimum size and shape of the fins should

be determined.
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Appendix A

Heat transfer through extended surfaces (fins)

Temperature distribution and heat transfer rate for two types of fin shapes (rectangular and

trapezoidal) are shown below:

A.1 Heat transfer through the rectangular fin

A
g A

TT Qcond
TDJL Afr:ﬂ

T Q‘.I'
—_— P
Qx+dx
dx _t»
i

v i Y Qcond

Figure A.1: Top view of rectangular fin.

A, = Cross-sectional area (m?)

Acona = Surface area of the element (m?)

L = Fin length (m)

L4 = Grout thickness (m)

P = Perimeter (m)

q.ona = Heat transfer (conduction) from the surface of the element to the surrounding grout (W)
qrin = Conduction heat flow at the base of the fin (W)

q, = Conduction heat flow rate in the element (W)

qx+dx = Conduction heat flow rate out of the element (W)



T = Temperature of element (°C)

T, = Base temperature (°C)

T,= Grout temperature (°C)

T, = Fin temperature at length L (°C)

w = Fin thickness [depth] (m)

T = Fin width at the base (m)

Asin = Fin thermal conductivity (W/ m. K)
Ag4 = Grout thermal conductivity (W/ m. K)

Heat flow rate into the element is,
dT

qx = _Afin Aca

The conduction heat flow rate in and out of the element,

dx = Qx+ax t 2 Gcona
Substituting the value of g, INtO Gy 4 gy,

d
Qx+ax = qx + ix (qx)dx
qcona= Conduction heat transfer from the surface of element to the grout,

Qcond = l cond(T T, ) = 2 (P X dX)(T )

Where A,ynq IS the surface area (Perimeter (P) X dx) of the element.

Substituting the values of g4y and g.,»q1Nt0 equation (A.2),
2
Gx = Ox + o= (—Apin Ac T dx + 222 (P x dx)(T —T,)
g
Equation (A.5) becomes,
da ar
£ (422 (T -1,) =0

d?T | dT dA.
Cdx?2  dx dx lfm Lg

P(T-T,)=0

In rectangular fin, A, is constant, A, = w t

The equation (A.7) becomes,

a’*T Ag P

T =
dx? lfm Lg Ac d 0

Ag P Ag P Ag w A
2=2_19" o [p 97 _ | 19® _ [p_ %9
Afin Lg Ac lfln LgAc Afin Lgwrt /Ifin Lgt

Let & = T — T, and substituting the value of &2 into equation (A.8)

(A1)

(A2)

(A.3)

(A4)

(A.5)

(A.6)

(A7)

(A.8)

(A.9)
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L8 e29=0 (A.10)
Equation (A.10) represents a second order differential equation, and the general solution for
this equation is,
0=Ce*+(Ce ¥ (A.11)

Where Ciand C;are constants, and these constants can be determined by using boundary
conditions.
In this case, the length of the finis L.

atx =0,T =T,

91) - Cl + CZ (A13)
atx=LT=T,
Ag*Ac . d_T
254 (T, = Ty) = ~Agin Ac (dx)x=L (A.14)

Dividing the equation A.14 by A, and substituting the values of % and 6, instead of % and (T, —

T,) respectively.

Yag — _y.. (4
120, = ~Apun (dx)sz (A.15)
From equation A.11, 8 = C, e¥* + C, e ¥
C=eC e —eCe ™ (A.16)
ﬁ — &L __ —&L
(dX)sz =eCel—eCye (A.17)
HL = Cl esL + CZ e_EL (A18)
By substituting the values of (ﬁ) and 6, into equation A.15,
dx x=L
j—Z(cl el + Cye~oL) = —Apy (e Cy et — & Ce~eL) (A.19)
A
—9 _(Ciet +Cre )+ (Creft — Ce ) =0
Lg Afin &
-—ﬁL—Qeﬂ+—;@——Qeﬁh+cﬁﬂu-ge*Lzo
Lg /1fin & Lg Afin &

A A
C 9 eL eL C 9 ,—¢eL _ ,—€Ly — 0
1(Lglfee +e®) + Z(nge e %)

A A
C —gesL + esL) =C, (e €L — —ge—sL
1 <Lg Afin & 2 ( Lg Afin & )
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A
—elL __ g —eL
c c (e L Afin & €
1 — L2
(_g eel 4 eeL)
Lg /1fin &
By substituting the value of C; into equation A.13,
A
e—eL _ g e—sL
_ ( Lg /1fin & )
0, =C, + G,
_’g EL L
( L,e et + e¢ )
Oy
CZ = /1
(e—sL _ —ge—eL>
( Lg Afin & n 1)
(A—g eEL + eSL)
Lg /1fin &
By substituting the value of C, into equation A.13,
1
C, = 6,(1— 7 )
(e—sL — —ge—£L>
Lg Afin & i1
(A«—g egL + e€L>
Lg Afin &
By substituting the values of C; and C, into equation A.11,
1 0 -
0=06,1- (E_SL_ T e_sL) et + <e_£L_ Agb e_€L> e~
Lg )‘fing 1 ( Lg Afing . 1)
P ' 2 '
(Lg A){]in €e£L+e£L) (Lg Aﬁin £e€L+e€L>
i — — 1 EX 1 —&X
Op - (1 (e—sL_ g e—sL) )e + (e—sL_ Ag e—sL) € (AZO)
Lg Afine 1 ( Lg Afing ) 1)
2 ' 2 '
(Lg A?in SegLJ'egL) <Lg l;?in €e£L+e8L>
d do
4fin = 9base = _AfinAc élxzo = _AfinAc a]x=0 (A21)
ﬁ — _ 1 EX __ 1 —&X
dx Hbg[(l <e—sL_ *g e—gL) )e (e—sL_ tg e—sL) € ] (A22)
L).fins 1 Lg Afins 1
( (Lg ;};‘qin EesL+esL> ) ( (Lg j}qin 568L+68L> >
ﬁ = — 1 & 1 —&x
(%), = ol (z—r— e (z—r—— Jx=0
Lg Afing 1 Lg Afing 1
< ( Ag e5L+e5L> I ) ( < Ag e£L+esL> I )
LgAfin € Lg Afin €
- . (A.23)

o = Ope[(1 - 7 ) — p) ]

A A
) eL sL) < g €L sL)
e“~+e e<“+e
<Lg ﬂ.finé Lg Afing
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From equations A.21 and A.23,
1

Afin = —ArinAcOpe[(1 — ) — : ] (A.24)

A A
(E_SL_L lfgjn Se_gL) <e_£L_L Af‘?n Ee_SL)
4g &Ly o€l +1 4g el €L +1
(Lg Afin G ) (Lg Afin e )
Heat transfer through the rectangular fin (W) =
1 1
dfin = —Arin(@ )0pe[(1 — ) — 7 ] (A.25)

A
e—€L___ 79 e—eL) <e—sL_ ) e—sL)
( Lg Afin¢ 11 Lg Afin € 11
T T
( g eeL+eeL> ( g 88L+8€L)
LgAfine LgAfine

A.2 Heat transfer through the trapezoidal fin

T T3
Tl "f-# T- ----"'--.-.-.
‘;Lfm ‘ -'

Figure A.2: Top view of trapezoidal fin

Aona = Surface area of the element (m2)

A, = Cross-section area at distance (m2)

T = Fin width at the base (m)

L= Fin length (m)

L,= Length from the end of the fin to the cross point of the two lines (m)
Ly =L+ L, (m)

L4 = Grout thickness (m)

P = Perimeter (m)

dcona = Heat transfer (conduction) from the surface of the element to the surrounding grout (W)
qrin = Conduction heat flow at the base of the fin (W)

q, = Conduction heat flow rate in the element (W)

qx+dx = Conduction heat flow rate out the element (W)
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T = Temperature of element (°C)

T, = Base temperature (°C)

T,= Grout temperature (°C)

T, = Fin temperature at length L (°C)

w = Fin thickness [depth] (m)

7, = Fin width at the base (m)

T, = Fin width at x = L (m)

Asin = Fin thermal conductivity (W/ m. K)

Ag4 = Grout thermal conductivity (W/ m. K)
w
A, = (rl Z) X
Heat flow rate into the element is,
dr
qx = _/1fin Ac ix (A.26)
The conduction heat flow rate in and out of the element,
Ax = Qx+ax T 2 dcond (A-27)
d
Qx+dx = qx T Ix (qx)dx (A.28)

qcona = Conduction heat transfer from the surface of element to the grout,

From equation (A.27)
Ax = dx + Qax + 2 Gcona

Qax + 2 qcona =0 (A-29)

Substituting the values of g4 and g.,,4into equation (A.29),
d daT A
= (—Afm A, E) dx + 2 (i de) dT =0 (A.30)

Dividing the equation A.30 by dx

d dr AgP B
2 (452 ( Jur dT) — 0 (A31)
d?T | dT dAy Ag P _

A, = (rl Lﬁ) x, and A.,nq(conduction area) = perimeter of the fin X length of element, when
1
w>>1,, P.=(w+1,) = 2w and is constant.

W d3T ) dT Ag 2w _
(le)xEJr(TlZ)a—z%—Lng_o (A.33)
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Dividing the equation by 7; =
1

d?T | dr Ag Ly _
Where & = —2¢ 11
Afin T1 Lg
Substituting the value of m into equation (A.34),
d?*r | dT
XE-I_E_ng_ (A.35)
ar _ df d*r _ d?e
LetH—T—Tg—>d— T dﬁ T
2
a6 146 g _ (A.36)

Equation (A.36) is modified Bessel equation, and general solution of homogeneous equations is,

60 = CiIo(2Vex) + C,Ky(2Vex) (A.37)
Boundary conditions

Atx = Lll H(Ll) = Tb —Tg = Hb

0, = C11y(24/eLy) + C;Ky(2\/€Ly) (A.38)
Where
I,(x) is modified Bessel function of the first kind

K, (x) is modified Bessel function of the second kind

Atx =L, (Z—Z)

x=L,
8 = C11y(2Vex) + CoKo(2Vex) (A.39)
2= Colo(2VEx)2 5= + Coo (2Vex)2 = (A.40)
(g) _, = Clo(2yeL, )2 -+ CZKO(ZJI )22 = (A4
0=CL(2\/¢eL, )2\/' czKl(zﬁ Y2VE —— T (A.42)
Dividing the equation by 2\/_ and the equation (A.42) become
0= 61]1(2\/5_1,2) — C,K,(2\[eLy) (A.43)

Equation (A.38) subtract equation (A.43)
0p—Cillo(2eL1) — 11(2\/eL;)] = Ca[Ko(2y/eLy) + K1(2/eLz)]  (A44)

o Op=Cillo(2\ely) — h(2)/eLy)]
P Ko(2Ely) + Ky (2yeLy)]




By substituting the value of C, into equation (A.43)
6, = €, L ELIKQVEL)H@VEL)] y o 1y (9 [T — 1, (24/2L;)] (A45)

o fé%)m(zﬁ)+K1(z¢mo(zﬁ>
T Kyi(2yeL,)
Oy K1 (24/L5)

" K2 + K (22 )

Substituting the value of C; into equation (A.43)

0y K1 (2y/¢Ly)

T (2Tl L (2\€L;) — C,K, (2 /€L

11(2 eLz)Ko(Z./ng)+K1(2\/£)10(2\/8—Ll) 1( & z) 2K (24/€Ly)

Hb Kl(ZﬁSLz)
€2 = I (2/eL
© 1 (2yeLy)Ko(24/eLy) + Ky (24/2L7) 1o (2420, ) Ky (2421, 1(2Vels)
9p
C, = I1(2\/eL3)Ko(2./eL1) +K1(2,/€L2)1o(2,/€L7) 11(2\/&'[,2)

Substituting the value of C; and C, into equation (A.39)

0, K1(2\/€L;)
"~ h(2m:)Ko(2mEy )+K1(zﬁ>zo(zﬁ)’°(2@

11(2\/3)1(0(2\/?) +K1(2\/E)IO(2\/I)

0 _ Ki(2yeLy)Io(2Vex)+11(2\/eL;)Ko (2VEx)

1,(2/eL,)Ko(2Vex)

B~ el Ko(2 )+ (eLa)o(2yfel) (A46)
dT
Afin = (Afin Apase E)X=L1 (A.47)
_ _ Ag L1
Apgse = T10, € = 2/1—fmf1 »

dr _do _[d K1 (2\/eLy)Io(2Vex) + 1,(2\/eL,) Ko (2Vex)
dx ~ dx |dx " [,(2,/eL;)Ko(24/eLy) + Ki(2y/€L;)lo(24/eL,) s
do 1

d
& o) Ko (2eh) + Ko (2JeLy ) o(2yeL)) [ (e (24E%)

+ 1 (2420 Ko (2Em) |

Where :—xlo(x) +1,(2), Ko(x)z—Kl(x) [112]
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:_x [K1(2/eL2)1o(2Vex)] = [K1(2\/£)11(2‘/3_x) X Z‘Eﬁ]qu = Kl(z\/gLZ)Il(z\/ng)\/%
& [ (VL) Ko @Vem)] = [=h(2/el)ka@Ven) x 2] =

~L(2/eL) K VL) T

(=) - K (2/2L) 1 (L) J—ta (2472 )Ka (2 L)

ax/x=L, 11 (2feL2)Ko(2/eL1)+ K1 (2y/eL2)Io(24/eL1 )

a6y _ o, F K2/ (2 -h (2K 2oLy
= Qb

dx) sy P T b(2eLa)Ko(2yeLa) +i6 (222 )0 (/L)

Heat transfer through the trapezoidal fin (W) =

— Ve Ki(2y/eLa) 11(24/eL1)— 11(24/eLa) K1 (24/eL1)
fin = /1fin9bT10)\/L7111(2\/Z) Ko(2y/eLs)+Ka (24/eL2) To(2y/eLa) (A.48)

A.3 Example calculations

A.3.1 Heat transfer for the rectangular fin

Table A.1: Geometrical dimensions and thermal conductivity of rectangular fin and grout

Base temperature (T}) 49 °C
Grout temperature (7,) 20°C
Fin thickness (w) 150 mm
Grout thickness (L) 5mm
Fin length (L) 8 mm
Fin width (1) 10 mm

Fin thermal conductivity (A¢) | 400 W/ m. K
Grout thermal conductivity (A,) |4W/m. K

As shown in equation (A.14)
0,=T,—T,=49-20=29°C
A, = w1=0.15x%0.01 = 0.0015 m?
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2 x 4)/ (400 x 0.05 x 0.01) = 20
A

A
€= /2 g =(
)LngT
eL

e~ et /19 e~ 9 etlL /19 eéL 4 omL /19 el _ o—el
Lglfe /lfLE /1ng /1ng
0.8187 | 1.1735 0.081873 0.117351 1.290862 0.736858
1 1 -
[(1- g Y — g 1= -0.27322
Ag gs]; eL H Ag gs{ &L H
(Lg {ecLae ) (Lg {ecLae )

As shown in equation (A.25)

Arin = —Ap(0 T)Ope[(1 — :

1
<e—£L_ Ag e—sL) ) N (e—sL_ g e—sL) ]
. Lg/lfs +1 X Lgﬂ.f&‘ +1
(Lg /{)f SeSL+eSL) <Lg /quf £e£L+e£L)
Heat transfer through the rectangular fin =
qfin = -400 % 0.0015 x 29 x 20 x -0.27322 =95 W.

A.3.2 Heat transfer for the trapezoidal fin

Table A.2: Geometrical dimensions and thermal conductivity of trapezoidal fin and grout

Base temperature (T) 49 °C
Grout temperature (T,) 20°C
Fin thickness (w) 150 mm
Grout thickness (L) 5mm
Fin length (L) 8 mm
Fin width at the base (71) 10 mm
Fin width at x = L (13) 4 mm

Fin thermal conductivity ( A¢;,) | 400 W/ m. K
Grout thermal conductivity (4,) 4 W/ m. K

L,=5.333 mm

L =L+ L,=13.333 mm

g =221 = (x4 x001333)/ (400 x 0.01 x 0.005) = 5.333
Afintl Lg

Where



2\/eL, =0.337299, 2,/eL,=0.533332, and

Ye -0
Ly

=
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The values of I (24/eLs ), K1 (2\/eL,), Io(2\/eLy), I, (2\/eLy), Ko (2/€L, ), and Ky (2./€L;)

From Appendix B (see Table B.5) [113]

2./¢€L, Iy(24/<L;) I(2y/eL,) Ko(2\/¢Ly) K, (2 /¢L;)
0.337299 0.119714 4.065881
2./€L, Io(2\/¢eL,) L(2\/eL,) Ko(2\/¢Ly) K,(2\/eL,)
0.533332 0.632001 0.1604 1.4998702 2.668839
0, =T, — T, =49-20=29°C
Grin = AyinBpT10 Ve Ki(2y/eLy) 11(2\feL1)= 11(2\/sL3) K1 (2/¢L1) (A48)

VL1 11(24/eL2) Ko(2yfeL1)+K1(2y/eLz) Io(2/eL1)

K1(2y/eLa) 13(2/eLy)~ 13(2y/eLa) Ka@/eLy) _ 00000000

12(2/78) Ko(2eLa) +Ka (2eL2) To(2/eL)

Heat transfer through the trapezoidal fin =

Gfin= 400 x 0.0015 x 29 x 20 x 0.121012 = 42.1 W.

A.4 Optimum length of the fin (L)

For the rectangular fin different lengths (see Table A.4) are substituted into the equation (A.25)

to find the optimum length to be used.

Table A. 3: Values g_fin of for different fin lengths (L)

Fin Length

L] (m) 0.005

0.008

0.048 |0.088

0.128

0.168 |0.208

0.248 | 0.288 | 0.328

0.368 | 0.408 |0.488

inn(W) 85.3

95.1

205.9 |276.1

313.7

324.6 |332.2

340.8 |346.5 |347.3

347.7 |347.8 (347.9
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Fin heat transfer versus lenght
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Figure A.3: Heat transfer through the fin as a function of fin length

Based on the observations presented in Figure A.3, an optimum fin length of 0.08 m was chosen
for this investigation.
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Appendix B

Effects of increasing depth of VGHE on the

thermal performance

Esen and Inalli (2009) conducted three TRTs with three different depths (30 m, 60 m, and 90
m) to estimate the thermal performance of the single U-Tube VGHE. The obtained results from
the experimental study for the cooling and heating modes show that the borehole heat exchanger
with a depth of 90 had the strongest performance, but the optimized depth considering the cost
was 60 m with a coefficient of performance (COP) of approximately 3 (see Table B.1 and Figure
C.1) [95].

Table B.1: Variation of COP as a function of depth [95]

Monthly mean value of COP

Depth (m) Cooling mode Heating mode
30 3.37 1.93
60 3.85 2.37
90 4.33 3.03

Monthly mean value of COP versus depth

5
o
O
Oy
Y—
o
(6]
=3
S
>
c
s 2
E Cooling mode
=1 Heating mode
€
S
S0

0 10 20 30 40 50 60 70 80 90 100

Depth (m)

Figure B.1: Variation of COP as a function of depth [95]
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The outlet water temperature in winter and summer increases and decreases with an increase
the VGHE depth. Increasing the VGHE depth also leads to increased energy consumption of GSHP
and a higher cost. The VGHE depths of 50 to 100 m have been widely used during the last eight
years, followed by the depths of 20 to 50 m [96].
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Appendix C

The time (t) chosen for the calculation of slope on the logarithmic plot was determined based the

relationship below:

Table C.1: Borehole radius and material thermal properties of the silica sand

Silica sand
Density (p) 1700 kg/ m®
Specific heat (C,) 750 J/ kg. K
Thermal conductivity (A) 242 WIm. K
Borehole radius (r) 0.041m
. .. 2.42 m?
Thermal diffusivity (00) = — = ————— = 1.89804F — 06 —
pCp 1700 X750 sec

It is reported that the maximum error resulting from using the value of x

X > 5 is 10%.
r
5 x 0.041 x 0.041

L= 189804E — 06 x 60 ~ /5 mn




