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Abstract 
Geothermal energy has recently been a popular sustainable alternative for heating and 

cooling buildings. Due to its low power usage, ground heat exchangers employing piles 

have been recommended as a practical way to reduce initial costs and provide favorable 

long-term financial returns. In recent years, there has been increased interest in using 

steel foundation piles as ground heat exchangers. Steel piles are expected to deliver a 

better thermal conductivity and heat capacity than other energy piles. 

The thermal interaction between various components of a steel energy pile and the 

surrounding soil is presented in this thesis. To better understand the outcomes of the 

numerical simulations, the analytical relationships between the various physical processes 

involved in the thermal behavior of a steel pile have been outlined. 

The next phase was conducting numerical studies on the thermal performance of 

experimental research and creating a reliable three-dimensional numerical model that 

could be used in similar situations. The numerical simulation shows good agreement with 

the findings of the Saga University experiment. 

A similar numerical model was created based on the specifications of a trial piling project 

in Norway. Through cyclic heat injection in one pile and temperature monitoring in another, 

the short-term thermal performance of those piles was evaluated. This research 

demonstrates that short-term (72-hour) heat injection in a steel pile only affects a small 

area surrounding the pile, and consequently, the temperature fluctuation in the other pile 

was less evident.  
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1.1 Background 

The reduction of fossil fuel consumption has been a subject of discussion on a global scale 

for many decades, with the large amounts of the total energy consumption of the world 

coming from resources that are not sustainable. As a consequence of all this, costs for 

energy have increased; nevertheless, global warming caused by CO2 emissions is a more 

significant threat to the environment worldwide. It is a challenge in civil engineering to 

figure out how to use recently developed technology in civil construction to solve this global 

problem. Geothermal energy is a potential renewable energy source and has been a 

research subject for many years. This energy resource would be cost-effective for eventual 

end-users and contribute to advancing efforts toward a cleaner environment. 

Using geothermal energy is characterized by the fact that the temperature of the ground 

remains reasonably stable beyond a depth of 10 to 15 meters. This temperature is higher 

than the ambient air temperature in the winter and lower in the summer. During the winter, 

a geothermal heat pump may transfer the heat in the ground into a building. During the 

summer, the pump can reverse its operation, collect heat from the building, and inject it 

into the ground. Therefore, the efficiency of ground-coupled heat pump systems is 

fundamentally more remarkable than that of air-source heat pump systems. This is 

because the average ground temperature is a better foundation for heating and cooling 

throughout winter and summer. 

Among different alternatives to ground source heat pumps, energy piles provide cost and 

energy efficiency by simultaneously serving as structural foundations. Geothermal energy 

piles are conceived and built to serve two distinct purposes. Piles mainly fulfill the role of 

typical structural support for buildings, ensuring that the building settlement is within the 

acceptable range for safety and serviceability. When the ground source heat pump is 

operating, they also take on the additional responsibility of harvesting heating and cooling 

energy for the interior space of the building. 

 

1.1.1 Problem formulation 

In practice, the structure of energy piles consists of one or more pipes going through the 

pile and at the bottom, forming a U-turn. The heat carrier fluid enters from one end and 

leaves the system from the other. 

Another novel configuration of energy piles investigated in the present study comes with 

the idea of bringing the heat carrier fluid as close as possible to the soil to perform efficient 

heat transfer between the soil and fluid to enhance the energy pile performance. The pile 

consists of a steel shell and a coaxial pipe. The heat carrier fluid inflows inside the pile from 

the annulus area and outflows through the middle pipe, or vis versa. 

The U-tube configuration of heat exchangers in energy piles has been widely studied in 

recent years. Many researchers use in-situ experiments, laboratory tests, and numerical 

simulations to investigate the thermal and mechanical behavior of this configuration or 

similar configurations. A few years ago, a special physical module for assessing the heat 

1 Introduction 
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and fluid transfer in the pipes was developed by COMSOL Multiphysics, which expedited 

and eased the numerical simulation of the U-tube heat exchangers. 

The coaxial configuration of energy piles is not concentrated as extensively as the U-tubes 

by the researchers. Other than some experimental field studies, the thermal and 

thermomechanical performance of the coaxial energy piles is not investigated. The main 

focus of this thesis is to investigate the thermal performance of an annular coaxial energy 

pile by numerical simulation. 

The main goal of the present thesis is to investigate the thermal performance of the BEAR 

project (Bærekraftig Energi fra løsmAsseR, or Sustainable energy from loose material), 

which is a part of a larger construction project owned by Malvik municipality, designed to 

investigate solutions for harvesting energy from surface soil layers as a sustainable and 

reliable energy source. 

  

1.1.2 Literature survey 

Al-Khury (2017) introduced the analytical, semi-analytical, and finite element model for 

investigating energy piles in his book "Computational modeling of shallow geothermal 

systems" [1]. This book is the primary reference in expanding the analytical relations 

governing the heat transfer between soil and the annular coaxial pile in chapter 3. 

Jalaluddin et al. (2011) investigated the thermal performance of the coaxial pile and 

published the results in a paper titled "Experimental study of several types of ground heat 

exchanger using a steel pile foundation" [2]. Results of this experiment were utilized to 

verify the numerical model of the present study in chapter 4. 

 

1.2 Objectives 

The main objectives of this thesis are 

1. Developing the analytical relations between fluid flow and heat transfer in the 

annular coaxial energy piles. 

2. Numerical simulation of the fluid dynamics and heat transfer in coaxial energy piles. 

3. Case study of the thermal performance of a pair of coaxial piles in the BEAR project 

under different application scenarios.  

  

1.3 Approach 

COMSOL Multiphysics® is a general-purpose software platform based on a powerful 

numerical tool for simulating physics-based problems. This thesis uses a 3D numerical 

model produced in the COMSOL Multiphysics 5.6 by applying fluid flow physics and the 

heat transfer in porous media modules. 

 

1.4 Limitations 

Since field investigations of the thermal behavior of energy piles installed in the BEAR 

project were not completed when this thesis was written, comparing the field experiments 
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and numerical simulation of the BEAR project was not feasible. Therefore, the planned 

scenarios for the field experiments are assumed, and numerical simulations are performed 

based on them. 

 

1.5 Structure of the report 

The thesis contains 6 chapters. The first chapter is the introduction. Chapter 2 contains 

state of the art related to technical developments of the energy piles. Chapter 3 explains 

the theory of heat transfer and fluid flow in energy piles, especially in annular coaxial 

energy piles and heat transfer in the porous media. Chapter 4 establishes a numerical 

simulation of the thermal performance of a steel pile based on an experimental case study. 

Chapter 5 contains the field investigations and numerical simulation carried out for the 

BEAR project. Each simulation and the relevant results are discussed, and the conclusion 

and recommendations for further work are presented in chapter 6. 
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2.1 Introduction 

This chapter briefly explains geothermal energy and reviews relevant research on 

geothermal energy systems in terms of shallow energy piles, their elements, materials and 

structures, thermo-mechanical behavior, and thermal performance. 

 

2.2 Geothermal energy 

Geothermal energy is thermal energy produced around 6000 kilometers beneath the 

surface in the core of the planet earth. It is renewable because the radiogenic decay of 

naturally occurring isotopes, particularly those of potassium, uranium, and thorium, 

continuously generates temperatures hotter than the surface of the sun inside the earth. 

Up to 5000°C can be found in the core of the earth. This temperature gradually drops from 

the core as one moves closer to the surface, eventually settling at about 10°C. An extensive 

renewable energy source is created because of the continual flux of thermal energy from 

the core to the surface [1] as well as the solar radiation at the ground surface [3]. 

Geothermal energy, the second most abundant source of heat on the earth after solar 

energy, is currently accessible and concentrated in underground reservoirs as steam, hot 

water, and hot rocks. The three relevant technology categories are ground source heat 

pumps (GSHPs), direct-use applications, and electric power plants. GSHPs utilize the 

surface ground layers as a heat source and heat sink for cooling and heating buildings. 

Direct-use applications heat water using geothermally heated water that is already present. 

Electricity is produced by electric power plants using electric turbines fueled by geysers 

[4]. 

 

2.3 Geothermal energy systems 

There are various types of geothermal system classifications. One of the frequently used 

classifications is based on the depth of the geothermal energy sources. Geothermal 

systems can be categorized as shallow or deep geothermal, depending on whether they 

are located at a depth of less than 100 to 150 m or greater [5]. Shallow geothermal 

systems are designed to work in cold temperatures and low enthalpy. Deep geothermal 

systems can handle temperatures and enthalpy ranging from mild to high [6]. 

Geothermal systems are composed of three major components: a heat source, a heat sink, 

and a heat exchanger (or heat exchangers). Typically, the ground serves as the heat 

source, and the constructed environment acts as the heat sink, i.e., buildings. On the other 

hand, the inverse can also occur, where the heat source is the built environment, and the 

heat sink is the ground (Figure 2.1). As it is called, the heat exchanger transmits the heat 

from the source to the sink. Heat exchangers have gone through long historical 

development [7]. Following are some early development examples of their type. Evidence 

shows that Native Americans used geothermal energy for cooking as far back as 10,000 

years ago. According to archaeological evidence, the Greeks and the Romans utilized baths 

2 Literature review 
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heated by hot springs in ancient times, and indications of geothermal space heating may 

be found as far back as the Roman city of Pompeii in the first century CE. Initially, 

geothermal energy applications were restricted to areas where hot water and steam were 

readily available [8]. Using the ground as a heat source for electrical power generation, 

Prince Piero Ginori Conti built the world's first geothermal power plant in Italy in 1904 [6]. 

One of the most distinguishing characteristics of GSHP systems is utilizing the thermal 

energy harvested from the ground. It is common to use geothermal energy in shallow 

geothermal systems directly, which means heating and cooling a structure directly with 

geothermal energy. Deep geothermal energy can generate electricity, an indirect energy 

utilization. Aside from devices that circulate a heat carrier fluid (exchanging heat between 

them), apparatus or instruments that adjust (enhance or lower) the energy input 

transported between the ground and the target environment are also used in such 

situations.  

 

 
Figure 2.1: Residential heat pump for summer cooling and winter heating 

 

When an indirect use of geothermal energy is not targeted in deep geothermal systems, it 

is possible to make direct use of geothermal energy. Instead, GSHPs that pump heat 

from/to the ground and the target environment, devices that compel a heat carrier fluid to 

flow between the ground and the target environment, are required in this situation, as 

opposed to the prior scenario. Shallow geothermal systems that operate at temperatures 
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less than 25°C can provide heat, cooling, and hot water, the temperature available 

beneath. These systems are environmentally friendly and ideal for small-scale and home 

use in any geographical area. It is possible to use deep geothermal systems to provide 

heating, hot water, and electricity while taking advantage of temperatures available 

underground that is greater than 25°C and up to 200°C because the temperatures required 

for electrical power generation are generally greater than 175°C [9]. Unlike shallow 

geothermal systems, which are appropriate for medium to large-scale applications, these 

systems can be implemented in more specific places than shallow geothermal systems. 

Shallow geothermal systems can be classified as either closed-loop or open-loop systems 

[9]. Closed-loop systems use a water-based combination that circulates through sealed 

pipes to transmit heat from the ground to the superstructure or vice versa, depending on 

the application. While in open-loop systems, the groundwater is taken from or injected into 

aquifers through wells and used directly in the heat exchange process [10]. 

Horizontal ground heat exchangers are the shallowest geothermal system located at a 

depth of less than 10 m [9]. These systems usually comprise closed polyethylene pipes 

plowed or excavated horizontally into the ground next to the desired building. A flowing 

heat carrier fluid in the pipes permits the interchange of heat present in the ground 

(primarily due to solar radiation), beneficial for heating purposes in residential, agricultural, 

and aquaculture applications. While achieving energy storage goals by drilling deep 

geothermal baskets can be used as a more compact system than horizontal and vertical 

geothermal boreholes, they can be used for the same objectives as horizontal geothermal 

boreholes. These systems, which usually are buried in the ground at a depth of a few 

meters, i.e., less than 10 m [11], are composed of closed polyethylene pipes fixed in a 

spiral geometry through which a heat carrier fluid flows and are typically buried at a depth 

of several meters. The most significant advantage of horizontal GHEs and geothermal 

baskets is the application for previously constructed buildings and the no need for deep 

vertical drilling. 
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Table 2.1: Characteristics of geothermal systems [11], [6], [9], [12] 

system 
Depth 

[m] 

Harvested 

temperature 

[°C] 

Primary 

circuits 
Application Ecology 

Horizontal GHEs 

<10 

<12 Closed-loop 

New or renovated 

single-family houses 

or small-scale 

businesses 

It needs a 20-

30% electricity 

boost 

Emitting 5 

tons/yr less CO2 

Geothermal 

baskets 

Foundation piles, 

tunnels, walls 
<50 Larger buildings 

Groundwater 

wells 
<200 <17 Open-loop 

Single-residential 

houses 

The array of 

geothermal 

boreholes 

<100 

(500) 
<25 Closed-loop 

Single-residential 

houses, 

Larger buildings 

Mine water 

energy 
<800 <25 Open-loop 

Larger private or 

industrial buildings 

It needs 

electricity for 

pumping water 

Thermal springs 
<1000 

(3000) 
<100 Open-loop 

Bathing, local or 

district heating 

No CO2 

produced 

Deep 

hydrothermal 

Systems  

>3000 <120 Open-loop 
Generating 

electricity, District 

heating 
Petro thermal 

systems 
>5000 <150 Open-loop 

 

Furthermore, applications in that spiral coils are located in surface water reservoirs 

adjacent to buildings are also feasible. However, such applications require the reservoirs 

to be deep enough to avoid conditions detrimental to system operation, such as freezing 

the reservoir water and the circulating heat carrier fluid in the pipelines. When underground 

mines are abandoned, the pumps that keep them dry are often switched off, and the mines 

get filled with water. Geological processes heat this water, and the temperature remains 

stable year-round. UK coal authorities have calculated that the constantly replenishing 

water within these mines could potentially be a resource to provide all of the heating 

requirements for the coalfield areas [13]. 

Groundwater capture systems use open wells surrounded by groundwater reservoirs 

(around 200 m deep) [11]. These systems can be used in situations with no hydrological, 

geological, or environmental constraints. They are primarily employed for heating water 
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by extracting the thermal energy contained within the underlying water. Singular wells can 

be utilized for small-family house sizes. Doublet wells are typically required in more 

significant constructions. It may be necessary to use extraction and injection wells to 

maintain a balanced underground thermal field, which is required for the performance and, 

in some circumstances, environmental considerations. Unlike the previous applications, 

vertical geothermal boreholes (single or an array of boreholes) are made out of closed 

polyethylene pipes buried vertically in the earth beneath or next to buildings at greater 

depths than the previous ones (from 100 meters to 500 meters) [11], [12]. A filler material 

(for example, bentonite) is typically inserted in the borehole to improve the heat exchange 

between the earth and the pipes; however, some boreholes are just filled with underground 

water. A heat carrier fluid (HCF) circulating in the pipes provides heat exchange for heating, 

cooling, storing, and producing hot water in various construction types and environments. 

Single boreholes provide enough water to supply thermal energy for small residential 

structures. Borehole fields (an array of several boreholes) are necessary to feed more 

significant buildings with thermal energy. Higher energy inputs than those transferred 

through shallower geothermal systems can be attained using vertical geothermal boreholes 

due to the higher temperature levels of the ground at the specified depths compared to 

shallower geothermal systems. New geothermal systems, known as energy geostructures, 

combine the structural support role of any structure in contact with the ground with the 

heat exchanger role of shallow geothermal systems, resulting in outcomes comparable to 

or even better than previously described methods. 

Thermal springs are often considered part of deep geothermal systems, while they can also 

be found at shallow depths, a characteristic of shallow geothermal systems. A relatively 

deep heated groundwater reservoir in the subsurface surrounds open wells in this 

arrangement, allowing easy access to the water. Thermal energy extracted from 

subterranean water is primarily utilized for bathing and therapy purposes, and they were 

historically popular. Open-well hydrothermal systems draw groundwater from depths 

where the temperature and thermal energy available are high enough to allow for the 

implementation of large-scale heating applications to be realized (from a depth up to 3000 

m) [11], [6]. Although these systems are typically employed in district heating, they can 

efficiently heat immense industrial or agricultural structures and generate electricity. Like 

hydrothermal systems, petroleum thermal systems draw groundwater using open wells at 

a greater depth than hydrothermal systems (from a depth of more than 4 to 5 km). The 

high temperature and the thermal energy inherent in the water at these depths can be 

utilized to produce and provide enormous amounts of electrical energy on a large scale 

[6], [11]. 

 

2.4 Shallow geothermal systems 

In most locations worldwide, buildings may be heated and cooled using the thermal energy 

within the shallow soil layers, from 1 m to 200 m [14]. At about 10 to 15 meters below the 

surface, the seasonal temperature variance at the ground surface is decreased to a 

practically constant temperature of around 6 to 7 degrees Celsius in Norway [15]. Under 

this depth, it is known that the temperature rises by an average gradient of 3°C per 100 

m of depth [1]. The first 100 meters are sustainable due to the stable thermal interaction 

between the soil and the air, making them excellent for delivering and storing thermal 

energy even though the temperature is relatively low [1] (Figure 2.2).  
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Figure 2.2: Ground temperature variations with depth measured at the BEAR project 

location near Malvik 

 

More recently, the foundation components of structures are being utilized to capture the 

ground thermal energy to assist meet the building heating/cooling requirements; these 

foundations are known as energy or thermo-active foundations. In the 1980s with base 

slabs, 1984 with piles, 1996 with diaphragm walls, and early 2000 with energy tunnels, 

Austria and Switzerland pioneered using foundation components to meet building energy 

needs [14].  

Energy Foundations continue to acquire worldwide popularity due to their significant 

benefits over traditional alternatives. They remove the additional drilling expense and land 

area needed to install conventional boreholes. In addition, they have a greater cross-

section that allows for flexible and diverse pipe arrangement compared to ordinary 

boreholes of 75–150 mm in diameter, resulting in a significant probability of thermal 

contact between pipes, making them less favorable [16]. 

 

2.5 Materials and technology 

Because of its excellent heat conducting characteristic and high thermal storage capacity, 

mass/reinforced concrete is the most typical material utilized in GEP construction. 

Similarly, the concrete mixture must correspond to Eurocode 7 specifications for the design 

of pile foundations [17]. 

In 1994, Morino and Oka became the first to employ steel piles as heat exchangers due to 

their high heat conductivity and low thermal resistance. In 1998, two steel piles were used 

for floor heating and cooling at Hokkaido University in Japan. As of 2002, over 300 buildings 
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were claimed to have used them for heating and cooling after their successful installation. 

Nagano claimed that heat energy might be transferred by directly cycling water via steel 

piles or by equipping steel piles with energy loops. The second option is more economical 

and needs less maintenance [14]. 

Installation of main loops of heat exchangers is often accomplished by burying the loops 

pipe inside the excavated soil for mass concrete pipes or by attaching the loop pipes to 

reinforcing cages of cast-in-place reinforced concrete piles [18]. 

Generally, hollow cylindrical precast concrete and steel piles have hollow spaces in the 

center; after driving the pile into the ground, heat exchanger pipes are installed in the 

hollow space, and then the hollow space is filled with grout mortar to guarantee thermal 

contact between the pipes and pile [18]. 

The pipes may be placed in many configurations within the geothermal energy piles. Single 

U-shape, double U-shape, triple U-shape, W-shape, spiral or helical shape, direct double-

pipe type, and indirect double-pipe type configurations are among the most often reported 

geometries. These pipes, known as energy loops, are made from High-Density Poly 

Ethylene/Poly-Propylene (HDPE/HDPP), Polyvinyl-chloride (PVC), and Polybutylene pipes 

[19]. Careful thought must be used to guarantee that the optimal pipe shape is selected 

for optimal system performance. Pipes from a single or several piles may be linked in 

series, parallel, or a mix of the two [6], [20]. 

The liquid that circulates within the energy loops is called heat carrier fluid (HCF). This 

liquid is the media for transferring the heat between the ground and the heat pump. The 

HCF consists of pure water plus some additives such as antifreeze-based solutions. The 

additive solution can possess up to 40% of the HCF by weight [21]. 

The performance of shallow geothermal energy systems, especially the geothermal energy 

piles, is mainly affected by ground heat flow mechanics, mainly through heat conduction 

and heat convection by the movement of underground water in the porous media. Heat 

flow mechanics across the pile, groundwater flow rate, initial ground temperature, and soil 

thermal properties. These factors ensure an effective and cost-efficient geothermal energy 

pile [14]. 

 

2.6 Thermo-mechanical and thermal behavior 

The extra settling produced by temperature cycles is a barrier to the safety and 

serviceability of energy pile foundations from the standpoint of pile foundation design. For 

geothermal energy piles to become a reality, HVAC engineers must develop heat transfer 

performance. Some applications, such as the Frankfurt Main Tower and Dock E at Zurich 

Airport, have already been completed in Europe. However, since the physics are not 

entirely understood, specific geothermal energy pile applications have been overdesigned 

for safety concerns. Therefore, experimental and numerical study is still occurring in 

research labs across the globe [22]. 

Conventional load transfer techniques, in-situ testing, laboratory testing, and numerical 

modeling are often used to study the mechanics of geothermal energy piles. In-situ testing 

gives the circumstances of an actual construction scenario rather than real construction 

loads and might provide the most accurate data before final construction [23]; 

nonetheless, the expense of in-situ testing is rather expensive compared to laboratory 

testing of scaled physical models. Numerous researchers conduct laboratory testing and 
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numerical modeling to decrease experimental expenditures  [24], [25], [26], [22], [27], 

and [28]. Several kinds of literature studied the mechanical behavior of energy piles 

exposed to several thermal cycles, which represent seasonal pile temperature fluctuations 

[29], [30], [31], [32], and [28]. 

A thermal performance study determines the utilization of geothermal energy piles in 

commercial buildings. Numerous scholars examined the thermal performance of 

geothermal energy piles. In geothermal energy piles, the heat exchange function is often 

performed by installing a water circulation pipe inside the reinforcing cage. Many studies 

concentrate on the layout of this water circulation pipe to guarantee that thermal exchange 

rates match thermal performance standards. Similar to the experimental testing of the 

energy pile performances, numerical simulation provides more details for thermal 

performance assessments [33], [34], [35], [2], [36], and [37]. Analytical methods for 

borehole heat exchangers give an idealized scenario for estimating the soil temperature 

change. Some heat source models collectively describe geothermal heat exchangers: the 

infinite line source model, the finite line source model, the infinite hollow cylinder model, 

the infinite solid cylinder model, the spiral line model, and the finite solid cylinder [38], 

[34], [6], and [1].  
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3.1 Introduction 

In this chapter, an introduction to physical phenomena related to heat transport is briefly 

discussed, and the heat transfer in porous media is explained. Then, the focus is placed on 

mathematical equations governing heat transfer physics of coaxial annular geothermal 

energy piles, which are the core subject of this thesis. 

 

3.2 Heat transfer, preliminaries 

Heat transfer is a thermodynamic term explaining the rate of thermal energy transfer 

between a system and its surroundings. "Temperature" and "heat flow" are the primary 

quantities measured in heat transfer. Temperature indicates the quantity of thermal energy 

in a system, while heat flow describes the movement of thermal energy caused by a 

temperature difference. The thermal energy is connected to the kinetic energy of the 

molecules of material since the material shows greater kinetic energy at higher 

temperatures. There are three main modes of heat transfer: "Conduction", "convection", 

and "radiation" [1]. 

 

3.2.1 Heat transfer by conduction 

3.2.1.1 Definition 

Conduction is the mechanism that facilitates the direct transfer of heat through a matter 

caused by the temperature differential between adjacent sections of a domain. It occurs 

when the temperature of the molecules in a material rises, causing them to vibrate 

vigorously. The collision of the molecules with neighboring molecules causes them to 

vibrate, resulting in the transfer of heat energy to adjacent parts of the domain. When two 

domains are in contact, heat transfers from the warmer to the colder object due to 

conduction [39]. 

 

3.2.1.2 Mechanism 

Heat conduction (diffusion) is one of the major mechanisms of thermal energy transfer. 

According to the second law of thermodynamics, when two objects with different 

temperatures are brought into thermal contact, thermal energy always flows from the 

object with the higher temperature to the object with the lower temperature and never in 

the reverse direction. The two zones exchange heat until they attain thermal equilibrium, 

a condition where their temperatures become equal. In a control volume same as Figure 

3.1, the first law of thermodynamics expresses that: 

3 Geothermal energy piles, physical 

phenomena 
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 Rate of heat flow in + rate of energy generation 

= rate of heat flow out +  rate of internal energy storage 
(3.1) 

 

 
Figure 3.1: A control Volume 

 

Fourier heat conduction equation describes, on a control volume as in Figure 3.1, the heat 

transfer rate per unit area normal to the direction of heat flow, also known as heat flux. In 

terms of a single dimension heat flow, the inlet heat flow is defined as Equation (3.2): 

 

 qx1 = q̇x1A = −kx
∂T

∂x⏟    
q̇x1

dydz⏟
A

 
(3.2) 

 

Where: 

qx1: rate of heat flow in [W] 

q̇x1: heat flux [W m2⁄ ] 

A: area [m2] 

kx: thermal conductivity in the x direction [W m ∙ K⁄ ] 

∂T

∂x
: temperature change in the x direction [K m⁄ ] 

 

The outlet heat flow (qx2), can be defined as Equation (3.3): 

 

 qx2 = qx1 +
∂qx1
∂x

dx (3.3) 

 

Equation (3.1) for the control volume can be described as: 

 

 q1(x, y, z) + Q(x, y, z)dxdydz = q2(x, y, z) +
∂U

∂t
 (3.4) 

 

Where: 
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Q(x, y, z): generated heat rate [W] 

∂U

∂t
: internal energy storage [W] 

 

 
∂U

∂t
= ρcp

∂T

∂t
dxdydz (3.5) 

 

Where: 

ρ: density [kg m3⁄ ] 

cp: specific heat at constant pressure [J/kg ∙ K] 

Equation (3.4) can be rewritten using Equations (3.3) and (3.5): 

 

 
∂

∂x
(kx

∂T

∂x
) +

∂

∂y
(ky

∂T

∂y
) +

∂

∂z
(kz

∂T

∂z
) + Q(x, y, z) = ρcp

∂T

∂t
 (3.6) 

 

By assuming constant isotropic thermal conductivity (kx = ky = kz = k) and in the absence 

of heat generation (Q(x, y, z) = 0) the heat conduction equation can be written as: 

 

 ∇2T =
1

α

∂T

∂t
 (3.7) 

 

Where: 

α =
k

ρcp
: thermal diffusivity [m2/s] 

∇2: Laplacian operator 

Laplacian operator in the cartesian coordinate system is described as: 

 

 ∇2=
∂2

∂x2
+
∂2

∂y2
+
∂2

∂z2
 (3.8) 

 

Laplacian operator in the cylindrical coordinate system is given by: 

 

 ∇2=
∂2

∂r2
+
1

r

∂

∂r
+
1

r2
∂2

∂∅2
+
∂2

∂z2
 (3.9) 
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3.2.2 Heat transfer by convection 

3.2.2.1 Definition  

Convection refers to the kind of heat transfer that happens exclusively in fluids and involves 

the actual movement of materials. The term fluid refers to any material whose molecules 

flow easily from one location to another, including liquids and gases. It occurs either 

naturally or forcibly. Gravity plays a significant role in natural convection, such that the 

hotter portion expands when a material is heated from below. As a result of buoyancy, the 

hotter domain rises because it is less dense, while the colder substance replaces it by 

sinking at the bottom owing to its high density. When the colder substance becomes hot, 

it rises, and the process repeats. When heated by convection, the molecules of material 

scatter and move apart. By any physical means, such as a pump, the material is forced to 

rise when convection is accomplished with force [39]. 

 

3.2.2.2 Mechanism 

Heat convection is a main heat transfer mechanism fundamentally related to fluid flow. 

Heat convection is the result of simultaneous heat diffusion (on a microscopic scale, heat 

convection is caused by thermal diffusion, which is the transmission of energy through 

vibrations at the molecular level inside the fluid), and heat advection (on a macroscopic 

size, it is caused by the bulk motion of the liquid, which carries heat from one area to 

another along the direction of its movement). For a one-dimensional situation, the 

convective heat flux (heat flow rate per unit area normal to the direction of heat flow) is 

defined as: 

 

 q̇x1 = −kx
∂T

∂x⏟    
diffusion

+ ρcpuT⏟  
advection

 (3.10) 

 

Where: 

u: fluid velocity in the x direction [m/s] 

Content of Equation (3.1) is valid here, and the three-dimensional heat conduction-

convection can be obtained as: 

 

 ∇ ∙ (k∇T) + ∇(ρcpUT) + Q(x, y, z) = ρcp
∂T

∂t
 (3.11) 

 

Where: 

U: Fluid flow velocity vector ([u, v, w]) [m/s] 

∇: Nabla operator 

Nabla operator in the cartesian coordinate system is described as: 
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 ∇=
∂

∂x
+
∂

∂y
+
∂

∂z
 (3.12) 

 

Nabla operator in the cylindrical coordinate system is given by: 

 

 ∇=
∂

∂r
+
1

r

∂

∂∅
+
∂

∂z
 (3.13) 

 

3.2.3 Radiation definition 

Radiation is the heat transmission process that does not need a material-filled medium. It 

refers to the wavelike flow of heat, which does not need molecules to travel. The objects 

do not need to be in direct contact to transfer heat. In addition, surface features such as 

color, surface orientation, etc., significantly impact radiation. This method transfers energy 

using electromagnetic waves, also known as radiant energy. In general, hot things radiate 

thermal energy to their surroundings. Radiant energy can pass across a vacuum domain 

from its source to its surrounds. The finest example of radiation is the solar energy we get 

from the sun at a distance of millions of kilometers from the earth [39]. 

Heat flow in a typical shallow geothermal system is a mixture of heat conduction and 

convection. In such a system, heat radiation plays no significant function. Hence it will not 

be discussed in this thesis. 

 

3.3 Heat transfer in porous media 

A porous media is a multiphase material consisting of a porous substance containing 

particles with varying thermodynamic characteristics, such as densities and thermal 

conductivities. 

Typical soil mass, for instance, comprises solid, liquid, and air phases, as shown in Figure 

3.2. While the solid particles make up the skeleton of the material, also known as the solid 

matrix, the water and the air are contained in the pores (voids) of the material. In the 

context of shallow geothermal systems, the soil mass around borehole heat exchangers 

and the grouting material are typical examples of porous materials. 
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Figure 3.2: Sample of a multiphase medium 

 

Transport in porous media is a broad topic that has lured interest and attention as a 

research topic. In this study area, the balance and field equations are derived from classical 

continuum mechanics, but the focus is on the contribution and interaction of the individual 

element. Modeling multiphase materials requires a precise mathematical description of the 

thermodynamic processes occurring at the interfaces between the components. Currently, 

no theory effectively explains the connection between microscopic elements and their 

macroscopic consequences. However, significant modeling ideas have been established. 

"The averaging theory" allows for a more physically scaling up microscopic values to their 

corresponding macroscopic equivalents. This method describes multiphase processes both 

physically and thermodynamically. In this method, macroscopic quantities are derived from 

formal local volume averaging of microscopic values. The standard interpretation fully 

accounts for the interfacial effects, including the potential of mass, momentum, and energy 

exchange between the elements. This method often states constitutive connections based 

on entropy inequality. The process of averaging is carried out from a Representative 

Elementary Volume (REV), which is much bigger than the individual component volumes 

but significantly lower than the volume of the physical system (Figure 3.2). In the 

averaging theory, REV is supposed to be space- and time-invariant; hence, this technique 

is invalid for heterogeneous materials. 

When evaluating shallow geothermal energy piles, the temperature gradient at the 

microscopic (pore) level is smaller than that at the macroscopic (REV) level, and both are 

much less than that at the megascopic (physical system) level. That is to say: 

 

 ∆Tmicro < ∆TREV ≪ ∆Tsystem (3.14) 

 

This implies that the local temperature gradient between the phases is slight; hence, it is 

reasonable to assume that the solid and fluid phases within a sample basic volume are in 

local thermal equilibrium. This indicates that the average temperatures of both phases are 

similar: 

 

 Tsolid = Tfluid = T (3.15) 
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By applying the condition of Equation (3.15) to the general three-dimensional heat 

conduction–convection Equation (3.11) and omitting the convective term of the solid phase 

(considering that solid particles lack any advection) and ignoring the heat energy 

generated inside the system, the system macroscopic field heat transfer equation or the 

heat transfer equation in the porous media can be obtained, as follows: 

 

 (ρcp)eff

∂T

∂t
+ ∇ ∙ keff ∙ ∇T + (ρcp)fluid

Ufluid∇T = 0 (3.16) 

 

Where: 

(ρcp)eff
: local averaged effective heat capacity of the porous medium 

keff ≡ ksolid + kfluid: local averaged effective thermal conductivity of the porous medium 

Ufluid: fluid velocity, which can be described by the simplified Darcy's law as: 

 

 Ufluid = −
𝐊

μfluid
∙ (
∂P

∂z
− ρfluidg) (3.17) 

 

Where: 

𝐊: generalized permeability of the porous medium (𝐊x = 𝐊y = 𝐊z = 𝐊) [m/s] 

μfluid: dynamic viscosity [kg/m ∙ s] 

∂P

∂z
: pressure gradient [Pa/m] 

ρfluid: fluid density [kg/m3] 

g: gravity acceleration [m/s2] 

 

The effective heat capacity ((ρcp)eff
), can be calculated by a simple volume averaging: 

 

 (ρcp)eff
= n(ρcp)fluid

+ (1 − n)(ρcp)solid
 (3.18) 

 

Where: 

n: porosity of the porous medium 

 

Calculating the effective thermal conductivity of porous media characterizing energy 

geostructures is more complex, and several mathematical expressions have already been 

provided [6]. However, similar to the effective heat capacity, a simple volume average will 

suffice for shallow geothermal systems when the temperature gradient is negligible: 
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 keff = nkfluid + (1 − n)ksolid (3.19) 

 

3.4 Heat transfer in geothermal energy piles 

The heat transfer method in a geothermal energy pile is relatively complex since it includes 

both convection and conduction processes in a medium with multiple parts. This medium 

comprises inflow and outflow pipes, bentonite-cement grout, circulating fluid, typically 

water with 20–25% anti-freezing coolant, and a steel casing in the case of the present 

study. Due to the different thermal characteristics of these materials, the mechanism of 

heat transfer in each component of the borehole heat exchanger varies significantly from 

the others. The shape of the relevant components and their thermal interactions are also 

vital factors that affect the process of heat transfer in a borehole heat exchanger. Each 

component interacts directly with at least one other component and has indirect contact 

with others. Due to this very complex heat transfer mechanism, several models with 

varying degrees of complexity have been presented in the research literature. This study 

aims to give a mathematical model for hollow steel piles. 

 

3.4.1 Thermal resistance 

Thermal resistance, often known as heat resistance, is the capacity of the material to bear 

the heat. It is the reciprocal of heat conductivity. This feature is essential in several 

engineering applications since it is utilized to improve the energy efficiency of an object or 

device. Especially for heat exchanger design, accurate thermal resistance estimation is 

crucial. Several approaches have been developed for this purpose, and they may generally 

be divided into three categories: experimental, analytical or numerical, and thermal circuit 

[1]. 

According to Fourier's law, the rate of heat conduction across a homogeneous domain is 

proportional to the cross-sectional area of the domain and the temperature differential 

across borders along the heat flow channel (Figure 3.3).  

 

 
Figure 3.3: Thermal circuit related to a control volume 
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Fourier law may be stated as: 

 

 q = −
(T2 − T1)

R
 (3.20) 

 

Where: 

q: rate of heat flow in [W] 

R: thermal resistance [K/W] 

 

3.4.1.1 Conductive thermal resistance 

Considering Equation (3.20) and comparing it to Equation (3.2) for a one-dimensional 

steady-state heat flow in a homogeneous control volume such as Figure 3.3, while T1 and 
T2 are kept constant, will reflect the conductive thermal resistance as:  

 

 R =
L

k ∙ A
 (3.21) 

 

Take into account a single-layer cylindrical pipe with the following dimensions: length L, 

inner radius r1, outside radius r2 and thermal conductivity k. The temperatures of the inner 

and outer surfaces are kept at T1 and T2 respectively, as in Figure 3.4: 

 

 
Figure 3.4: Thermal circuit of heat conduction in a single-layer cylindrical pipe  

 

In this scenario, a cylindrical-based coordinate system may be used to characterize the 

steady-state heat conduction as: 

 

 q = −
2πLk

ln (
r2
r1
)
(T2 − T1) (3.22) 
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Therefore, the thermal resistance can be explained by: 

 

 
R =

ln (
r2
r1
)

2πLk
 (3.23) 

 

3.4.1.2 Convective thermal resistance 

Convective thermal resistance must be considered when heat flow results from heat 

advection processes. Heat convection at the boundary between a conductive surface and 

its surrounding convective fluid may be described using Newton's law of cooling: 

 

 q = −h(T2 − T1) (3.24) 

 

Where: 

h: convective heat transfer coefficient [W/m2 ∙ K] 

 

Consider a single-layer cylindrical pipe with constant thermal conductivity and uniform 

inner and outer surface temperatures, T1  and T2, respectively. Figure 3.5 shows that the 

pipe has dimensions of L, r1, and r2  and transports a fluid with a temperature of Tf. Energy 

must be conserved by keeping the rate of heat transfer in the conductive and convective 

parts equal. 

 

 
Figure 3.5: Thermal circuit of heat transfer of a single-layer cylindrical pipe (control 

volume) 

 

 Rtot = Rconv + Rcond =
1

2πr1Lh
+
ln (

r2
r1
)

2πLk
 (3.25) 
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The thermal resistance is characterized in the literature by the overall heat transfer 

coefficient [40]: 

 

 b =
1

A ∙ Rtot
 (3.26) 

 

Where b is the inverse of the sum of the thermal resistances, and A is often expressed by 

the outer surface area (here A = 2πr2L). Thus, the thermal resistance may be represented 

as:  

 

 b =
1

(
r2
r1 ∙ h

) + (
r2
k
) ∙ ln (

r2
r1
)
 (3.27) 

 

Therefore, the overall heat transfer can be expressed as: 

 

 Q = −b(T2 − Tf) (3.28) 

 

3.4.2 Heat transfer in coaxial energy piles 

In practice, there are different types of geothermal energy piles, which are different in the 

configuration of heat exchanging components. Coaxial steel geothermal energy piles are 

the focus of the present thesis. Coaxial GEPs consist of concentric pipes. These sorts of 

GEPs have two main configurations, which are called annular (CXA) or centered (CXC) 

[41], depending on the location of the HCF inflow location. In the CXA, the central pipe is 

the outlet path, and the annular space is the inflow path, while in the CXC, the central tube 

is the inflow path and the annular space is the outflow. 

Since the CXA steel energy pile (Figure 3.6) is the aim of this study, hereafter, the 

mathematical heat transfer relations of only this type will be discussed in detail. Cylindrical 

bodies might be considered to generate heat. These bodies may be modeled as long, solid 

cylinders with uniform heat energy production per unit of Q. To keep the surface 

temperature at a constant value equal to T under steady-state circumstances, the rate of 

heat generation inside the cylinder must match the rate of heat convection from the surface 

of the cylinder to the surrounding fluid. Considering the slenderness of the GEPs, as 

discussed before, the three-dimensional heat conduction–convection Equation (3.11) can 

be written as: 

 

 k
∂2T

∂z2
+ ρcpu

∂T

∂z
− ρcp

∂T

∂t
= −Qz (3.29) 
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Figure 3.6: schematic of the CXA  

 

Temperature distribution in a CXA geothermal energy pile can be schematically shown in 

Figure 3.7. In this illustration, two different scenarios have been considered; in the upper 

graph, it has been assumed that the inflow temperature is higher than the soil temperature 

(Ti > Ts,∞), and in the lower graph, the opposite has been assumed (Ti < Ts,∞). 
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Figure 3.7: Idealization of CXA energy pile and related temperature distribution 
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Thermal resistances in Figure 3.7 can be written as follows: 

 

 
R1 =

ln (
rs,∞
r1
)

2πLksoil
 (3.30) 

 
Rpile = R2 + R3 =

ln (
r1
rpile

)

2πLkpile
+
ln (

rpile
r2
)

2πLkpile
=
ln(

r1
r2
)

2πLkpile
 (3.31) 

 R4 =
1

2πr2LhHCF𝑖,pile
 (3.32) 

 R5 =
1

2πr3LhHCF𝑖,pipe
 (3.33) 

 
Rpipe = R6 + R7 =

ln (
r3
rpipe

)

2πLkpipe
+
ln (

rpipe
r4
)

2πLkpipe
=

ln (
r3
r4
)

2πLkpipe
 (3.34) 

 R8 =
1

2πr4LhHCF𝑜,pipe
 (3.35) 

 

In Equations (3.30) to (3.35): 

rs,∞ is an assumptive dimension showing the radial distance from the pile center that the 

soil temperature is not disturbed due to the pile thermal performance. The soil radius can 

vary between r1 and rs,∞ Moreover, the soil resistance and eventually the soil temperature 

can be calculated for that specific radius. 

rpile and rpipe assumptive dimensions representing pile and pipe are also eliminated in the 

equations. 

The convective heat transfer coefficient, h, highly depends on the fluid characteristics, 

surface temperature, surface roughness, and fluid flow type (laminar or turbulent) [40]. 

Therefore, the convective heat transfer coefficient has been mentioned explicitly for the 

related surface, whether for the contact surface of inflow HCF and pile, inflow HCF and the 

pipe, or the outflow HCF and pipe. It should be emphasized that each surface has different 

temperatures and roughness. 

In heat transfer equations, the heat capacity (cp) of each component acts as the capacitor 

in electrical circuits and stores a part of the transferred heat energy to increase the 

temperature of that component. 

One dimensional solution for heat transfer with internal energy generation in a CXA 

geothermal energy pile, as shown in Figure 3.6, with the temperature distribution as shown 

in Figure 3.7, can be written as: 

 

For the soil: 

 

 ksoil
∂2Ts
∂z2

− (ρcp)soil

∂Ts
∂t
=

Ts,∞ − Ti
2πLrs,∞ × (R1 + R2 + R3 + R4)

 (3.36) 
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For the pile: 

 

 kpile
∂2Tp

∂z2
− (ρcp)pile

∂Tp

∂t
=

Ts,∞ − Ti
2πLrs,∞ × (R1 + R2 + R3 + R4)

 (3.37) 

 

For the inflow path: 

 

 
kHCF

∂2Ti
∂z2

+ (ρcpui)HCF

∂Ti
∂z
− (ρcp)HCF

∂Ti
∂t

=
Ti − To

2πLrs,∞ × (R5 + R6 + R7 + R8)
+

Ts,∞ − Ti
2πLrs,∞ × (R1 + R2 + R3 + R4)

 
(3.38) 

 

For the pipe: 

 

 kpipe
∂2Tpi

∂z2
− (ρcp)pipe

∂Tpi

∂t
=

Ti − To
2πLrs,∞ × (R5 + R6 + R7 + R8)

 (3.39) 

 

For the outflow path: 

 

 kHCF
∂2To
∂z2

+ (ρcpuo)HCF

∂To
∂z

− (ρcp)HCF

∂To
∂t

=
Ti − To

2πLrs,∞ × (R5 + R6 + R7 + R8)
 (3.40) 

 

Where: 

rα: radial distance of the α component from the CXA centerline [m] 

kα: thermal conductivity of the α component [W/m ∙ K] 

Tα: temperature of the α component [K] 

t: time [s] 

z: depth [m] 

Tα,β: temperature of the interface of α and β components [K] 

(ρcp)α
: density multiplied by the heat capacity of the α component [J/m3 ∙ K] 

ui/o: inflow/outflow velocity of the HCF velocity [m/s] 

hα: convective heat transfer coefficient of the HCF when contacting with the solid surface 

of the α component [W/m2 ∙ K] 
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4.1 Introduction 

This chapter explains a reliable numerical model for predicting the thermal performance of 

a coaxial energy pile and the related fluid dynamics and heat transfer aspects of such steel 

piles based on an actual case study. The characteristics of the case study have been 

described first, followed by clarification of the various steps leading up to the final model. 

Finally, a comparison of the numerical simulation results with those obtained from field 

investigations is presented, accompanied by a short discussion on the lessons learned 

during the numerical simulation. 

 

4.2 Finite element model 

The finite element method (FEM) is a powerful numerical method to solve various partial 

differential equations. It is especially well suited for solving initial and boundary value 

problems in engineering applications, considering complex initial and boundary conditions 

and geometries. Partitioning a continuum of space and time into a group of discrete 

components, expressed by elements and nodes, is the essential characteristic of the finite 

element approach. Numerous other numerical methods, notably the finite difference 

method, have this characteristic. The finite difference approach can be used to solve issues 

involving heat and fluid flow. However, the finite element approach was mainly used to 

solve transient and steady-state problems involving advective-diffusive transport. Later, it 

became an essential tool for simulating a diverse set of thermo-hydro-mechanical issues 

in geosciences. This slightly delayed use of the finite element approach to solving flow 

issues was not due to individual preferences. Instead, due to the natural inability of the 

FEM to solve differential equations involving convection-dominated phenomena [1]. 

COMSOL Multiphysics® is a general-purpose software platform and powerful numerical tool 

for simulating physics-based problems. It is possible to cope with coupled or multi-physical 

phenomena using COMSOL Multiphysics. Some of the applications of COMSOL interfaces 

and tools are for electrical, mechanical, and fluid flow. Models of COMSOL Multiphysics 

simulations can be visualized using CAD and COMSOL built-in kernels. COMSOL 

Multiphysics assembles and solves models using finite element analysis, the finite volume 

method, the boundary element method, and particle tracing methods; nevertheless, the 

finite element approach is the primary focus of COMSOL Multiphysics. Numerous forms of 

finite elements are accessible, and the program automatically generates ultimately linked 

aspects at the moment of solution. The COMSOL is also notable for its versatility. If the 

model requires additional physical effect, it is enough to include it. If one of the input 

values of the model needs a mathematical formula, it is possible to apply it. Using 

capabilities such as parameterized geometry, interactive meshing, and custom solver 

sequences, it can swiftly adjust to changes in requirements over time. The adaptable 

nature of the COMSOL environment helps additional analysis by making it simple to build 

up and execute conditional scenarios. 

4 Annular coaxial steel geo-energy pile 

numerical modeling 
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4.3 Description of Saga University experiment  

Saga University (2011) conducted an experimental study on multiple types of ground heat 

exchangers (GHEs) installed in a steel piling foundation [2]. They installed double-tube, U-

tube, and multi-tube GHEs, and their performances were analyzed. The so-called double 

tube is the coaxial steel pile, which is also the focus of this thesis and will be explored in 

this chapter. 

The three varieties of above mentioned GHEs were tested experimentally in the cooling 

mode under identical settings. Evaluated are the depth-dependent temperature 

distributions of the ground and GHE tube walls, the heat exchange rates over 24 hours of 

continuous operation at flow rates of 2, 4, and 8 [lit/min], and the impact of increasing 

the flow rate. 

The foundation piles (steel pipes) were installed up to a depth of 20 meters and utilized as 

GHEs. Figure 4.1 illustrates the schematic illustration of the double tube (CXA) and the 

thermocouple placements for measuring the ground and tube wall temperatures. As the 

inlet tube of the GHE, a stainless-steel pipe with an outer diameter of 139.8 [mm] is used, 

and a polyvinyl chloride pipe with an outer diameter of 48 [mm] is installed within the 

stainless-steel pipe as the output tube. Table 4.1 displays the characteristics of the 

components. 

 

  

The schematic diagram of the pile  
Cross-section of the pile and position of 

thermocouples 

Figure 4.1: The Layout of the pile and position of the thermocouples 
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Table 4.1: Characteristics of the GEP components [2] 

 Parameter Value Unit 

Inlet pipe 

stainless steel (SUS304) 

Length 20 [m] 

Outer diameter, (do,pile) 0.1398 [m] 

Inner diameter, (di,pile) 0.1298 [m] 

Thermal conductivity, (kstainless) 13.8 [W/m ∙ K] 

Outlet pipe 

polyvinyl chloride (PVC) 

Outer diameter, (do,pipe) 0.048 [m] 

Inner diameter, (di,Pipe) 0.040 [m] 

Thermal conductivity, (kPVC) 0.15 [W/m ∙ K] 

 

The local ground temperatures were measured at a point far enough from the installation 

position of the trial piles in a way that the GHEs did not influence the ground temperature 

through the tests (Figure 4.2). It is evident in this graph that only a few meters from the 

ground surface layers are affected by ambient air temperature variation. In depths deeper 

than 5 meters, the temperature is stable year-round. 

 

 
Figure 4.2: Ambient and ground temperature variation at the test location (reproduced 

from [2]) 
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 At three places to a depth of 25 [m], the temperature distributions of the ground were 

monitored at fixed depth intervals using T-type thermocouples (G1, G2, and G3). 

Temperature change before and after the test is not significant. This slight difference can 

be due to either the short test period compared to other similar tests (72 hours in TRT) or 

higher heat capacity and higher volume of water in this type of energy pile. The study at 

the Saga university did not investigate the HCF flow rate effect on the ground temperature 

variation.  

 
Figure 4.3: Ground temperature measured in the vicinity of the test pile before and after 

the test (reproduced from [2]) 

 

Temperatures on the outside surface of the input tube decrease steadily with depth. This 

implies that heat is lost to the ground via the inlet tube, resulting in a steady decrease in 

water temperature. The temperatures on the inner side of the outlet tube are lower than 

those on the outer side, and the temperature of the outlet tube rises gradually as it 

approaches the exit. This shows a heat exchange between the inflow and outflow of water, 

decreasing the effectiveness of GHE. At the G1 location, the ground temperature around 

the double-tube GHE rose at depths of 16 and 20 meters. This can be attributed to 

underground water at these places and flows around the pile to the northwest-bound G1 

location. Flowing underground water may boost the heat transfer rate of the GHE. The 

ambient air temperature regulates the temperature from the surface up to 4 meters. 

The wall temperatures of the GHE tube were measured up to a depth of 20 meters. 

Temperatures of the inflow and outflow streams are monitored on the inner and outer sides 

of the outlet tube. The temperature profiles at the end of the test, after 24 hours, are 

plotted in Figure 4.4. S1 is showing the location of the thermocouples installed on the outer 

wall of the pile, S2 and S3 are the location of the thermocouples installed along the pile 

length on the outer and inner walls of the outlet pipe, respectively. 

 

   

   

   

   

   

   

   

   

   

  

  

  

  

 

        

 
 
 
  

  
 

 

                

               

        

                

                       

                

               

        

                

               



47 

 

 
Figure 4.4: Temperature measured on the walls of the pile at the end of the test 

(reproduced from [2]) 

 

The experiment was conducted continuously for 24 hours. In Table 4.2, the experimental 

conditions are presented. In the GHEs, water circulated, and the input temperature was 

maintained at 27 [°C]. 

 

Table 4.2: Experimental conditions 

Date Flow rate [lit/min] 
Average of the ambient 

air temperature [℃] 

05/10/2008 2 20.3 

29/09/2008 4 19.5 

20/10/2008 8 14.1 

 

The stated Reynolds values for the double-tube GHE range from 331 to 1323. Periodically, 

the temperature distributions of the ground and GHE tube walls by the depth, inlet, and 

outlet of the circulating water were recorded. In addition, the ambient air temperature was 

measured regularly, and the average temperature over 24 hours is shown in Table 4.2. 

Due to the inlet water temperature setting, the influence of daily fluctuations in ambient 

temperature did not substantially alter the heat exchange rate in this experiment because 

the test duration is limited, the average daily ambient temperature is considered, and the 

stable ground temperature is not affected by ambient over one day. While seasonal 

changes affect the ground near the surface. The accuracy of the temperature measurement 

was 0.2 [°C]. 

The soil in the location of the test consists of Ariake clay from the depth of 0 to 15 [m], 

sand and sandy clay from 15 to 20 [m]. Soil properties in this study were estimated using 

the values of similar soil types, as shown in Table 4.3. 
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Table 4.3: Soil properties measured at 293 [𝐊]  

 Clay Sand Sandy Clay 

P
a
ra

m
e
te

r 

Density, ρsoil  [kg/m3] 1700 1510 1960 

Specific heat, Cpsoil
 [J/kg ∙ K] 1800 1100 1200 

Conductivity, Ksoil [W/m ∙ K] 1.2 1.1 2.1 

Thermal diffusivity, αsoil [mm2/s] 0.39 0.68 0.93 

Water Content, wsoil [%] 27.7 7.90 21.6 

 

The inflow and outflow water temperatures of the GHE were monitored for 24 hours of 

continuous operation. As the flow rate increases, the temperature differential between the 

inlet and outlet reduces. The inflow and outflow temperatures of circulated water during 

the test period are shown in Figure 4.5. 

 

 
Figure 4.5: Temperature at inlet and outlet continuously measured during the test 

(reproduced from [2]) 
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4.4 Numerical modeling of the Saga University project 

4.4.1 Geometry 

To investigate the thermal performance of a steel energy pile filled with water, a 3D 

numerical model is established using the COMSOL Multiphysics 5.6, and the results are 

verified using the data from the Saga University project Experiments. The model 

geometry consists of a cylindrical soil domain, pile and PVC outlet pipe, and water 

circulating inside the pile. 

Table 4.4 reflects the values used in building the model geometry, while the COMSOL 

Multiphysics enables the user to introduce all variables as parameters that can be modified 

in any modeling step. 

Figure 4.6 illustrates the model that includes a steel pile at the center, surrounded by the 

cylindrical soil domain with a diameter of 20 meters and a height of 30 meters (equal to 

the length of the pile plus 10 meters of thermal margin to the bottom boundary). The 

dimensions are chosen in a way to ensure that the far-field boundary conditions do not 

have an adverse effect on the simulation results. 

 

 
Figure 4.6: 3D FEM model geometry 
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Table 4.4: 3D FEM model geometry values 

Description Value 

Pile length 20 [m] 

Soil cylinder diameter 20 [m] 

Soil cylinder height 30 [m] 

Steel pile outer diameter 0.1398 [m] 

Steel pile inner diameter 0.1298 [m] 

PVC pipe outer diameter 0.048 [m] 

PVC pipe inner diameter 0.040 [m] 

Pile extrusion from the ground 0.30 [m] 

End distance between PVC pipe 

inlet and steel pile bottom plug 
0.10 [m] 

The thickness of the steel pile 

bottom plug and top cap 
0.005 [m] 

 

As shown in Figure 4.6 b, the inlet and outlet points are not positioned similar to the 

experiment configuration, as shown in Figure 4.1, where the inlet pipe is situated at the 

side wall of the pile, and the outlet pipe is simply in the center of the pile. Many approaches 

for creating the model geometry were considered when designing this pile, such as 

adopting symmetry, placing the entrance on the side wall, or modeling the pile tube using 

2D shell elements (Figure 4.7). In some cases, details of the primary geometries did not 

affect the results but only prevented the simulation from converging. In some cases, the 

numerical simulation outcomes did not match the experimental results but gradually 

improved to produce the final geometry.  

 

 
Figure 4.7: Different approaches in building the geometry: Inlet point on the side wall 

(left), 2D shell with symmetry (right)   
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4.4.2 Material properties 

A Material node is used to represent each material in the COMSOL simulations. Each 

material has a set of physical characteristics that define it, along with values or functions 

(for temperature-dependent characteristics, for example). 

All the materials used in the simulations are homogenous and isotropic. The materials that 

make up the ground and energy geostructures contain pores filled with fluid, and the 

thermophysical properties of the fluid and solid phases are considered according to 

Equations (3.18) and (3.19). 

 

4.4.2.1  Soil 

Table 4.3 shows the soil properties at the test location. The layering of the soil at the site 

of the test consists of Ariake clay from the depth of 0 to 15 [m], sand and sandy clay from 

15 to 20 [m]. Since the exact boundaries of sand and sandy clay for the depths of 15 to 20 

meters and the underground flow regime at the test location were not defined in the 

experiment results, the soil in the numerical modeling was assumed to be fully saturated 

clay with the input values presented in Table 4.5. 

 

Table 4.5: Soil characteristics used in numerical modeling 

Parameter Value Unit Reference 

Density, (ρsoil) 1700 [kg/m3] 

[2] Heat capacity at constant pressure, (Cpsoil
) 1800 [J/kg ∙ K] 

Thermal conductivity, (ksoil) 1.2 [W/m ∙ K] 

The ratio of specific heats, (γsoil) 1 [−]  

Porosity, (εsoil) 50 [%] [42] 

 

4.4.2.2  Heat carrier fluid (HCF) 

The HCF in this numerical modeling is considered pure water with temperature-

dependent properties, as shown in Table 4.6. These parameters are available in the built-

in material library of COMSOL Multiphysics.  
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Table 4.6: Water characteristics used in numerical modeling [43] 

Parameter Unit Value 

Density, (ρwater) [kg/m3] 

For 273.15 < T ≤ 293.15: 

6.3 × 10−5T3 − 6.04 × 10−2T2 + 18.9T −

950.7  

 

For 293.15 < T ≤ 373.15: 

1.03 × 10−5T3 − 1.34 × 10−2T2 + 4.97T +

432.26  

Heat capacity at constant 

pressure, (Cpwater
) 

[J/kg ∙ K] 

For 273.15 < T < 553.75: 

 

12010.1 − 80.4T + 0.3T2 − 5.4 × 10−4T3 +

3.6 × 10−7T4  

Thermal conductivity, (kwater) [W/m ∙ K] 

For 273.15 < T < 553.75: 

 

−0.87 + 8.9 × 10−3T − 1.6 × 10−5T2 +

7.97 × 10−9T3  

Dynamic viscosity, (μwater) [Pa ∙ s] 

For 273.15 < T < 413.15: 

 

1.4 − 0.02T + 1.4 × 10−4T2 − 4.6 ×

10−7T3 + 8.9 × 104T4 − 9.1 × 10−13T5 +

3.8 × 10−16T6  

The ratio of specific heats, 

(γwater) 
[−] 1 + (

T

Cpwater
(T)
) × (αPwater(T) × cswater(T))

2

  

Coefficient of thermal 

expansion, (αPwater) 
[1/K] −(

1

ρwater(T)
) × (

dρwater(T)

dT
) 

Speed of sound, (cswater) [m/s] From Figure 4.8 
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Figure 4.8: Sound speed inside water [43] 

 

4.4.2.3  Steel 

Stainless steel SUS304, often known as the Japanese designation for SS304 or AISI 304 

in American references, comprises the pile body material. SUS304 offers outstanding warm 

workability for bending and stamping, good heat and corrosion resistance, low-

temperature strength, processability, and mechanical qualities [44]. Table 4.7 illustrates 

the thermal properties of SUS304 used in numerical modeling.  

 

Table 4.7: Table 4.8: Stainless steel characteristics used in numerical modeling 

Parameter Value Unit Reference 

Density, (ρsteel) 7950 [kg/m3] 

[44] 
Heat capacity at constant pressure, (Cpsteel

) 510 [J/kg ∙ K] 

Thermal conductivity, (ksteel) 13.8 [W/m ∙ K] [2] 

The ratio of specific heats, (γsteel) 1 [−]  

 

4.4.2.4  Polyvinyl chloride (PVC)  

Polyvinyl chloride (PVC) pipe has been used as the outflow path and material property 

according to Table 4.9, adopted for the numerical modeling. 

  



54 

 

Table 4.9: PVC characteristics used in numerical modeling 

Parameter Value Unit Reference 

Density, (ρPVC) 1760 [kg/m3] 

[45] 
Heat capacity at constant pressure, (CpPVC

) 921 [J/kg ∙ K] 

Thermal conductivity, (kPVC) 0.15 [W/m ∙ K] [2] 

The ratio of specific heats, (γPVC) 1 [−]  

 

4.5 Physics  and boundary conditions of the model 

The nature of the physics which must be dealt with in solving the thermal performance of 

coaxial steel pile can be divided into two main parts. The time-dependent heat transfer 

problem in the volumetric domains, the transient fluid flow, and forced convection 

problems along the pile axis. Pure conductive heat transport is predicted in the solid part 

such as steel pile and PVC pipe domains; heat conduction and convection in the porous 

media such as surrounding soil and the fluid flow and heat transfer problem regarding the 

HCF domain. 

 

4.5.1 Heat transfer in porous media 

To simulate heat transport through conduction, convection, (and radiation) in porous 

media, COMSOL Multiphysics provided the heat transfer in porous media interface, which 

may be found under the Heat Transfer module. 

On all domains, a porous medium model is automatically active. There is also the full 

capability to add more domain types, such as solid domains under the same heat transfer 

in porous media module. The convection-diffusion equation, with thermodynamic 

properties averaging models to consider solid matrix and fluid characteristics, corresponds 

to the temperature equation described in porous media domains. When the temperatures 

within the porous matrix and the fluid are in balance, this equation stands true. 

The heat transfer phenomena in the coaxial steel energy pile combine heat transfer in the 

soil as the heat transfer in porous medium, heat transfer in the pile and pipe as the heat 

transfer in solid media, and the HCF as the heat transfer in fluid phase (Figure 4.9). 
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Figure 4.9: Heat transfer interface and boundary conditions used in the present study in 

COMSOL 

 

4.5.1.1 Boundary conditions 

One of the essential boundary conditions is the inflow temperature. Therefore, an upstream 

temperature profile, similar to the experimental temperature profile, has been introduced 

to the model using the built-in interpolation function and the discrete values of several 

points taken from the original data set (the inlet temperature line in Figure 4.5). 

A nonlocal integration coupling over the boundary surface must be defined to evaluate the 

outflow temperature at the outlet point of the PVC pipe. The integration operator (intop1(T)) 

must be divided over the boundary surface area using the (intop1(1)) operator. To monitor, 

save, and later visualize the temperature development during the simulation, a global 

variable probe should be defined to store the real-time values obtained from the integration 

operator. 

To estimate temperature variations in each node, boundary conditions are employed to 

specify the behavior of the numerical model during runtime.  

In heat transfer applications, boundary conditions can be classified into three categories 

[2]: 

 

• The prescribed temperature at a point or along a boundary surface (Dirichlet, 

essential) 

• Prescribed heat flux at a point or along a boundary surface (Neumann, natural) 

• A linear combination of prescribed temperature and heat flux at a point or along a 

boundary surface (Cauchy, mixed) 

 

Equation (4.1) shows Newton’s law of cooling, a well-known Cauchy or mixed thermal 

boundary condition. 
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 q = h(Text − T) (4.1) 

 

Where: 

q: boundary convective heat flux [W/m2] 

h: convection heat transfer coefficient [W/m2 ∙ K] 

Text: external temperature [W/m2] 

T: temperature of the domain at the outer interface [W/m2] 

 

The lateral and bottom of the model can be assumed to have prescribed temperature 

(Dirichlet) conditions. The Dirichlet condition should be applied only when the initial 

temperature profile of the ground is prescribed [46]. 

The top boundary of the model can have one of the following conditions: 

• Fixed temperature (Dirichlet, essential) (T = Tair) 

• Insulated (Neumann, natural) (T = Text  →  q = 0) 

• Heat flux (Cauchy, mixed)  

 

In general, keeping the ground surface temperature constant will cause artificial effects on 

the energy pile performance. The best two options are either insulated or Cauchy. If the 

energy pile is supposed to be utilized under a building structure, the top boundary condition 

can be assumed as “Insulated”. 

The “heat flux” boundary conditions can be assumed either by assuming fixed heat flux 

value (q = q0) or variable value depending on soil surface temperature (T) at each stage of 

simulation by defining the convection heat transfer coefficient (h). The convection heat 

transfer depends on the fluid (air) thermophysical properties and fluid velocity (air velocity 

at the ground surface). Therefore it can be broken into two components [6]:  

 

 h = hn + hf (4.2) 

 

Where: 

hn: natural convection coefficient portion [W/m2 ∙ K] 

hf: forced convection coefficient portion [W/m2 ∙ K] 

 

There are several equations for determining the natural convection coefficient (hn) based 

on airflow across surfaces (Table 4.10). 
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Table 4.10: Natural convection coefficient estimations 

hn  [W/m
2 ∙ K] Reference 

1 to 3 [47] 

2 to 4 [48] 

2.5 [49] 

 

For calculating the forced convection coefficient (hf) with airflow across the surfaces, many 

expressions are also available [2], [6], [50]. However, for airflow velocity of less than 5 

(m/s) a linear relationship between the average airflow velocity and the forced convection 

coefficient is sufficient (Figure 4.10) [6]. 

 

 
Figure 4.10: Comparison of correlations for forced convective heat transfer coefficient 

(Reproduced from [50]) 

 

According to Table 4.10 and Figure 4.10, the value of the convective heat transfer 

coefficient is expected to be in the range of 5 to 16 [W/m2 ∙ K].Since no information is 

available regarding the average airflow velocity during the Saga university experiment, 

other methods should be used to evaluate the convective heat transfer coefficient (h). 

Table 4.11 shows some empirical correlations derived from greenhouse trials. Different 

coefficients of free convection and turbulent flow equations are used to fit these models. 
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Table 4.11: Empirical equations for convective heat transfer between the soil surface and 

air [51] 

h [W/m^2 ∙ K] Conditions 

3.40∆T0.33 Screened greenhouse 

10.0∆T0.33 Bare soil 

1.86∆T0.33 Large-scale greenhouse 

5.20∆T0.33 Heated floor surface 

 

Table 4.12 shows the convective heat coefficient derived from the “Bare soil” equation for 

the numerical simulation. 

 

Table 4.12: Convective heat transfer coefficients and external temperatures applied in 
the simulation 

Flow rate (lit/min) Date Tair [°C] h = 10.0∆T0.33 [W/m2 ∙ K] 

2 05/10/2008 20.3 13.16 

4 29/09/2008 19.5 11.43 

8 20/10/2008 14.1 15.67 

 

At the top surface boundary, the extrusion of the pile is in contact with the ambient air and 

has a heat flux between steel and air; some literature suggested a value of 25.32 [W/m2 ∙

K] as the convective heat transfer coefficient between steel and air [52], the same value 

was used in the present study. 

 

4.5.1.2 Continuity 

While creating a geometry by assembling different parts, where there is a need to connect 

parts at the interfaces (soil-pile, pipe-water, and pile-water), a pairing option is available 

in the COMSOL Multiphysics. By default, pairs are created automatically when forming an 

assembly at the final stage. There are two types of pairs: (a) identity pairs and (b) contact 

pairs. 

Identity pairs connect overlapping boundaries in different connecting parts of an assembly 

to specify two selections of boundaries that overlap but belong to different parts of an 

assembly.  

Then assign a boundary condition to connect the physics nodes in the two parts in a physics 

interface. To ensure a continuous transfer of heat among different parts of the model, a 

boundary condition called “continuity” must be assigned on contacting surfaces of different 

assembly parts. Continuity prescribes that the temperature field is continuous across the 

identity pairs, where the boundaries match. 

 



59 

 

4.5.2 Fluid flow 

Fluid flow or mass transfer inside the pile and outlet pipe is the movement of generic 

particles due to different hydraulic heads. 

The flow condition (laminar or turbulent) is crucial to convection mass transport 

phenomena. Laminar flow and turbulent flow are the two primary regimes of convection 

mass transfer. Laminar flow is a type of mass transfer when the effective pathways of the 

average fluid motion and the pathways of the individual particles match. The pathways of 

the individual particles that make up the fluid in motion are random in turbulent flow and 

therefore do not match the effective pathways of the average fluid motion [6]. 

Reynolds number is often used to distinguish between laminar and turbulent flows. For 

fluid flow in a pipe or a tube, the Reynolds number is as presented in Equation (4.3). 

 

 
Re =

ρQDH
μA

 (4.3) 

 

Where: 

ρ: fluid density [kg/m3 ] 

Q: volumetric flow rate [m3/s] 

DH: hydraulic diameter [m] 

μ: dynamic viscosity [m/kg ∙ s] 

A: pipe area [m2] 

 

Typically, the following classification is used to distinguish the flow regime inside the pipes: 

 

 Re < 2300    laminar 

2300 < Re < 4000    transient 

Re > 4000    turbulent 

(4.4) 

 

Table 4.13 shows the Reynolds number for the coaxial energy pile of the study. The flow 

condition for the three tested flow rates can be assumed as laminar. 

Table 4.13: Reynolds number calculated from different scenarios 

Flow rate [lit/min] 
Calculated from the 

annular area 

As suggested in the 

experiment 

calculated from the 

steel pile 

2 281 331 381 

4 562 662 761 

8 1124 1323 1522 
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The Laminar Flow interface in COMSOL Multiphysics (Figure 4.11) is used to calculate the 

velocity and pressure fields for the flow of a single-phase fluid in the laminar flow regime. 

The laminar flow interface accommodates incompressible flow, weakly compressible flow 

(temperature affects density but not pressure), and compressible flow at low Mach 

numbers (typically less than 0.3). It also facilitates the movement of non-Newtonian fluids. 

The Navier–Stokes equations for conservation of momentum and the continuity equation 

for conservation of mass are solved using the Laminar Flow interface. The Laminar Flow 

interface is applicable for both stationery and time-dependent analysis. As these flows tend 

to become fundamentally unstable in the high Reynolds number zone, time-dependent 

research should be used. 

 

 
Figure 4.11: Laminar flow interface and boundary conditions used in the present study in 

COMSOL 

 

4.5.2.1  Boundary conditions 

The HCF flowing inside the pile system is considered a Newtonian fluid. In COMSOL, the 

gravity feature should be activated while dealing with CFD and Heat transfer in fluid 

modules.  

The default boundary condition for solid walls is “No-slip”. A non-slip wall is one in which 

the fluid velocity relative to the wall velocity is zero. Since the walls of the pile and the 

outlet pipe are fixed, the translation velocity of the walls should be equal to zero. 

To obtain a numerically well-posed problem, it is advisable to consider the Outlet conditions 

as well as the inlet. Conditions at the inlet are defined as “fully developed flow”, with the 

volumetric flow rate equal to 2, 4, and 8 [lit min⁄ ].  

The outlet pressure may be set if velocity is defined at the inlet. Specifying the velocity 

vector at both the inlet and outlet may induce convergence errors. Therefore, the outlet 

boundary condition is equal to 200 [kPa], resembling the pressure tank in standard 

pumping systems. 

 

4.5.3 Multiphysics 

Fluid flows having variable temperatures are referred to as non-isothermal flows. The 

material characteristics of a fluid, such as density and viscosity, alter in response to a 

change in temperature. These changes may, in some instances, be significant enough to 

affect the flow field. Changes in the flow field also impact the temperature field since the 

fluid carries heat. This mutual connection between fluid flow and heat transfer is standard 

in heat exchangers like energy piles [53]. 
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Since the HCF in this simulation is considered an incompressible fluid, the “Boussinesq 

approximation” option must be activated to evaluate the HCF at the reference temperature 

and reference pressure. 

 

4.6 Results and discussions 

To investigate the thermal performance of a pile similar to the experimental study of the 

coaxial pile at Saga University, a 3D numerical model using the COMSOL Multiphysics 5.6 

has been established. In that experimental investigation, water was injected inside the 

coaxial pile with volumetric flow rates equal to 2, 4, and 8 [lit/min] for 24 hours. In the 

numerical simulation using COMSOL Multiphysics 5.6, the same scenarios with a similar 

inflow temperature have been adopted, and the outflow temperatures have been 

monitored. Figure 4.12 demonstrates the experimental and numerical simulation results. 

 

 
Figure 4.12: Inlet and outlet temperatures 

 

At the inlet point, water was injected with an almost constant temperature of 27 [°C]. 

Table 4.14 shows the final temperatures of the experimental tests and numerical 

simulation. 
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Table 4.14: Comparison between the experimental results and numerical simulation 

Inflow rate Outflow temperature [°C] Difference 

[□lit/min] Experiment Numerical [°C] [%] 

2 23.1 23.8 -0.7 -3.03 

4 24.7 24.5 +0.2 +0.81 

8 26.0 25.4 +0.6 +2.31 

 

As shown in Figure 4-12, the numerical simulation results show a good agreement with the 

observed results of the Saga university experiments.  

Table 4.14 reveals that the difference between the outcome of the numerical simulation 

matches the data from the site investigation with accuracy enough to expand the 

application of the same numerical model to future studies for similar piles. 

Figure 4.13 shows the HCF velocity profile on a longitudinal cross-section of the pile while 

the volumetric flow rate was equal to 2 [lit min⁄ ]. As was expected, the velocity at the inlet 

is partly disturbed. It reaches a smooth flow after less than a meter inside the pile. 

However, the depth through which the velocity field of the HCF looks like a jet depends on 

the inlet velocity. The velocity of the HCF on the walls of the pile and the outlet pipe is 

zero, as its condition in the simulation has been defined as the “No-slip” flow over the solid 

walls. Outflow velocity is higher than inflow due to the outlet PVC pipe's smaller dimension 

than the inlet steel pile. Figure 4.14 shows the velocity streamlines of the HCF inside the 

pile at the inlet and at the bottom part of the pile, where the fluid enters the outlet PVC 

pipe.  
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Figure 4.13: cross-section of the HCF velocity at the entrance (left) and bottom of the 

pile (right) 

 

 
Figure 4.14: Velocity streamlines at the entrance (left) and the bottom of the pile (right) 

 

Figure 4.15 shows the isothermal heat contours in the ground and the pile after 24 hours. 

This diagram shows the heat distribution pattern in the model. 
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Figure 4.15: Isothermal contours after 24 hours in the model (left), at the ground 

surface (right upper), and bottom of the pile (right lower) 

 

Figure 4.16 shows the isothermal heat contours, which explain the thermal flows in the 

model from the start to the end at different time steps. 

 

 
Figure 4.16: Isothermal contours in the model in different time steps from the beginning 

to the end of the simulation 
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Figure 4.17 shows the temperature distribution at the ground surface and a depth of 20 

meters at the last stage of the test. Due to the 24 hours of pile performance, the thermally 

affected zone has a radial distance smaller than 0.3 m. This distance relies on the soil, pile, 

fluid material properties, temperature difference between the inlet and outlet, and inlet 

velocity. 

 

 
Figure 4.17: Temperature distribution at Ground surface (upper) and a depth of 20 

meters (lower) after 24 hours  

 

To evaluate the heat exchange rate of the coaxial energy pile per meter of the pile, the 

inlet and outlet temperatures of the HCF were monitored at different flow rates. The heat 

exchange rate can be calculated from Equation (5.1). 

 

 
Q̅ =

ṁcp∆T

L
 (4.5) 
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Where: 

Q̅: heat exchange rate per meter of the pile [W/m] 

ṁ: gravimetric flow rate [kg/s] 

cp: specific heat of water [J/kg ∙ ℃] 

∆T: the temperature difference between inlet and outlet of HCF [℃] 

L: the pile length [m] 

 

The heat exchange rate per meter of the pile for 24 hours of operation in the Saga 

experiment and the present numerical simulation are compared in Figure 4.18 to Figure 

4.20. After certain hours of operation, the heat exchange from the circulation HCF to the 

soil raises the ground temperature around the pile, and then the heat exchange rate 

decreases gradually and remains stable. 

It should be noted that the temperature difference between the inlet and the outlet is 

relatively high due to the considerable amount of water stored in this type of energy pile, 

which is in thermal equilibrium with the surrounding soil. This means that a considerable 

amount of heat is required to increase the temperature of the water inside the pile due to 

the specific heat capacity of the water. This is an important finding because it shows that 

such piles can be used as thermal storage tanks under buildings. 

 
Figure 4.18: comparison of the heat exchange rate (2 [lit/min])   
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Figure 4.19: comparison of the heat exchange rate (4 [lit/min])   

 

 
Figure 4.20: comparison of the heat exchange rate (8 [lit/min])   
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4.7 Lessons learned during the numerical simulation 

Numerical simulation of the Saga university experiment, which investigated coaxial annular 

steel energy pile, comes with several challenges that made us change the modeling 

strategies several times and struggle with the simulation at the initial phases of the present 

study. However, the final structure of the model is due to successfully overcoming these 

challenges. The novelty of this study is the numerical simulation of the fluid flow and heat 

transfer in the solid and liquid parts of the model. Most research has focused on solid 

energy structures with HCF passing through plastic pipes. However, in the present study, 

the energy pile is filled with water and may act as thermal storage.  

Additionally, in the previous numerical simulations, the COMSOL “pipe flow module” made 

it easier for users to analyze such heat exchangers. In comparison, the regulating physics 

and boundary conditions of the coaxial steel pile have previously been given less thought 

and consideration. This is the main novelty of the present numerical simulation.  

 

4.7.1 Fluid flow caused instabilities 

Having initial conditions inconsistent with the loads and boundary conditions is a typical 

error, which stops the numerical simulation when building time-dependent simulations, 

usually with fluid flow modeling. 

For example, in this energy pile case, at the inlet, the velocity of the fluid is introduced, 

and at the outlet, the pressure has been defined as boundary conditions, while the initial 

values inside the pile are left to their default values, i.e., zero velocity and pressure. This 

inconsistency between initial values at the inlet and other elements inside the pile in time-

dependent solves leads to non-convergence errors. There are two intelligent methods to 

overcome this error. First, initializing the time-dependent study with a stationary study; 

second, ramping up the initial conditions over time. However, the first approach is proven 

effective in almost any similar CFD simulation. 

The former solution corresponds to the actual test conditions better than the later one. In 

the first solution, the test is simulated as the HCF water pump starts circulating the fluid 

inside the system, and after reaching a steady state, the heat is introduced to the system. 

While in the second solution, heated fluid is introduced to the system, and the velocity of 

the liquid is increased from zero to the final value over time, which does not represent the 

actual conditions of the test. 

 

4.7.2 Heat transfer modules 

As pointed out before, the nature of the physics which has to be dealt with in solving the 

thermal performance of coaxial steel pile is pure conductive heat transport in the solid part 

such as steel pile and PVC pipe domains; heat conduction and convection in the porous 

media such as surrounding soil; and the fluid flow and heat transfer problem regarding the 

HCF domain. 

Even though in COMSOL Multiphysics, independent heat transfer modules are available for 

investigating these heat transfer phenomena separately, it is impossible to combine all 

these heat transfer modules in one complex system.  
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To solve this problem, the COMSOL has provided another possibility to assign all the model 

parts in the heat and mass transfer in the porous media module and define each part 

separately as the solid or the fluid parts. 

 

4.7.3 Stabilization 

When numerically solving transport phenomena driven by convection-dominated transport 

problems, such as the numerical simulation of the coaxial pile, where the fluid flow is 

supposed to be considered, the approach can lead to numerical instabilities or oscillation 

in the results. These instabilities are mainly due to the convective velocity vector, the 

diffusion coefficient, and the mesh size. The consistent stabilization option in COMSOL 

efficiently solves the problem with less computational effort and time, which is active in 

flow-related physics by default. Figure 4.21 shows the numerical simulation results with 

normal-sized and finer-sized mesh. 

 
Figure 4.21: Effect of mesh size on the stability of results 

 

4.7.4 HCF temperature-dependent characteristics 

As mentioned, the HCF in this numerical modeling is considered pure water with 

temperature-dependent properties. Since thermal and physical properties of water change 

slightly with the temperature, ignoring these slight variations will considerably affect the 

results. Figure 4.22 shows numerical simulation results of the coaxial energy pile with a 

flow rate of 2 [lit min⁄ ]. In one study, the physical and thermal characteristics of the inflow 

water are considered constant (temperature independent) for the inflow temperature equal 

to the properties at 27 [℃]. In the other study, these properties were assumed to be 

temperature-dependent during the test period (the fluid temperature varies between 18 

and 27 [℃]). 

 

  

  

  

  

                                         

 
  
  
  

  
 
  
  
 
  
   

 
 

          

                        

                              

                             



70 

 

 
Figure 4.22: Temperature dependency of the fluid and its effect on the results 
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5.1 Introduction 

The Norwegian Geotechnical Institute (NGI) is the project leader of the BEAR project 

(Bærekraftig Energi fra løsmAsseR, or Sustainable energy from loose material). This 

project is part of a larger construction project owned by Malvik municipality. The primary 

goal of the BEAR project is to design solutions for harvesting energy from surface soil 

layers as a sustainable and reliable energy source utilizing steel energy piles. The aerial 

image of the project location is shown in Figure 5.1. 

 

 
Figure 5.1: Aerial photo of the BEAR project location [54]   

 

In December 2021, two steel hollow cylindrical piles were installed in the field. Piles 

configurations are shown in Figure 5.2, and the characteristics are listed in Table 5.1. 

 

        

 

5 Thermal analysis of the BEAR project 
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Figure 5.2: Configuration of the steel piles in the BEAR project 

 

The big pile is an end-bearing type with an outer diameter of 0.323 [m] and a length of 27 

[m], 0.5 [m] penetrating into the bedrock and protruding 0.5 [m] out of the ground. The 

bottom of the big pile is filled with a 1-[m]-thick plug of cement grout. The small pile is a 

friction pile with an outside diameter of 0.139 [m] and a total length of 21 [m], 20 meters 

of which are buried in the earth, and 1 [m] extrude out the ground surface. The small pile 

is plugged with a 6-[m]-thick cement grout at the bottom. Both piles are 4 mm thick steel 

cylinders. 

An outlet polyethylene (PE) pipe is used in the suggested configuration for both piles. 
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Table 5.1: Characteristics of the GEPs in the BEAR project  

Parameter Value Unit 

Small Pile, S355J2H 

Buried length 20 [m] 

Length 21 [m] 

Outer diameter, (do) 0.139 [m] 

Inner diameter, (di,pile) 0.131 [m] 

Bottom plug, cement grout   

Length 6 [m] 

Big Pile, S355J2H 

Buried length 26.5 [m] 

Length 27 [m] 

Outer diameter, (do) 0.323 [m] 

Inner diameter, (di,pile) 0.315 [m] 

Bottom plug, cement grout   

Length 1 [m] 

Outlet Pipe, polyethylene (PE100) 

Outer diameter, (do,pipe) 0.048 [m] 

Inner diameter, (di,Pipe) 0.040 [m] 

 

5.2 Soil Layering 

 A total sounding and CPTu field investigation were conducted close to the coaxial piles in 

March 2022. Pore water pressure measurements as the complementary data obtained from 

piezometers at depths -10, -18, and -22 [m] from the ground surface. 

 

5.2.1 Pore pressure measurement 

The pore pressure measurement results and the values used in this investigation to 

interpret CPTu data are presented in Figure 5.3 and Table 5.2. It should be noted that the 

installed piezometer at -22 [m] shows errors after the first few readings and before 

reaching to steady state; therefore, its measurements are not considered in the 

interpretations. Based on the measured pore pressure at depths -10 and -18, the 

underground water table level was estimated at the depth of -2.5 [m]. 
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Table 5.2: Pore pressure measurements 

Depth 

[m] 

Average measured 

pore pressure 

[kPa] 

Expected Hydrostatic 

Pressure 

(10 kPa/m) [kPa] 

The pressure used in 

the interpretation 

[kPa] 

-2.5 Extrapolation 0 0 

-10 100.3 75 100 

-18 207.5 155 208 

-22 148.9 195 261 

 

As mentioned above, the piezometer at the depth of -22 stopped working before reaching 

the steady state pore pressure measurements. So, the measured value at that depth has 

not been considered in the interpretation, and the pore pressure profile was built based on 

extrapolation of the piezometer recordings at depths -10 and -18 [m]. 

 
Figure 5.3: Pore pressure measurements [kPa] 

 

5.2.2 Total sounding and CPTu recordings 

In the conventional geotechnical practice in Norway, a total sounding is often used to 

initiate an in-situ soil investigation scheme [55]. The primary purpose of total sounding is 

to determine the soil layers and the bedrock location, as well as to detect stiff layers that 

might damage the CPTu probe. It offers a foundation for planning additional in-situ studies, 
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including CPTu (cone penetration test with pore pressure measurement), soil sampling, 

and pore pressure measurements [56].  

The CPTu data might serve as a reference to the sort of soil behavior. The CPTu data 

consistently measure the in-situ behavior of aggregates in the vicinity of the probe. Using 

the obtained CPTu values, one can calculate the preliminary undrained shear strength using 

two different methods. The first approach is based on cone resistance and considers the 

theory of undrained bearing capacity, whereas the second approach is based on the excess 

pore pressure and therefore considers the theory of undrained expanding cavity [57].  

The total sounding measurements were performed at 2 [m] far from the CPTu recording, 

and since the total sounding recordings showed a stiff layer at a depth of -24.5 [m], the 

CPTu measurements carried out up to level -24 [m]. 

Figure 5.4 shows the results of CPTu and total sounding main parameters recordings. For 

the determination of stratification, one first must plot the results of the calculated corrected 

cone resistance (qt), the pore pressure (u2) and the sleeve friction (fs) with the depth.  

 

 
Figure 5.4: Combination of CPTu main parameters and total sounding recordings 

 

5.2.3 Soil and rock type 

The CPTu data was used to estimate the soil type using Robertson charts (2011) [58]. 

Results are shown in Figure 5.5 to Figure 5.8, and the soil stratification is as stated in Table 

5.3. 
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Figure 5.5: CPTu Data for Clays – Clay to silty clay layers presented on the Robertson 

chart  

 

 
Figure 5.6: CPTu Data for Mixture of Clay, Silt, and Sand layers presented on the 

Robertson chart  
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Figure 5.7: CPTu Data for Silty sand to Sand silty layer presented on the Robertson chart  

 

 
Figure 5.8: CPTu Data for Sensitive soil, Fine-grained layer presented on the Robertson 

chart  
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Table 5.3: Soil stratification based on field data 

Depth [m] 
Thickness 

[m] 

Soil type zone 

classification Zone description based 

on Robertson chart 
Reference 

From to 
Qt − Fr 

Zone 

Qt − Bq 

Zone 

0 -2 2.00 - - Organic Soil 
Drilling 

Report 

-2 -3 1.00 - - 
A mixture of Clay, Silt, 

and Sand 

Total 

Sounding 

-3 -4.8 1.80 3-4 3 Clays – Clay to silty clay CPTu 

-4.8 -5.65 0.85 4 (3 - 5) 3 (4-5) 
A mixture of Clay, Silt, 

and Sand 
CPTu 

-5.65 -6.1 0.45 3-4 3 Clays – Clay to silty clay CPTu 

-6.1 -7.9 1.80 4 (3 - 5) 3 (4-5) 
A mixture of Clay, Silt, 

and Sand 
CPTu 

-7.9 -8.45 0.55 3-4 3 Clays – Clay to silty clay CPTu 

-8.45 -9.3 0.85 4 (3 - 5) 3 (4-5) 
A mixture of Clay, Silt, 

and Sand 
CPTu 

-9.3 -9.7 0.40 3-4 3 Clays – Clay to silty clay CPTu 

-9.7 -10.3 0.60 4 (3 - 5) 3 (4-5) 
A mixture of Clay, Silt, 

and Sand 
CPTu 

-10.3 -14.4 4.10 3-4 3 Clays – Clay to silty clay CPTu 

-14.4 -15 0.60 4 (3 - 5) 3 (4-5) 
A mixture of Clay, Silt, 

and Sand 
CPTu 

-15 -21.7 6.70 3-4 3 Clays – Clay to silty clay CPTu 

-21.7 -22.9 1.20 4 (3 - 5) 3 (4-5) 
A mixture of Clay, Silt, 

and Sand 
CPTu 

-22.9 -23.8 0.90 3 to 6 3 to 6 Silty sand to sand silty CPTu 

-23.8 -24.48 0.68 3 3 
Sensitive soil, Fine-

grained 
CPTu 

-24.48 -26.1 1.62 - - 
Rock (Sandstone or 

Rhyolite) 

Total 

Sounding 

 

It should be noted that soil layering presented in Table 5.3 is only based on the data 

gathered from the field investigation; complimentary data can be collected via tube 

sampling to clarify the exact soil type through laboratory tests. 
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As shown in Figure 5.9, according to the national bedrock database from NGU (Geological 

Survey of Norway), the location of piles is so close to the intersection of sandstone - a 

clastic sedimentary rock - (the yellow color on the map) and rhyolite - an extrusive igneous 

rock - (the pink color on the map) [59]. 

 

 
Figure 5.9: Bedrock at the location of piles [59] 

 

5.3 Numerical analysis 

According to the thermal research plan outlined for the BEAR project, both piles will be 

outfitted with the necessary equipment for TRT (Thermal Response Test). Thermistor 

strings will be installed along the centerline of both piles. It has been suggested to conduct 

the TRT test on the big pile while concurrently measuring the thermal response at the small 

pile. 

Two test scenarios have been designed for the TRT testing. In the first scenario, piles will 

be evaluated based on a constant power supply (constant kW), like the usual TRT 

experiments conducted in energy boreholes. Depending on the available HCF flow rates, 

tests may be performed with 3, 6, 9, or 12 [kW] of constant input power. The second 

scenario is to test with consistent input temperatures of 15, 30, and 60 to 70 [°C]. Tests 

will be conducted on 8-hour heating and 16-hour rest cycle. 

According to the prescribed test scheme, numerical simulations of the thermal performance 

of the BEAR project have been conducted. Since field studies were not completed when 

this thesis was written, comparing field experiments and numerical simulation was not 

feasible. Numerical simulation has been performed according to the plan explained in Table 

5.4. Each scenario simulates the proposed TRT test for 72 hours. 
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Table 5.4: Numerical simulation scenarios used in the present study 

 
Flow rate [lit min⁄ ] 

10 15 20 

Constant energy source [kW] 
3 ✓ ✓ - 

12 - ✓ ✓ 

Constant temperature source [℃] 
15 ✓ ✓ - 

65 - ✓ ✓ 

 

5.3.1 Geometry 

Figure 5.10 shows the cylindrical geometry chosen for simulating the BEAR project piles. 

The model has a diameter equal to 30 [m] and a height of 46 [m]. The top 26 meters of 

the cylinder height represents the soil layers, and the rest is the bedrock. All the 

components in the model have dimensions, as stated in Table 5.1. Pile caps (lids) are steel 

plates with 10 [mm] thickness. 

 

 
Figure 5.10: BEAR Project 3D FEM model geometry 

 

5.3.2 Mesh building 

Mesh elements were built using the physics-controlled sequence with the normal size 

elements. Based on the described setting, COMSOL Multiphysics has produced a meshing 

geometry, as shown in Figure 5.11. 
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Figure 5.11: Mesh elements of the assigned geometry 

 

5.3.3 Material and thermal parameters 

Table 5.5 shows the material properties used in the numerical simulation of the BEAR 

project. Water is considered the heat carrier fluid with temperature-dependent properties, 

as described in (Table 4.6). 

The soil domain is considered a water-saturated mixture of clay and silt; in the simulation, 

bedrock material is assumed as sandstone. 
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Table 5.5: Material characteristics used in numerical simulations 

Parameter Value Unit Reference 

Soil, Clay/Silt (water-saturated) 

Density, (ρsoil) 2100 [kg m3⁄ ] 

[42] Heat capacity at constant pressure, (Cpsoil
) 1143 [J kg ∙ K⁄ ] 

Thermal conductivity, (ksoil) 1.8 [W/m ∙ K] 

Porosity, (εsoil) 50 [%]  

Bedrock, Sandstone 

Density, (ρrock) 2450 [kg/m3] 

[42] Heat capacity at constant pressure, (Cprock
) 900 [J/kg ∙ K] 

Thermal conductivity, (krock) 2.8 [W/m ∙ K] 

Porosity, (εrock) 25 [%]  

Steel pile, S355J2H 

Density, (ρsteel) 7830 [kg/m3] 

[60] Heat capacity at constant pressure, (Cpsteel
) 470 [J/kg ∙ K] 

Thermal conductivity, (ksteel) 42.7 [W/m ∙ K] 

Outlet pipe, polyethylene (PE100) 

Density, (ρPE) 950 [kg/m3] 

[61] Heat capacity at constant pressure, (CpPE
) 2400 [J/kg ∙ K] 

Thermal conductivity, (kPE) 0.45 [W/m ∙ K] 

Grout    

Density, (ρgrout) 2000 [kg/m3] 

[62] Heat capacity at constant pressure, (Cpgrout
) 1500 [J/kg ∙ K] 

Thermal conductivity, (kgrout) 2.00 [W/m ∙ K] 

 

5.3.4 Initial and boundary conditions 

The soil and bedrock domains have an initial temperature equal to 7 [°C]. The ground 

surface has a convective heat flux Cauchy boundary condition. The ambient air 

temperature is assumed to be equal to 10 [°C], and the convective heat transfer coefficient 

between air and soil is calculated using the equation stated in Table 4.12. Other 

surrounding far-field ground boundaries are all considered to have a stable temperature 

equal to 7 [°C]. The highest Reynolds number associated with 20 [lit/min] flow is 942, 

which falls in the laminar flow range. The simulation of the constant power mode has been 

done according to Equation (5.1). 
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Tin = Tout +

Q

mcṗ
 (5.1) 

 

Where: 

Tin: Inflow Temperature [℃]  

Tout: Outflow Temperature [℃]  

Q: Constant applied power [W] 

ṁ: gravimetric flow rate [kg/s] 

cp: specific heat of water [J/kg ∙ ℃] 

 

5.4 Results 

To assess the thermal interaction between the piles, heat is injected in the big pile, the 

temperature of the water at the big pile outlet, the average temperature of the small pile 

surrounding surface, and water temperature at the top, middle, and bottom of the center 

line of the small pile were recorded during the simulation. 

 

5.4.1 Heating with constant power 

Figure 5.12 and Figure 5.13 show the inflow and outflow temperatures of the big pile at 

the constant heating power mode. 
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Figure 5.12: Big pile inflow temperatures in constant heating power mode  

 

 
Figure 5.13: Big pile outflow temperatures in constant heating power mode 

 

Figure 5.14 to Figure 5.17 show temperature variation on the surface and the water inside 

the small pile at different depths. 
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Figure 5.14: Temperature variation on the small pile surface in constant heating power 

mode 

 

 
Figure 5.15: Temperature variation of the water inside the small pile at z=0 [m] in 

constant heating power mode 
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Figure 5.16: Temperature variation of the water inside the small pile at z=-7 [m] in 

constant heating power mode 

 

 
Figure 5.17: Temperature variation of the water inside the small pile at z=-14 [m] in 

constant heating power mode 

 

 

 

Table 5.6 shows the recorded temperatures at the end of the heating mode after 56 hours 

from the test initiation. 
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Table 5.6: Recorded temperatures in constant heating power mode at t=56 [hr] 

 Injected heat [kW] 3 12 

 Inflow rates [lit min⁄ ] 10 15 15 20 

T
e
m

p
e
ra

tu
re

 [
℃

] 

Big pile inflow 18.3 19.9 33.5 35.3 

Big pile outflow 14.2 17.1 22.3 26.9 

Small pile surface 7.4 7.5 7.5 7.8 

Water in the 

small pile 

at z=0 [m] 8.6 8.7 8.7 8.9 

at z=-7 [m] 7.3 7.4 7.4 7.8 

at z=-14 [m] 7.3 7.5 7.5 7.8 

 

Figure 5.18 shows the temperature distribution after 56 hours from the test initiation while 

the heat injected at constant power equal to 3 [kW] and the flow rate of 10 [lit/min]. Figure 

5.19 shows the isothermal contours around the piles while the heat injected at constant 

power equal to 3 [kW] and the flow rate of 10 [lit/min]. 

 

 
Figure 5.18: Cross section of the model showing temperature distribution in the ground 

in the constant heating power 
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Figure 5.19: Isothermal contours around the piles in the ground in the constant heating 

power mode 

 

5.4.2 Heating with constant temperature inlet 

Figure 5.20 and Figure 5.21 show the inflow and outflow temperatures of the big pile at 

the constant temperature mode. 
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Figure 5.20: Big pile inflow temperatures in the constant temperature mode 

 

 
Figure 5.21: Big pile outflow temperatures in the constant temperature mode 

 

Figure 5.22 to Figure 5.25 show temperature variation on the surface and the water inside 

the small pile at different depths. 
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Figure 5.22: Temperature variation on the small pile surface in the constant temperature 

mode 

 

 
Figure 5.23: Temperature variation of the water inside the small pile at z=0 [m] in the 

constant temperature mode 
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Figure 5.24: Temperature variation of the water inside the small pile at z=-7 [m] in the 

constant temperature mode 

 

 
Figure 5.25: Temperature variation of the water inside the small pile at z=-14 [m] in the 

constant temperature mode 

 

Table 5.7 shows the recorded temperatures at the end of the heating section after 56 hours 

from the test initiation. 
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Table 5.7: Recorded temperatures in the constant temperature mode at t=56 [hr] 

 Inflow temperature [℃] 15 65 

 Inflow rates [lit min⁄ ] 10 15 15 20 

T
e
m

p
e
ra

tu
re

 [
℃

] Big pile outflow 12.9 14.1 30.1 36.2 

Small pile surface 7.4 7.4 7.6 7.8 

Water in the 

small pile 

at z=0 [m] 8.6 8.7 8.8 8.9 

at z=-7 [m] 7.2 7.3 7.6 7.8 

at z=-14 [m] 7.3 7.4 7.7 8.0 

 

Figure 5.26 shows the temperature distribution after 56 hours from the test initiation while 

the heat was injected at the constant temperature of 65 [°C] and the flow rate of 15 

[lit/min]. Figure 5.27 shows the isothermal contours around the piles while the heat is 

injected at the constant temperature of 65 [°C] and the flow rate of 15 [lit/min]. 

 

 
Figure 5.26: Cross section of the model showing temperature distribution in the ground 

in the constant temperature mode 
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Figure 5.27: Isothermal contours around the piles in the ground in the constant 

temperature mode 

 

5.5 Discussion 

Cross sections of the temperature variation in the ground for both scenarios (Figure 5.17 

and Figure 5.24) show that after 72 hours, the heat injection into the big pile influences a 

zone around the big pile by less than one meter. Thus, one meter from the center of the 

big pile can be considered a thermally undisturbed area. This zone will be larger by the 

continuous operation of the heat injection for more extended periods. Due to the higher 

heat capacity of the water compared to other materials in this simulation, the temperature 

on the centerline of the small pile is lower compared to the outer surface of the small pile. 

The temperature on the outer surface of the small pile has been calculated by averaging 

the temperature all over its surface for each simulation step. In this simulation, the ambient 

air temperature is slightly higher than the ground temperature; consequently, in the 

shallow depths from the surface, the ground temperature is higher than in the other areas, 

which is also reflected in the recorded temperatures at depth z=0 [m] inside the small pile. 

Each test consists of three heating cycles. Each cycle contains 8 hours of heat injection 

and 16 hours of rest. In the simulation, some heat fluctuations at the start of each heat 

injection phase and resting phase are observed, which are related to the nature of the 

numerical simulation and due to sudden large changes imposed in the model. 
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6.1 Analytical modeling 

Based on the general equation of heat transfer for infinitesimal volume, the most 

straightforward and reliable relations governing the heat transfer in porous media have 

been presented. After that, by considering the slenderness of an infinite annular coaxial 

pile, the three-dimensional heat conduction-convection equations for measuring the 

temperature distribution in a pile, HCF, pipe, and the surrounding soil are extracted and 

presented. 

 

6.2 Numerical simulation of the Saga university experiment 

A numerical model has been established based on the experimental results of the thermal 

performance of a coaxial annular steel energy pile carried out at Saga University. This 

numerical simulation combines fluid flow and heat transfer physics in solid, liquid, and 

porous media. Comparison between the experimental results and outcomes of the 

numerical simulation verified that the suggested three-dimensional model works accurately 

and can apply such a model for investigating the thermal performance of similar piles. 

 

6.3 Numerical simulation of the BEAR project 

Based on the numerical simulations verified with data from the Saga experiment, thermal 

reactions of the steel coaxial piles installed at the BEAR project site have been investigated. 

The lack of laboratory data limits the real case simulation; however, eight numerical studies 

of different heating cases with constant heating power or maintaining the constant 

temperature of the inflowing HCF under cyclic heating schemes for different flow rates have 

been investigated. 

 

6.4 Recommendations for further work 

- Analytical measurements: Based on the presented heat transfer equations in a coaxial 

pile model, it is possible to calculate the temperature distribution around the pile directly 

to compare with the experimental and numerical results.  

- Soil sampling and laboratory tests: Numerical simulation of the thermal performance 

of the piles at the BEAR project site can be done more accurately if the soil sampling was 

carried out and parameters such as soil type, density, porosity, and moisture content, 

thermal conductivity, and heat capacity were measured. It can be proposed to take at 

least 6 samples from depths of 15 to 22 meters and 6 samples from depths of 22 to 24 

meters for index testing and thermal properties measurements. 

6 Conclusion and recommendations for 

further work 
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- Numerical simulation for the long-term: The short-term thermal performance of the 

steel piles in the BEAR project site has been evaluated in the current thesis. However, 

the long-term simulations will better show the potential of harvesting or storing energy 

from/to the ground in Norway, utilizing coaxial steel piles. 
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Appendix 2: BEAR project CPTu and total sounding recordings 

Appendix 3: BEAR project numerical simulation 

 

Appendices 



 

Appendix 1: Specialization project report 

Literature review and feasibility study for energy piles in Norway 

 

 
  



 

 
  



 

 
  



 

 
  



 

 
  



 

 



 

 
  



 

 
  



 

 
  



 

 
  



 

 
  



 

 
  



 

 
  



 

 
  



 

 
  



 

 
  



 

 
  



 

 
  



 

 
  



 

Appendix 2: BEAR project CPTu and total sounding recordings 

 

  

   

   

   

   

  

 

                                            

 
  
  
  
 
 

                                 

                        

                      

  



 

 

  

   

   

   

   

  

 

                           
 
  
  
  
 
 

                                   



 

 

  

   

   

   

   

  

 

              
 
  
  
  
 
 

                         



 

 

  

   

   

   

   

  

 

                   

 
  
  
  
 
 

                     

                                       



 

 

  

   

   

   

   

   

  

 

              

 
  
  
  
 
 

                                    



 

Appendix 3: BEAR project numerical simulation 

 

 

 

  

 

 

 

  

  

  

  

  

  

  

                  

 
  

 
  
  
 
  
  
  

 

         
                    

     

      

 

 

 

 

 

 

 

  

                  

 
  

 
  
  
 
  
  
  

 

         
                    

                                          



 

 

 

 

  

 

 

 

  

  

  

  

  

  

  

  

                  

 
  

 
  
  
 
  
  
  

 

         
                    

     

      

 

   

 

   

 

   

 

   

 

   

  

                  

 
  

 
  
  
 
  
  
  

 

         
                    

                                          



 

 

 

 

  

 

 

  

  

  

  

  

  

                  

 
  

 
  
  
 
  
  
  

 

         
                     

     

      

 

 

 

 

 

 

 

  

                  

 
  

 
  
  
 
  
  
  

 

         
                     

                                          



 

 

 

 

  

 

 

  

  

  

  

  

  

                  

 
  

 
  
  
 
  
  
  

 

         
                     

     

      

 

 

 

 

 

 

 

  

                  

 
  

 
  
  
 
  
  
  

 

         
                     

                                          



 

 

 

 

  

 

 

 

  

  

  

  

  

  

                  

 
  

 
  
  
 
  
  
  

 

         
                     

     

      

 

 

 

 

 

 

 

  

                  

 
  

 
  
  
 
  
  
  

 

         
                     

                                          



 

 

 

 

  

 

 

 

  

  

  

  

  

  

                  

 
  

 
  
  
 
  
  
  

 

         
                     

     

      

 

 

 

 

 

 

 

  

                  

 
  

 
  
  
 
  
  
  

 

         
                     

                                          



 

 

 

 

  

 

  

  

  

  

  

  

  

                  

 
  

 
  
  
 
  
  
  

 

         
                     

     

      

 

 

 

 

 

 

 

  

                  

 
  

 
  
  
 
  
  
  

 

         
                     

                                          



 

 

 

 

 

  

  

  

  

  

  

  

                  

 
  

 
  
  
 
  
  
  

 

         
                     

     

      

 

 

 

 

 

 

 

  

                  

 
  

 
  
  
 
  
  
  

 

         
                     

                                          



Therm
al analysis of steel geotherm

al energy pile foundation
Saeed Abbasi H

assan Abbadi

N
TN

U
N

or
w

eg
ia

n 
U

ni
ve

rs
ity

 o
f S

ci
en

ce
 a

nd
 T

ec
hn

ol
og

y
Fa

cu
lty

 o
f E

ng
in

ee
rin

g
D

ep
ar

tm
en

t o
f C

iv
il 

an
d 

En
vi

ro
nm

en
ta

l E
ng

in
ee

rin
g

Saeed Abbasi Hassan Abbadi

Thermal analysis of steel geothermal
energy pile foundation

Numerical simulation of heat transfer and fluid
flow in annular coaxial energy pile

Master’s thesis in Geotechnics and Geohazards
Supervisor: Rao Martand Singh
Co-supervisor: Habibollah Sadeghi
July 2022

M
as

te
r’s

 th
es

is


	List of Figures
	List of Tables
	Nomenclature
	1 Introduction
	1.1 Background
	1.1.1 Problem formulation
	1.1.2 Literature survey

	1.2 Objectives
	1.3 Approach
	1.4 Limitations
	1.5 Structure of the report

	2 Literature review
	2.1 Introduction
	2.2 Geothermal energy
	2.3 Geothermal energy systems
	2.4 Shallow geothermal systems
	2.5 Materials and technology
	2.6 Thermo-mechanical and thermal behavior

	3  Geothermal energy piles, physical phenomena
	3.1 Introduction
	3.2 Heat transfer, preliminaries
	3.2.1 Heat transfer by conduction
	3.2.1.1 Definition
	3.2.1.2 Mechanism

	3.2.2 Heat transfer by convection
	3.2.2.1 Definition
	3.2.2.2 Mechanism

	3.2.3 Radiation definition

	3.3 Heat transfer in porous media
	3.4 Heat transfer in geothermal energy piles
	3.4.1 Thermal resistance
	3.4.1.1 Conductive thermal resistance
	3.4.1.2 Convective thermal resistance

	3.4.2 Heat transfer in coaxial energy piles


	4 Annular coaxial steel geo-energy pile numerical modeling
	4.1 Introduction
	4.2 Finite element model
	4.3 Description of Saga University experiment
	4.4 Numerical modeling of the Saga University project
	4.4.1 Geometry
	4.4.2 Material properties
	4.4.2.1  Soil
	4.4.2.2  Heat carrier fluid (HCF)
	4.4.2.3  Steel
	4.4.2.4  Polyvinyl chloride (PVC)


	4.5 Physics  and boundary conditions of the model
	4.5.1 Heat transfer in porous media
	4.5.1.1 Boundary conditions
	4.5.1.2 Continuity

	4.5.2 Fluid flow
	4.5.2.1  Boundary conditions

	4.5.3 Multiphysics

	4.6 Results and discussions
	4.7 Lessons learned during the numerical simulation
	4.7.1 Fluid flow caused instabilities
	4.7.2 Heat transfer modules
	4.7.3 Stabilization
	4.7.4 HCF temperature-dependent characteristics


	5 Thermal analysis of the BEAR project
	5.1 Introduction
	5.2 Soil Layering
	5.2.1 Pore pressure measurement
	5.2.2 Total sounding and CPTu recordings
	5.2.3 Soil and rock type

	5.3 Numerical analysis
	5.3.1 Geometry
	5.3.2 Mesh building
	5.3.3 Material and thermal parameters
	5.3.4 Initial and boundary conditions

	5.4 Results
	5.4.1 Heating with constant power
	5.4.2 Heating with constant temperature inlet

	5.5 Discussion

	6 Conclusion and recommendations for further work
	6.1 Analytical modeling
	6.2 Numerical simulation of the Saga university experiment
	6.3 Numerical simulation of the BEAR project
	6.4 Recommendations for further work

	References
	Appendices

