
 Eindhoven University of Technology

MASTER

Natural heat column
a computational study to analyse the effectiveness of the system when exposed to
groundwater flow

Seerala, V.S.K.

Award date:
2020

Link to publication

Disclaimer
This document contains a student thesis (bachelor's or master's), as authored by a student at Eindhoven University of Technology. Student
theses are made available in the TU/e repository upon obtaining the required degree. The grade received is not published on the document
as presented in the repository. The required complexity or quality of research of student theses may vary by program, and the required
minimum study period may vary in duration.

General rights
Copyright and moral rights for the publications made accessible in the public portal are retained by the authors and/or other copyright owners
and it is a condition of accessing publications that users recognise and abide by the legal requirements associated with these rights.

            • Users may download and print one copy of any publication from the public portal for the purpose of private study or research.
            • You may not further distribute the material or use it for any profit-making activity or commercial gain

https://research.tue.nl/en/studentTheses/9dd6353d-d333-433b-bbd6-30bcdce1b487


Natural Heat Column

A computational study to analyse the effectiveness of the system when
exposed to groundwater flow

V.S.K.Seerala
s-20175260

Eindhoven University of Technology
Department of Mechanical Engineering

Energy Technology Research Group

Supervisors:
dr.ir. M.F.M. Speetjens

Master’s thesis

Eindhoven, June 2020



Abstract
Natural heat column
A computational study to analyse the effectiveness of the system when exposed to groundwater
flow.
Author V.S.K.Seerala
Tutoring dr.ir. M.F.M.Speetjens - Eindhoven University of Technology

In the recent decades, the search for sustainable and green energy has increased substantially.
It is mainly due to the factors such as global warming caused by over-use of the depleting fossil
fuels which take up the lion’s share in world’s energy sources. As the focus of the global market is
shifting towards green energy, the need for energy storage systems has increases simultaneously.
This need is because most of the green energy, which is from renewable sources, have fractious
availability through days and seasons, and hence a need to store this energy when available.
In the Netherlands, the main agenda until the year 2050 is the transition to green energy in order
to prevent climate change. One of the steps taken up by the government is to reduce the reliance
on natural gas which is used for heating purposes. The Natural heat column being developed by
Solevo B.V. has taken the opportunity of this transition to provide a solution for storing heat in
the form of ice underground.
Natural heat column is an underground thermal energy storage system which combines latent
heat storage by freezing the groundwater to ice. Using the latent heat, it is possible to store
huge amounts of energy in a compacted space, and at a constant temperature instead of heating
of cooling of water in the form of sensible heat. This is especially useful in built environments
where the space needs to be saved. Previously, there had been research carried out to analyse an
optimal configuration for the natural heat column in a situation where there is no groundwater
flow. This was done in order to reduce the number of calculations while simulating the model. In
this thesis, we simulate the system using a computational model when it is exposed to groundwa-
ter flow, analyse its effectiveness and extract some useful data pertaining to practical applications.

In the computational study of the model, a section of the original geometrical model of the
heat column system is studied while it is undergoing seasonal cycles of cooling and heating,
wherein each season is assumed to be 100 day long. The groundwater flow which needs to mod-
elled is set over a range of velocities from 1×10−7m/s to 7×10−7m/s, while the temperature of
the heat column and the upstream groundwater are set constant. The results show that ground-
water flow has a significant effect on the heat column’s capability to generate ice by the end of
the cooling cycle, provided the flow velocity if above a certain threshold. It is observed that the
volume of ice formed at the by end of the cycle increases linearly with flow velocity. The flow also
improved the percentage of energy extracted through latent heat of off the total energy extracted
from the ground. The energy extracted through the cooling cycle accounted to around 7 - 10%
of the yearly heating energy needs of a ’sandwiched’ Dutch household. An analytical equation
for the Nusselt number of the system as a function of groundwater flow’s Reynolds number was
determined, and the extracted temperature profiles of cooling and heating cycles were character-
ised using models such as Newton’s law of cooling and a simplified model of diffusion equation
for use in practical applications. In the heating cycle, the heat column was assumed to have the
same temperature as that of the upstream groundwater and hence the resulting heat flux across
the heat column’s wall showed that there is no significant ( 15%) change in the amount of heat
rejected by the column due to the presence of a flow.
Another study was performed wherein the effect of groundwater and heat column temperature
on the latent heat storage capability of the system was studied. In this study, the velocity was
kept constant at 1×10−7m/s, and three different values of temperature were chosen for ground-
water and heat column, each. The results show that the heat storage capability of the system
greatly depends on these temperatures. For higher amount of latent heat storage, that is for high
volume of ice formation, most favorable situation is when the temperature of the heat column
is far less than that of the freezing point of water, when simultaneously the temperature of the
groundwater is close to its freezing point.
It is concluded that when the heat column is setup in a region where the velocity of the ground-
water flow is above a certain limit corresponding to the seasonal cycle of the heat column, and
selecting the temperature of the heat column to store maximum energy, there is a high potential
that the system being developed by Solevo B.V. can deliver performance to partially suit the
yearly heating needs of a common Dutch household.
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List of Symbols
The list describes several symbols that will be later used within the body of the document

Other

αm Mass fraction

θ Fraction of phase

N̄uavg, Nuavg Time-mean surface averaged Nusselt number

hm Size of mesh element m

Pe Peclet number

Pr Prandtl number

Re Reynolds number

Sr Strouhal number

Subscripts

1 Phase of fluid, liquid

2 Phase of fluid, solid

f Material, groundwater

i Instantaneous

L Latent heat

S Sensible heat

s Material, soil

∞ Groundwater free stream

eff Material, effective mixture of soil and groundwater

ice Phase, ice

refrigerant Material, refrigerant

wall Heat column wall

Physics Constants

α Thermal diffusivity m2/s

ν Kinematic viscosity m2/s

φp Porosity 1

ρ Density kg/m3

A Surface area of heat column m2

Cp Specific heat J/kgK

Cv Volumetric heat capacity J/m3K

hA Time-mean surface averaged heat transfer coefficient W/m2K

havg Time-mean heat transfer coefficient W/m2K

i Hydraulic gradient 1

K Permeability m/s
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k Thermal conductivity W/mK

kc Cooling constant 1/s

Kh Hydraulic conductivity m/s

Lf Latent heat J/kg

Lth Thermal displacement m

m Mass kg

p Pressure N/m2

q Heat flux Wm2

R Radius of heat column m

T Temperature K

t time s

Tpc Phase change temperature K

u Velocity, x component m/s

V Volume m3

v Velocity, y component m/s

vD Darcy velocity, Darcy flux m/s

vavg Average linear velocity of groundwater m/s

vth Thermal velocity m/s

w Velocity, z component m/s
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1. Introduction
Thermal energy storage is a comparatively new technological development which allows excess
energy to be stored in the form of heat to be used hours, days or months later, at scales ranging
from individual processes, residential complexes, districts, towns, or regions. Typical usage can
vary from storing heat for balancing of energy demand between daytime and nighttime, or for
balancing of energy demand between seasons. There are several types of thermal energy storage
technologies available, but the focus of this thesis will be on Natural Heat Column, which is a
type of underground thermal energy storage system for seasonal energy demand balancing which
stores energy as form latent heat, which is being developed by Solevo B.V.

1.1 Overview of technologies

1.1.1 Underground thermal energy storage

Underground thermal energy storage is a form of energy storage that has been developed to store
large-scale seasonal cold and heat in the underground. There are several types of thermal energy
storage systems available; some which extract heat from geothermal sources like underground
lakes for heating purposes and some (called as underground thermal energy storage systems)
which are active energy storage systems. The underground is suitable for energy storage be-
cause of the availability of high thermal inertia. The soil, which has very thermal conductivity,
is capable of acting as an insulator for heat storage. So even at a depth of few meters, the
ground temperature can remain undisturbed from by the climate changes above the ground.
Hence the large scale storage of thermal heat in UTES systems is common for long-term and
seasonal uses. During demand, it is suitable to supply heat for space heating and cooling, and
for preheating/pre-cooling processes.

There are currently three common types of UTES, namely, aquifer thermal energy storage
(ATES), borehole thermal energy storage (BTES) and rock cavern thermal energy storage
(CTES), and usage of each of the technologies depends on the geological and hydro-geological
conditions.

1.1.2 Latent heat storage and ice storage

Latent heat storage systems use a phase change material as the storage medium for energy,
that is, energy is absorbed or released during the material’s change of phase at a particular
temperature. Generally, phase change materials of high thermal conductivity and high heat of
fusion are used in latent heat storage systems. It is also favorable if the density change between
the two phases is low when the phase change is taking place in order to reduce the physical effects
on the container of the material. Apart from physical properties, low cost and high availability
of the material is looked for in selecting the phase change material. Water is one of the many
phase change materials and is considered a low temperature PCM because of its low freezing
point where the phase change occurs.

Electric chillers have been used since 1980s as a means of ice thermal energy storage. This
method is being used to decrease the electric energy consumption from the grid during peak
hours to less-costly off-peak hours. Water is used to produce ice in the off-peak time, which is
melted during peak hours using the absorbed heat from room spaces.

1.2 Natural heat column

The Natural Heat Column under development at Solevo is a concept based on ground source heat
pump systems (GSHPS), combined with ice storage, which is typically used for heating and cool-
ing of building space. A GSHPS system is a type of BTES system which is typically a U-shaped
borehole used to cool the ground as shown in Figure 1.1, whereas the Natural heat column being
developed works by cooling the ground to an extant that it freezes the water present in the ground.

There are several disadvantages of this conventional design of GSHPS system if used to freeze
the groundwater, of which the major one is the expansion and contraction of the ground around
the system during freezing and thawing of water. This results in an induced risk of uneven stress
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distribution on the setup and damaging it. There are also hydro-geological and biological effects
which cause a disturbance in the balance of groundwater.

Figure 1.1: GSHPS systems.

There have been models developed to predict the freezing of the ground and to study the effects
of it on BTES systems. A study was performed by Wang [1] to investigate the effect when using
a U-shaped borehole pipe. He concluded that the system will experience a decrease in its lifetime
due to compression of the system by asymmetric freezing of the soil. He also stated that the
freezing process occurs faster when the ground is made of finer material compared to the ground
made of courses material.

There have been several studies conducted on heat storage in conventional porous sediments,
of which one of the notable work comes from the thesis of Gerardus van Meurs [2] who compre-
hensively analysed seasonal heat storage in conventional porous sediments. He had performed a
computational study of a seasonal heat storage system, known as ’the Groningen Project’, and
compared the results with experimental data.

Göran Hellström [3] extensively analysed the thermophysics of borehole heat exchanger sys-
tems and their application for storing of subsurface heat. The aim of his research was to master
the response of ground heat exchanger, that is the relation between the heat transfer rate and
temperature of the heat carrier fluid, under various conditions.

David Banks [4], in his article, discussed the importance of of regional groundwater advection for
ground heat exchange and reviewed the existing analytical approaches to closed-loop borehole
heat exchangers and open-loop well doublet systems.

Between the years 1981 and 1988, V.J. Lunardini [5] [6] [7] [8] published several studies on
topics relating to ice formation and thawing in colder climates and in sub-surface regions of the
ground. His research included the study of freezing of soils having variable thermal properties in
which he provided exact and approximate solutions for conduction phase change of plane layers
of soil with unfrozen water contents; another one of his studies included the freezing and thawing
due to pure conduction in which phase-change was discussed exhaustively.

These studies provide information to understand the basic principles involved with underground
thermal storage systems and ice formation in the soil which are necessary to analyse the Natural
heat column.

To give a brief description, the Natural heat column, designed and developed by Solevo B.V., is
a cylindrical annulus made of thermoplastic material which is used to transfer heat through its
walls to the subsurface ground saturated with groundwater, and while freezing it to store energy.
Through this design, the company wants to achieve reduced installation costs of digging which
generally come while setting up an ice storage system underground. The difference between ice
storage systems developed till date and the Natural heat column is that the new design is setup
to store latent heat in an open-system configuration, wherein the formed ice is insulated from
melting away by the ground itself. The energy is supplied to the heat column through a heat
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pump which is powered through solar energy. There has been an earlier research and business
case study done by Erik Coppens [9] on the performance of such a design which concluded that
the design has a high potential when used for daily storage of energy. In his research, Erik had
not considered the case when there is flow of groundwater in the system, hence the primary
motivation of the current research is to analyse the heat transfer between the ground (consisting
of groundwater and soil) and the heat column, and determine how introducing a groundwater
flow to the system effects its energy storage capability.

1.3 Problem Definition

The working of the Natural Heat Column developed by Solevo B.V. needs analysis of its effective-
ness in order to estimate its dependence. The analysis can be done experimentally, by collecting
sensory data from the actual system, and by simulating a model of the system using a simulation
software such as COMSOL Multiphysics [10]. The questions that need to be answered by the
simulation model is multi-fold.

1. What is the impact of groundwater flow on the heat column’s performance?

2. What is the volume of ice formed by the working of the heat column?

3. How far is the ground effected due to the formed ice?

4. How does the Nusselt number around the heat column vary with respect to the ground
water flow?

5. How does the temperature evolve around the heat column over time and distance?

6. How does the temperature of groundwater flow and that of heat column effect the perform-
ance?

The aim of this report is to qualitatively and quantitatively assess the impact of groundwater
flow on the seasonal cycle of the Natural heat column by performing a computational study of
the heat transfer between the ground and the heat column. This study particularly addresses
the heat transfer for the case of water flow across an annulus which is submerged in a porous
medium and is at a constant temperature below the freezing point of water.
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2. Problem configuration
This chapter discusses the problem configuration tailored to the heat column system developed
by Solevo B.V., based on the domestic energy usage, geological data and the heat column’s geo-
metrical data that are available. As the system in development is to be tested in the Netherlands,
the domestic data discussed here is region specific.

2.1 Domestic data

The original design of the heat column, as proposed by the development company, is a cylindrical
annulus made out of a thermoplastic polymer with spiralling tubes on the inside which carry
the refrigerant. The annulus is divided into 3 sections longitudinally, each section of length 4 m,
and this setup is submerged 2.8 m into the ground. The submergence depth provides a closed
environment for heat exchange between heat column and ground due to the insulating properties
of soil. The refrigerant in tubes which is at a lower temperature than the surroundings is pumped
into the heat column at a constant temperature using a heat pump. When the heat column is
working, the refrigerant, as it flows, extracts or rejects heat through the wall from or to the
surrounding ground based on its operating mode. Figure 2.1 shows a drawing of the complete
setup of Natural Heat Column, including the heat pump and the photo-voltaic module. The
current study focuses on the heat transfer in a system consisting of only the heat column and
the sub-surface ground.

Figure 2.1: Drawing showing the original design of the heat column setup.

To model the system consisting of the heat column and the sub-surface surrounding it, the
physical characteristics of the ground (or soil) in the Netherlands are collected, and a geometrical
model suitable for simulating the system in a computationally economic approach is created. A
computationally economic approach refers to a model which incorporates the physics which are
necessary for the study, while not being very complex which would make the simulation very
heavy on the computer.
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2.1.1 Domestic energy consumption

Domestic energy consumption is the total amount of energy used in a domestic household for
domestic work. The energy consumption of a household depends on the size of the house,
type of residents, standard of living of the country and the climate of the region. The energy
consumption discussed in the section would be based on the size of the house in the country of the
Netherlands. The energy usage in the Netherlands is mostly derived from electricity and natural
gas usage; and natural gas is still the primary source of energy used for space heating (81% of
natural gas usage), water heating (15%) and cooking purposes (4%) in households. According
to the statistics produced by Nibud [11], the average natural gas usage per household based on
the type of house (and the number of people living) is given in Table 2.1. The energy yield on 1
m3 of natural gas is estimated to be 31.7 MJ (Refer [12]), and the resulting energy consumption
of house type is also tabulated.

House type Gas usage (m3) Energy (kWh)
Freestanding house (4 person) 2396 21097
Two under one roof (4 person) 1785 15716
Cornerhouse (3 person) 1722 15166
Sandwiched house (3 person) 1453 12794
Apartment (2 person) 1016 8947

Table 2.1: Average natural gas consumption in Dutch residences based on different house types
in the year 2017.

2.1.2 Geology

For the construction of a model of the natural heat column system, the geological data of the
region of its setup is necessary. The data needed for modelling the system is the ground composi-
tion and the difference of hydraulic head in the region. In geological field, maps are generated by
collecting the information from research and portrayed on a basic geographical map, which gives
information about Earth’s reliefs interpretation, which is called a geological map. Figure 2.2,
researched by F. van den Berg [13], shows a geological map of the dominant soil types in the
Netherlands; namely, peat, sand, clay and silt or loess. The properties [9] [14] of these soil types
are shown in Table 2.2.

Figure 2.2: Geological map showing the major soil types in the Netherlands.
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Property Gravel Sand Silt Clay
Density (kg/m3) 1950 1950 1500 1500

Thermal conductivity (W/mK) 2.0 2.0 1.5 1.5
Specific heat (J/kgK) 1045 1045 2085 2085

Thermal diffusivity (m2/s) 9.81e-7 9.81e-7 4.80e-7 4.80e-7
Porosity (%) 30.0 - 40.0 35.0 - 50.0 40.0 - 50.0 40.0 - 55.0

Hydraulic conductivity (m/s) 10−3 − 1 10−7 − 10−2 10−9 − 10−5 10−12 − 10−8

Table 2.2: Physical properties of different soil classes.

The difference in hydraulic head in the setup region is necessary to calculate the flow velocity of
the groundwater in the region. The calculation is made by first calculating the Darcy velocity
using Equation 3.1. To estimate the hydraulic head, the map composed by J.J. de Vries [15],
showing the hydraulic head lines in the Netherlands, is utilized. Figure 2.3 shows the groundwater
level or the hydraulic head across the Netherlands.

Figure 2.3: Geological map showing the groundwater level in the Netherlands.
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2.2 Computational model

A computational model is a geometrical of the system which includes the heat column and the
surrounding ground across which the heat transfer occurs. A computational model must mimic
the physical behaviour of the actual setup, or mimic the basic physics which takes places between
the required parts of the system. In the study of the heat column, the parts can be distinguished
as domains pertaining to the refrigerant, the saturated soil, and the interface between the refri-
gerant and soil.

As the original design of the heat column is very complex to be simulated using desktop com-
puters, Erik [9] had performed a series of simplifications to the computational model, wherein at
first he assumed the heat column to be a union of two tubes, inner and outer, a distribution plate,
a hollow cylinder and a collection plate as shown in a schematic representation in Figure 2.4.
The geometric shape of the outer tube of the heat column is that of a hollow cylinder with a
wall of thickness 0.5 mm, having an internal radius of 0.255 m and outer radius of 0.26 m. This
geometry was assumed to be submerged in a porous domain that is fully saturated with water.
This model was further simplified by him to include just the outer tube with a refrigerant flow
inside it, shown in Figure 2.5. The simplification greatly reduced the time taken for a simulation,
from 51581 s using the first simplified model, to 87 s using the second simplified model. In his
research, Erik had analysed working of the natural heat column when there was no groundwa-
ter flow present in the system. This allowed the analysis using an axis-symmetric setup, where
the working co-ordinate system is the cylindrical co-ordinate system. Hence, an axis-symmetric
setup cannot be used to model fluid flow in Cartesian frame.

Figure 2.4: Drawing showing a cross-sectional view of first simplified heat column model by
Erik.
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Figure 2.5: Drawing showing a cross-sectional view of the second simplified model of heat
column by Erik.

In order to model a flow in the Cartesian frame, a geometry similar to Erik’s simplification
was created in a 3D setup where the outer tube of the heat column was modelled as a circular
cylindrical annulus whose walls are made out of solid, thermoplastic material polypropylene.
The annulus is the domain where the flow of the refrigerant occurs, however, considering the
availability of computational power and memory, the refrigerant is not modelled in the study,
hence is not a part of this study. The domain pertaining to the refrigerant is considered a void.
To the interior of the annulus is ground which is unaffected by the groundwater flow, compared
to the exterior of the annulus where there is the flow of groundwater.

As for the created geometry, a section of the original design of Natural heat column is modelled
which is considered to be a 4 m long hollow cylinder, with inner wall radius 0.255 m and an outer
wall radius 0.26 m, that has been immersed in a porous domain with the shape of a cuboid having
dimensions that are as shown in Figure 2.6. The cross-sectional profiles of the setup, showing
different parts of the geometry, are shown in Figure 2.7 from the side view and in Figure 2.8
from the top view.

Figure 2.6: Drawing of the model geometry used in COMSOL Multiphysics (dimensions in
meters).
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Figure 2.7: Side view (ZX-plane) of model geometry used in COMSOL Multiphysics; not to
scale.

Figure 2.8: Top view (XY-plane) of model geometry used in COMSOL Multiphysics; not to
scale.

With the following model, we perform three case studies based on the seasonal working of the
heat column. In these case studies, we discuss the effect of the groundwater flow velocity and
the effect of the groundwater temperature and heat column temperature on the energy storage
capabilities of the system. These case studies are explained and studied thoroughly in further
chapters.
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3. Methodology

3.1 General conservation laws

In order to understand the working of a system, the physical laws effecting it need to be un-
derstood. The understanding of the physics can be approached by assessing the fundamental
laws which are acting upon the system. These laws can then be tailored based on the boundary
conditions and physical properties of the system. A problem in fluid dynamics can be described
using these fundamental principles:

1. Conservation of mass.

2. Conservation of momentum.

3. Conservation of energy.

The principles can be briefly described as follows:

Conservation of mass: The law of conservation of mass states that for any system closed to
all transfers of matter and energy, the mass of the system must remain constant over time, as
the system’s mass cannot change. Therefore, the quantity of mass is conserved over time.

{rate of mass efflux from control volume}+{rate of accumulation of mass within control volume}

= {rate of massflow into control volume}

Conservation of momentum: The conservation of momentum states that, within some problem
domain, the amount of momentum remains constant; momentum is neither created nor des-
troyed, but only changed through the action of forces as described by Newton’s laws of motion.

{sum of forces acting on control volume} = {rate of momentum out of control volume}

−{rate of momentum into control volume}

+{rate of accumulation of momentum within control volume}

Conservation of energy: The law of conservation of energy states that the total energy of an
isolated system remain constant; it is said to be conserved over time.

{rate of addition of heat to control volume (CV) from its surroundings}

−{rate of work done by CV on its surroundings}

= {rate of energy out of CV due to fluid flow} − {rate of energy into CV due to fluid flow}

+{rate of accumulation of energy within CV}

In order to describe a system using the fundamental principles, it required to know where the
system is setup, along with the required boundary conditions. The principles applicable to the
heat column system are explained and expressed mathematically in the section below.

3.2 Heat transfer in porous medium

The heat column is setup in subsurface which is a mixture of soil and groundwater. The porous
ground is combination of a fluid, such as groundwater, and a solid matrix which is might be
made out sand, clay, gravel or silt. For the current model, it is assumed that the solid matrix
is sand and it is fully saturated with groundwater which has a certain flow velocity. The flow
of groundwater is split into different scenarios based on the Darcy flux or Darcy velocity (vD
[m/s]). The Darcy velocity, which is defined as the flow per unit cross sectional area of the
porous medium, is calculated as:

vD = Kh.i (3.1)
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where Kh is the hydraulic conductivity, in m/s, of the porous domain and i is the hydraulic
gradient of the region, which is a unit-less quantity. As the water flows through the pores at a
rate faster than the Darcy velocity, the speed as which the groundwater moves through the pores
is called as the average linear velocity (vavg [m/s]), which is calculated by dividing the Darcy
velocity by the porosity of the medium.

vavg = vD/φp (3.2)

Considering that the solid matrix in the simulation model is sand, and the hydraulic gradient in
the Netherlands ranges from 5× 10−5 to 5× 10−4, the average linear velocity can be calculated
to be in the range of 1×10−7 m/s to 7×10−7 m/s. In this report, the average linear velocity will
be referred to as the groundwater velocity.

3.2.1 Mathematical model

For the analysis of the porous ground and the groundwater (assumed in-compressible), the ba-
sic equations of fluid dynamics and thermodynamics are setup as proposed by J. Thevenin and
D.Sadaoui [16] and COMSOL documentation [10].

Continuity equation:
∂u

∂x
+
∂v

∂y
+
∂w

∂z
= 0 (3.3)

Momentum equation:

u
ν

K
= −1

ρ
[
∂p

∂x
] +

ν

φp
[
d2u

dx2
+

d2u

dy2
+

d2u

dz2
] (3.4)

v
ν

K
= −1

ρ
[
∂p

∂y
] +

ν

φp
[
d2v

dx2
+

d2v

dy2
+

d2v

dz2
] (3.5)

w
ν

K
= −1

ρ
[
∂p

∂z
] +

ν

φp
[
d2w

dx2
+

d2w

dy2
+

d2w

dz2
] (3.6)

In the equations, the left hand side represents the Darcy term by taking into consideration the
permeability K (m2) of the solid porous medium., and ν (m2/s) is the kinematic viscosity of the
fluid. φp represents the porosity of the medium and ρ (kg/m3) represents the density of the fluid.

The energy equations corresponding to solid matrix and the fluid used in numerical simulation
software, COMSOL Multiphysics, are presented in the Heat Transfer in Porous Media module
where the heat transfer equation is derived from the energy mixture rule. For un-deformed
immobile solids, as assumed in the current case, the governing equation is:

ρsCp,s
∂Ts
∂t

+∇.qs = Qs (3.7)

where,
qs = ks∇Ts

and for the fluid domain where pressure work and viscous dissipation are neglected, the governing
equation is:

ρfCp,f
∂Tf
∂t

+ ρfCp,fuf .∇Tf +∇.qf = Qf (3.8)

where,
qf = kf∇Tf

The mixture rule is applied by multiplying the Equation 3.7 by the solid volume fraction θp
and the Equation 3.8 by the fluid volume fraction 1−θp and the summing the resulting equations.
For a local equilibrium to be maintained, it is assumed that the solid and liquid phases have
an equality in temperature; that is, Tf = Ts = T . The porosity (φp) in the momentum equa-
tion and volume fraction (θp) are related as θp = (1− φp). In the equations, Qs and Qf are the
heat sources, however, as the model does not contain any heat sources, the terms can be dropped.
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The energy equations can be expanded for fluid as:

(ρCp)f [
∂Tf
∂t

+ (u
∂Tf
∂x

+ v
∂Tf
∂y

+ w
∂Tf
∂z

)] = kf [
∂2Tf
∂x2

+
∂2Tf
∂y2

+
∂2Tf
∂z2

] (3.9)

and for solid matrix it can expanded as:

(ρCp)s
∂Ts
∂t

= ks[
∂2Ts
∂x2

+
∂2Ts
∂y2

+
∂2Ts
∂z2

] (3.10)

3.2.2 Theory of phase change

In the model, as the temperature of the heat column is below the freezing point of the ground-
water, whose freezing point is assumed to be same as that of pure water, the theory of phase
change is introduced. Phase change is added to the simulation using the Phase Change Material
sub-node in the heat transfer module of COMSOL Multiphysics software. This sub-node is used
to solve the heat equation by specifying the properties of a phase change material according to
the ’apparent heat capacity’ formulation.

To solve, instead of adding the latent heat of fusion in the energy balance equation when the
material reaches its phase change temperature (Tpc,1−>2), it is rather assumed that the trans-
formation occurs in a temperature interval (∆T1−>2), like a gradual transition in the period
Tpc,1−>2−∆T1−>2/2 to Tpc,1−>2 + ∆T1−>2/2. In this period, the material phase is modeled by
a smoothed function, θ, representing the fraction of phase before the start of transition, before
Tpc,1−>2 −∆T1−>2/2 (θ equal to 1), and phase after Tpc,1−>2 + ∆T1−>2/2 (θ equal to 0). Then
the density and the specific heat capacity (Cp [J/kgK]) are expressed as:

ρf = θρ2 + (1− θ)ρ1 (3.11)

Cp,f =
1

ρ
(θ2ρ2Cp,2 + θ1ρ1Cp,1) + Lf

dαm
dT

(3.12)

where θ2 and θ1 are equal to θ and (1-θ) respectively, and Lf which is the latent heat of fusion.
αm is the mass fraction which is defined from ρ2 and ρ1 and smoothing function (θ) is equal to
-0.5 before phase transformation and +0.5 after transformation, which can be written as:

αm =
1

2

θ1ρ1 − θ2ρ2
ρ

(3.13)

The effective thermal conductivity of fluid (kf ), which is considered to by mixture of water and
ice, is written as:

kf = θ2k2 + θ1k1 (3.14)

For the study, in the above equations, phase 1 (θ1) represents water, and phase 2 (θ2) represents
ice. The sketch of the phase transition which shows evolution of θ with temperature is shown in
Figure 3.1.

Figure 3.1: Sketch of evolution of θ in phase transition region with respect to temperature.
Courtesy: COMSOL Multiphysics.
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3.2.3 Dimensional analysis

Dimensional analysis is performed in fluid dynamics and thermodynamics studies in order to
obtain dimensionless terms which describe the behaviour of the system. The obtained dimen-
sionless terms or numbers can be used to relate the behaviour of a prototype and its model.
The energy equation analysis is done by coupling Equation 3.9 and 3.10 using mixture rule and
non-dimensionalising them to form dimensionless equations; for the current system, the dimen-
sionless equations are as follows,
Continuity equation for fluid:

∂U∗

∂X∗
+
∂V ∗

∂Y ∗
+
∂W ∗

∂Z∗
= 0 (3.15)

Momentum equation for fluid:

U∗

ReDa
= − ∂P

∗

∂X∗
+

1

φpRe
[
∂2U∗

∂X∗2
+
∂2U∗

∂Y ∗2
+
∂2U∗

∂Z∗2
] (3.16)

V ∗

ReDa
= −∂P

∗

∂Y ∗
+

1

φpRe
[
∂2V ∗

∂X∗2
+
∂2V ∗

∂Y ∗2
+
∂2V ∗

∂Z∗2
] (3.17)

W ∗

ReDa
= −∂P

∗

∂Z∗
+

1

φpRe
[
∂2W ∗

∂X∗2
+
∂2W ∗

∂Y ∗2
+
∂2W ∗

∂Z∗2
] (3.18)

Dimensionless energy equation for the porous medium using the mixture rule (Refer [17]):

Sr
∂T ∗

∂t∗
+Rc[U

∗ ∂T
∗

∂X∗
+ V ∗

∂T ∗

∂Y ∗
+W ∗

∂T ∗

∂Z∗
] =

1

RePr
[
∂2T ∗

∂X∗2
+
∂2T ∗

∂Y ∗2
+
∂2T ∗

∂Z∗2
] (3.19)

(or)
∂T ∗

∂t∗
+Rc[U

∗ ∂T
∗

∂X∗
+ V ∗

∂T ∗

∂Y ∗
+W ∗

∂T ∗

∂Z∗
] =

1

Pe
[
∂2T ∗

∂X∗2
+
∂2T ∗

∂Y ∗2
+
∂2T ∗

∂Z∗2
] (3.20)

The dimensionless variables and numbers in the above equations are defined below.

Dimensionless quantities

Reynolds Number (Re): The Reynolds number is the ratio of inertial forces to viscous forces
within a fluid which is subjected to relative internal movement due to different fluid velocities.

Re =
Inertial force

Viscous force
=
u∞(R)

ν
(3.21)

For the current model, with the groundwater velocity range from 1×10−7 m/s to 7×10−7 m/s,
the Reynolds number is in the order of 10−2.

Darcy Number (Da): It represents the relative effect of the permeability of the medium
versus its cross-sectional area.

Da = K/R2 (3.22)

With permeability (K[m2]) of solid ground (sand) assumed to be around 10−10, the Darcy num-
ber is in the order of 10−9.

Prandtl number (Pr): The Prandtl number, named after the German physicist Ludwig
Prandtl, is defined as the ratio of momentum diffusivity to thermal diffusivity.

Pr =
Momentum diffusivity

Thermal diffusivity
=
ν(ρCp)eff
keff

(3.23)

The average Prandtl numbers for the current model cases are in the order of 1 to 10.

Peclet Number (Pe): Peclet number is the multiplication of Reynold’s number and Prandtl
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number which is the ratio of the rate of advection of a physical quantity by the flow to the rate
of diffusion of the same quantity driven by an appropriate gradient.

Pe =
Advective transport rate

Diffusive transport rate
= Re× Pr =

(ρCp)effu∞R

keff
(3.24)

In the current model, the average Peclet number is of the order of 10−2 for lower velocities, below
4×10−7m/s, and of the order of 10−1 for higher velocities for all case studies.
Strouhal Number (Sr): Strouhal number is a dimensionless number describing the oscillating
flow mechanics, named after Vincenc Strouhal.

Sr = R/u∞to (3.25)

For the current model, by substituting the expression for to in the equation, the Strouhal number
is equal to 1.

The variables used in the dimensional analysis are expressed as follows:

Rc =
(1−θp)(ρCp)f

(θp(ρCp)s+(1−θp)(ρCp)f )

keff = (1− θp)kf + θpks and (ρCp)eff = (1− θp)(ρCp)f + θp(ρCp)s

X∗ = x/R; Y ∗ = y/R; R∗ = r/R

Here, R is the reference length, which is considered as the outer radius of the heat column.
u∞ is horizontal velocity of groundwater free stream flow before it reaches the heat column.
Twall is the temperature of the heat column, whereas T∞ is the temperature of working fluid’s
free stream and u∞ is its velocity sufficiently far away from the heat column.

U∗ = u/u∞; V ∗ = v/u∞; P ∗ = p/(ρu2∞)

T ∗ = (T − T∞)/(Twall − T∞)

t∗ = t/to; to = R/u∞

In the numerical model of the setup, the groundwater flow is assumed to be uni-directional
as shown in Figure 3.2, hence the boundary conditions are written as follows:

At X∗ = 0 U∗ = 1, V ∗ = 0; T ∗ = 0
At Y ∗ − >∞ U∗ = 1, V ∗ = 0; T ∗ = 0
At R∗ = 1 U∗ = 0, V ∗ = 0; T ∗ = 1
At X∗ − >∞ U∗ = 1, V ∗ = 0;

The dimensionless quantities U∗, V ∗, R∗ and T ∗ are schematically shown in the model geometry
from a top view in Figure 3.2.

Figure 3.2: Figure showing a section of the model (Figure 2.8) from the top view (XY-plane).
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3.3 Refrigerant flow in heat column

In the model developed by Solevo, the refrigerant flows through the spiralling tubes which run
the length of the heat column, on the interior side of the column walls.

For the computational model, the complexity of the entire system cannot be managed in an
economical sense; that is, the computational memory requirement is very high and the time
taken for such a simulation will be significantly large. Hence, instead of modelling a refrigerant
flow in the heat column, it is assumed that the outer wall of the heat column, which is in contact
with the porous medium, is at a constant temperature.

However, we express the conservation equations of the refrigerant, for reference, if at all it need
to be modelled. The domain of the refrigerant would be in the shape shown in Figure 2.5, and
the related physical laws that apply as discussed below.

3.3.1 Mathematical model

The refrigerant flow in the heat column is assumed to be laminar, and hence the solution for
Navier-Stokes equation can be described to be that of a laminar flow in an annulus, of an in-
compressible fluid with no viscous layer and steady flow rate (∂w∂t = 0). For such a fluid the
conservation equations are expressed as,

Continuity equation:

∂w

∂x
= 0 (3.26)

As an assumption, it is approximated that the pressure has a gradient only in one direction p =
p(y); that is in the flow direction of the refrigerant.

Momentum equation:

w
∂w

∂z
= −1

ρ

∂p

∂z
+ ν

∂2w

∂z2
(3.27)

Energy equation:

(ρCp)refrigerant(
dT

dt
+ w

∂T

∂z
) = krefrigerant

∂2T

∂z2
(3.28)

3.3.2 Dimensional analysis

Continuity equation:
∂W ∗

∂X∗
= 0 (3.29)

Momentum equation:

W ∗
∂W ∗

∂Z∗
= −∂P

∗

∂Z∗
+

1

Reg

∂2W ∗

∂Z∗2
(3.30)

Energy equation:
∂T ∗

∂t∗
+W ∗

∂T ∗

∂Z∗
=

1

RegPrg

∂2T ∗

∂Z∗2
(3.31)

(or)
∂T ∗

∂t∗
+W ∗

∂T ∗

∂Z∗
=

1

Peg

∂2T ∗

∂Z∗2
(3.32)

where Reg, Prg and Peg are the numbers corresponding to the refrigerant flow.
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3.4 Interface between refrigerant and porous medium

The heat column wall made out of thermoplastic polymer separates the porous medium from
the refrigerant flow. Although the wall has not been modelled in the study, the heat flow across
it can be modelled in the future by considering the refrigerant temperature (Trefrigerant) in the
heat column to be steady, and the interface between refrigerant and the porous medium made
out of polypropylene. The wall would be considered to be an open boundary in the simulation
software, defined as,

− ~n.~q = q (3.33)

The thermal dynamics across the wall having a thermal conductivity kwall, thickness dwall << R,
with the refrigerant on interior side of the wall having temperature Trefrigerant, and porous
ground with temperature Tground on the exterior side of the wall, can be assumed to be a quasi
one-dimensional heat flow through plane wall which can be expressed as:

q =
Q̇

A
=
kwall
dwall

(Trefrigerant − Tground) (3.34)

Energy equation interior to the wall, in the refrigerant domain is expressed as:

q = −krefrigerant
∂Trefrigerant

∂x
(3.35)

The heat transfer outside the wall, in the ground is expressed as:

q = −keff
∂Tground

∂x
(3.36)

By the continuity in heat flux across the wall, the following equation can be written:

Tground = Trefrigerant −
dwall × q
kwall

= Trefrigerant +
dwallkrefrigerant

kwall

∂Trefrigerant
∂x

= Trefrigerant +
dwallkeff
kwall

∂Tground
∂x

In these equations krefrigerant and keff are the thermal conductivities of the refrigerant and
the surrounding ground, respectively. Figure 3.3 shows the schematic of the interface and the
thermal dynamics involved.

Figure 3.3: Schematic of heat column wall interface.
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3.5 Numerical model of heat column

To answer the posed questions in report, a model is setup in the simulation software and the
obtained results are analysed. The process of setting up a simulation is listed below.

3.5.1 Setup

A simulation is an approximate imitation of the operation of a process or a system that represents
its overall operation over time. For the simulation of the system COMSOL Multiphysics is used
which is a finite element based solver. To setup a simulation, few steps are required to be taken,
such as, setting up of the geometry, specifying the material in interaction with the system,
specifying the correct physics environments to be used and to mesh the geometry as required by
the physics of the model. Special care needs to be taken prior to the selection of the parameters
of simulation as it can take minutes to several hours to solve a model based on its complexity.
Complexity might be based on the geometry, physics or non-linearity in the problem, or based on
the highly probable case of over-fine meshing. Hence the setup needs to be done in accordance to
reducing the overall error in the solution, which measured via a convergence plot in the simulator,
as well as keeping a check on the computation time and memory consumption.

3.5.2 Geometry

In order to simulate the system, the necessary geometry is created in COMSOL software. The
setup starts with the creation of geometry of the model, which is as shown in Figure 3.4. The
domain of the porous ground is created in the shape of a cuboid, which is split into two by the
introduction of the heat column. The heat column (Figure 3.4a), in the form of a void cylinder,
is a hollow section removed from the cuboid using ’boolean’ operation in the software. This
creates two domains of porous medium, one which is in the interior of the heat column annulus,
undisturbed by fluid flow, and the second domain where there is a flow of groundwater. The
dimensions of these domains are shown in Figure 2.6. In the simulation software, the heat column
itself is described just by its outer walls set at constant temperature and in contact with the
porous domains.

(a) Heat Column walls, highlighted in blue. (b) Porous matrix, highlighted in blue.

Figure 3.4: Figures showing the parts in the model. Figure 3.4a highlights the heat column
walls in the model, whereas Figure 3.4b highlights the porous domains 1 and 2 in the model.

3.5.3 Material Properties

The materials to be assigned to individual domains and boundaries in the model are added us-
ing the material properties tab in COMSOL Multiphysics software. The properties of the solid
matrix of the porous domain are as shown in Table 2.2; the properties of water, ice and the heat
column wall, are expressed as function of temperature as discussed below.
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The walls of heat column are made of polypropylene which has the physical properties are
expressed as:

ρ(kg/m3) = A

k(W/mK) = AT 2(°C) +BT (°C) + C

Cp(J/kgK) = AT (K) +B

The properties of ice are expressed as:

ρ(kg/m3) = AT (°C) +B

k(W/mK) = AT (°C) +B

Cp(J/kgK) = A

The properties of water are expressed as:

ρ(kg/m3) = ρc +A(1− T (°C)

Tc(°C)
)0.35 +B(1− T (°C)

Tc(°C)
)0.67 + C(1− T (°C)

Tc(°C)
) +D(1− T (°C)

Tc(°C)
)1.34

k(W/mK) = AT 2(°C) +BT (°C) + C

Cp(KJ/kgK) = A+BT (°C) + CT 2(°C) +DT 3(°C) + ET 4(°C)

The coefficients in the above equations are tabulated in Table 3.1.

Material Property A B C D E
Water Density (kg/m3) 1094 -1813.22 3863.95 -2479.81 -

Thermal conductivity (W/mK) -8.354e-6 6.53e-3 -0.598 - -
Specific heat (J/kgK) 28.07 -0.2817 1.25e-3 -2.48e-6 1.85e-9

Polypropylene Density (kg/m3) 910 - - - -
Thermal conductivity (W/mK) -2e-6 1e-4 0.22 - -

Specific heat (J/kgK) 6.4 1590 - - -
Ice Density (kg/m3) -2 900 - - -

Thermal conductivity (W/mK) -0.01 2.2 - - -
Specific heat (J/kgK) 2000 - - - -

Table 3.1: Coefficients of temperature dependent physical properties of materials.

3.5.4 Physics Interface

The thermal physics interface used for the study is ’Heat transfer in porous medium’, which
as the name suggests, provides with the tools to model fluid flow and heat transfer in porous
medium. This node in COMSOL is governed by the theory of heat transfer in porous medium.
In this node, the materials are assigned to their respective domains; for the solid matrix of the
porous domain, the material assigned is sand, and for the fluid saturating the domain, water is
assigned. The phase change from water to ice, which occurs in the porous domain due to the
working of the heat column, is added in ’Phase Change’ sub-node under the ’Porous Medium’
section of the physics interface. In this sub-node, the phase change conditions are specified,
namely, the temperature at which the phase transition occurs, transition interval and latent heat
between the phases of water, that is 273.15 K, 8 K and 333 kJ/kg, respectively, as shown in
Figure 3.5. COMSOL deals with phase transition as specified in Section 3.2.2, hence a temper-
ature transition range has to be specified. The selected range of transition interval is specified
to smooth the transition and reduce the non-linearity in the problem.

The domain pertaining to the refrigerant flow is not taken into consideration in the simula-
tion based on the simplification discussed in Section 3.3. It is assumed that the outer surface
of the heat column wall which is in contact with the porous domain is at a constant temperat-
ure. The flow velocity of the groundwater in the porous domain is set in the ’porous medium’
section of the physics according to scenario being studied. In the this report, the direction of
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groundwater velocity in the upstream is assumed to be in the positive x-direction. The initial
temperature of the porous medium is set at 293.15 K or at 20 degrees Celsius for the first and
the second case studies. In all the case studies, the effect of gravity has been neglected.

Figure 3.5: Phase change settings.

3.5.5 Meshing

Meshing or mesh generation is the process of creating cells or subdivisions of a continuous geo-
metric space into discrete topographical elements. Depending on the number of dimensions used
in the simulation and depending on the physics being worked on, the size and shape of the
elements vary. The elements, which are called as mesh cells are used to locally approximate
the parameters of the larger domain. The goal is to create a mesh that accurately captures the
geometry and the physics of the simulation with well-shaped cell and without too many cells
which can result in subsequent calculation being intractable. However, the cells should be small
enough resulting in a finer mesh in the areas where complexity or refinement in calculations is
required. An example for such an area would be the region around a curved surface, such as the
area around the walls of the column.

The mesh to be created is chosen based on accuracy of the solution and the efficiency with
regards to the computational memory for the study. To start off, a primal mesh for this study
should be based on the physics of fluid dynamics. Ideally, finer elements, compared to rest of
the geometry, must be present near the hollow cylinder (heat column) to capture the fluid flow
and thermal exchange around it accurately. The primary mesh created, as shown in Figure 3.6,
can be used to compute linear problems to an acceptable accuracy.

Figure 3.6: Figure showing the primary mesh of the simulation model.

However, the model is highly non-linear due to phase change and the presence of fluid flow, which
induces conjugate heat transfer across the different phases of the fluid. Due to this non-linearity,
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the solutions produced by the solver at higher speeds ( above 5×10−7 m/s ) contain significant
error and/or the solution does not converge. The solution is to incorporate mesh refinement,
which can either be done manually or by using the option of ’adaptive meshing’ in COMSOL.

Adaptive Meshing

Generally, adaptive mesh refinement lets the software improve the mesh to minimise the overall
error in the solution. Improving the solution can be done by making the elements smaller where
the error is high. COMSOL addresses this via Adaptive Mesh Refinement which solves an initial
mesh first, and with every solution step inserts elements into the place where the error is estim-
ated to be high before taking the next solution step.

In the current model, it helps in improving the local mesh size in the region where the phase
change takes place. In the above mesh, the zone where the transition from water to ice occurs
crosses a limit that is based on a mathematical FEM artefact which gives the relation between
the step-size of the solver (dt) and the local mesh element size (hm). This is because of the
change in thermal diffusivity (α) at the phase change region. For the case of conduction, for the
solution matrix to be solved, the relation between the step-size (dt), thermal diffusivity of the
material and the local mesh element size (hm) should hold according to,

α× dt > h2m (3.37)

The relation is obtained by non-denationalising the conduction (Refer [18]) equation. The
relation is necessary to determine the mesh size based on the time it takes for the heat to
propagate a certain distance. In the given time-step if the heat propagates a distance less than
the size of mesh element, then it creates oscillations in temperature solution which results in
non-convergent solutions in transient studies. In the current study, the transition region shifts
due to ice formation as the time progresses, due to which the coefficient of conductivity of the
region also changes. This changes the distance of heat propagation, which needs to be corrected
for by using an adaptive mesh, which uses the solution from the last computed time-step to
adapt the element sizes. Adaptive mesh refinement takes into account the local physics of the
meshing region such that the region where there is a change in thermal diffusivity, it adapts the
local mesh element size so that the relation in Equation 3.37. This produces accurate results
even though the time taken for such a computation will greatly increase.

3.5.6 Mesh Refinement Study

When using adaptive mesh refinement, COMSOL computes the solution using the primary mesh
of the model and estimates the error. The region where the error is high, the geometry is re-
meshed to reduce the error and the model is re-solved. This mesh refinement process takes place
several times based on the metric used for error estimation and on the type of mesh adaptation
technique used. The created meshes during the simulation process are stored in Meshes node
which can be viewed at the end.

In the current model, the adaptation method used is ’General modification’ with an allowance for
coarsening of the mesh. In the process of simulation, a total of 11 meshes were created for each
groundwater velocity scenario. The statistics of the created meshes from a couple of scenarios,
when the groundwater velocity is 1×10−7 m/s and 5×10−7 m/s, are shown in Table 3.3 and in
Table 3.5. Graphs containing temperature profiles at a point with coordinates [5,5,2.5] (shown
in Figure 3.7 and 3.8), obtained from different meshes of these scenarios, is shown in Figure 3.9;
and graphs showing the volume of ice formed with these meshes is shown in Figure 3.10.
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Mesh 1 2 3 4 5
Mesh Vertices 12656 37282 37356 35898 35390
Tetrahedal 66415 199006 199524 191031 187765
Triangles 6690 7762 8122 8188 8284
Edge elements 648 648 648 648 648
Vertex elements 24 24 24 24 24

Number of elements 66415 199006 199524 191031 187765
Minimum element quality 0.084 0.071 0.06463 0.06463 0.0713
Average element quality 0.6546 0.5825 0.5845 0.5876 0.5891
Element volume ratio 9.15E-06 9.15E-06 9.15E-06 9.15E-06 9.15E-06
Mesh volume 300 300 300 300 300

Table 3.2: Statistics of created meshes for velocity 1×10−7 m/s.

Mesh 6 7 8 9 10 11
Mesh Vertices 35113 35054 35073 35105 35249 35253
Tetrahedal 185817 185108 184967 184907 185469 185359
Triangles 8416 8534 8618 8674 8784 8856
Edge elements 648 648 653 657 664 667
Vertex elements 24 24 24 24 24 24

Number of elements 185817 185108 184967 184907 185469 185359
Minimum element quality 0.0713 0.0713 0.0713 0.0713 0.0713 0.0713
Average element quality 0.5896 0.5898 0.5897 0.5898 0.5896 0.5893
Element volume ratio 9.15E-06 9.86E-06 9.91E-06 9.91E-06 9.91E-06 9.91E-06
Mesh volume 300 300 300 300 300 300

Table 3.3: Statistics of created meshes for velocity 1×10−7 m/s.

Mesh 1 2 3 4 5
Mesh Vertices 12656 37777 37840 36590 35949
Tetrahedal 66415 201847 202011 194596 190725
Triangles 6690 7758 8070 8166 8286
Edge elements 648 648 648 648 648
Vertex elements 24 24 24 24 24

Number of elements 66415 201847 202011 194596 190725
Minimum element quality 0.08 0.071 0.0713 0.0713 0.0713
Average element quality 0.65 0.58 0.5853 0.5885 0.59
Element volume ratio 9.15E-06 9.15E-06 9.15E-06 9.15E-06 9.15E-06
Mesh volume 300 300 300 300 300

Table 3.4: Statistics of created meshes for velocity 5×10−7 m/s.
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Mesh 6 7 8 9 10 11
Mesh Vertices 35065 34894 34820 35033 35157 35271
Tetrahedal 185578 184415 183789 184806 185290 185678
Triangles 8382 8492 8586 8650 8738 8846
Edge elements 648 649 649 652 658 658
Vertex elements 24 24 24 24 24 24

Number of elements 185578 184415 183789 184804 185290 185678
Minimum element quality 0.071 0.0713 0.0713 0.08 0.084 0.084
Average element quality 0.59 0.5913 0.5913 0.59 0.59 0.59
Element volume ratio 9.15E-06 9.15E-06 9.15E-06 1.06E-06 1.00E-05 1.08E-05
Mesh volume 300 300 300 300 300 300

Table 3.5: Statistics of created meshes for velocity 5×10−7 m/s.

Figure 3.7: Figure showing the location at which the temperature is measured, in XY-plane.

Figure 3.8: Figure showing the location at which the temperature is measured, in ZX-plane.
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(a) Groundwater velocity 1×10−7 m/s. (b) Groundwater velocity 5×10−7 m/s.

Figure 3.9: Figures showing the graphs of temperature evolution at the probe location shown
in Figure 3.7 and 3.8 at a couple of groundwater velocities calculated using different meshes.

(a) Groundwater velocity 1×10−7 m/s. (b) Groundwater velocity 5×10−7 m/s.

Figure 3.10: Figure showing the ice volume (m3) growth for a couple of groundwater velocities
scenarios calculated using different meshes.
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4. Computational study of seasonal cycle
The computational study is carried out to analyse the effect of seasonal working of the heat
column. The study assumes that the heat column is in a certain state ( of cooling or heating )
for a period of 100 days, and the resulting temperature profile, ice volume and other parameters
necessary for analysis of heat column performance are extracted.

A total of three case studies are made to record the behaviour of the system. In the first case
study, the effect of varying upstream (at x = 0) groundwater flow velocities is analysed while
the heat column is at a constant temperature, cooling of the ground by the heat column. In the
second case study, the heating or recharge cycle of the ground is studied with varying groundwa-
ter flow velocities. In the third case study, the effect of varying the working temperatures of the
system are studied. The working temperatures refer to the constant heat column temperature
and the upstream groundwater flow temperature.

The first and second case studies are linked, as in, the heating cycle studied in the second case
is assumed to be a follow up of the cooling cycle in the first case. Therefore, the final thermal
state in the first case study is used as the initial state for the second case study.

In order to correlate the simulation results with the prototype in the pilot plant, the temperature
profile using a set of probes placed at 4 different locations around the heat column is measured.
Two of the probes placed on the downstream (positive X-direction) with respect to the heat
column are referred as East side probes, that is, North East (NE) and South East (SE); the
probes on the opposite side of the East side probes with respect to the heat column are referred
to as West side probes, that is North West (NW) and South West (SW). North and South in
referencing denote the points placed near the top edge and the bottom edge of the heat column,
respectively. Figure 4.1 shows the position of the first set of temperature probes on a ZX-plane
slicing through the center of the heat column. Apart from measuring the temperature at close
vicinity of the heat column, a second set of probes placed in the downstream with respect to
heat column to obtain a temperature profile with respect to distance away from the heat column.
The location of the second set of 6 probes placed on a ZX-plane slicing through the center of the
heat column is shown in Figure 4.2.

Figure 4.1: Figure showing the location of the first set of probes.
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Figure 4.2: Figure showing the location of the second set of probes.

4.1 First case study: Cooling of sub-surface

The first simulation study corresponds to the cooling cycle which is initialized by setting the
initial temperatures of the porous domain at 293.15 K which is the ambient or reference tem-
perature for the entire study. The upstream groundwater flow temperature is set at 293.15 K,
while the heat column walls are set at 271.15 K for the cooling cycle.

The simulated model provides solution data which will be useful in predicting the extracted
energy by the heat column to give an insight into the performance of the heat column, as well
as the affected length of the ground which are important criterion whilst selecting the region to
setup the heat column.

4.1.1 Heat flux and extracted energy

Investigating the heat flux across the wall of the heat column gives an estimate of the steady-
state of the heat column. At steady-state the temperature of the porous domain close to the heat
column has reached the temperature of the heat column, that is 271.15 K, while simultaneously
there is an influx of heat through the groundwater flow from upstream. The heat flow rate in-
tensity across the wall needed to maintain the constant temperature is the steady-state heat flux.

The area averaged total instantaneous heat flux across the walls of the heat column in the
process of heat extraction, at different water flow velocities, is plotted in Figure 4.3. Total heat
flux includes the conductive and convective heat flux. This gives a clearer picture of the heat
extracted by the heat column during the period of cooling cycle.

We can observe from the plot that the steady-state is reached faster at higher groundwater
velocities. For example, when the velocity is 7× 10−7 m/s, steady state is reached at around 20
days into the cycle, whereas at a velocity of 1× 10−7 m/s, the steady state is reached nearly at
the end of the cycle of 100 days. This can be attributed to the fact that when the velocity is
higher, there is a higher amount of influx and outflux of heat from the system due to the flow.
This implies that the heat column has to extract more heat in order to maintain the constant
wall temperature.
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Figure 4.3: Figure showing the graphs of surface-averaged heat flux across the heat column
wall during cooling cycle for different groundwater flow velocities.

The total energy extracted (QE), in kWh, during the cooling cycle can be calculated by integ-
rating the heat flux through the heat column wall along the time of its operation. Table 4.1
shows the total energy extracted during the cooling cycle for each of the groundwater velocities
that have been studied.

Velocity (m/s) Extracted energy (kWh) Extracted energy (MJ)
No flow 1192.9 4294.44
1×10−7 1273.2 4583.5
2×10−7 1333.6 4801
3×10−7 1452.7 5229.7
4×10−7 1611.1 5799.9
5×10−7 1785.9 6429.25
6×10−7 1971.2 7096.3
7×10−7 2257.7 8127.72

Table 4.1: Extracted energy (kWh)/ Extracted energy (MJ) by the heat column at the end of
cooling cycle.

From the plot and the table, it is evident that at higher velocities, the instantaneous heat flux
through the wall is higher at every point in time, resulting in a higher overall extracted energy.
This also implies that as the groundwater flow velocity increases, the heat column has to run
at higher power in order to maintain the temperature of the sub-surface, and to preserve the
formed ice.

4.1.2 Volume of formed ice

The primary design objective of the Natural heat column developed by Solevo B.V. is to store
energy energy in the form of ice, underground. By storing energy in the form of ice, it is possible
to concentrate a large portion of energy in the form of latent heat during phase change. By
finding out the volume of formed ice, it is possible to estimate the efficiency of the heat column
in storing heat in the form of latent heat. The latent heat stored in form of ice can be calculated
using the formula,

QL = miceLf (4.1)
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This analysis is done in this section after discussing the effect of velocity on volume and shape
of the ice formation. For different cases, based on the groundwater flow velocity, the final volume
of ice formed at the end of the 100 day cycle is represented in Figure 4.4 and same is tabulated
in the Table 4.2.
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Figure 4.4: Volume of ice formed by the end of cooling cycle for different groundwater velocities.

Groundwater velocity (×10−7 m/s) 0 1 2 3 4 5 6 7
Volume of ice (m3) 1.78 2.08 2.97 3.98 4.94 5.82 6.67 7.47

Table 4.2: Data representing the points in graph from Figure 4.4.

The volume of ice formed at the end of 100 day cycle, for the selected groundwater flow scenarios
can be fit to an equation expressed as:

Vice(u, 100) = 0.1731× u4 − 0.2151× u3 − 0.2792× u2 + 2.438× u+ 4.479 (4.2)

From the results, it can be said that the flow has positive impact on the volume of ice formed
during the cooling cycle. As the flow of the groundwater is horizontal to the heat column, as
cross-flow across a cylinder, the ice formation will not be symmetrical around the column. The
graphical representation of the ice formation at the end of the cycle is shown in Figure 4.5.
The region highlighted in red is the ice formation, and by observation it can be noticed that as
the velocity of the groundwater flow increases, the formation is stretched along the downstream
direction showing asymmetry. It is easy to speculate that the flow of groundwater induces
advection and thus has an impact on the performance of the heat column. We can further
analyse if the flow increases the percentage of energy stored in the form of latent heat during the
cooling cycle.

As seen from the results of the final volume of ice formation in Figure 4.4, there is a linear
correlation between the final volume and the velocity of the groundwater flow. The estimated
heat extracted and the final ice volume support the conclusion that the flow has a positive impact
on the performance of the heat column. Observing the trend of energy extracted and volume of
ice formed in different cases, it can be inferred that the flow has a positive impact only when
its velocity is greater than a certain threshold. It is because as the graphs point out, difference
in the volume of ice formed or the total energy extracted between the no flow situation and
the situation where the groundwater flow velocity is 1 × 10−7 m/s, is very less. The threshold
velocity is studied in the next section.
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(a) No groundwater flow. (b) Groundwater flow velocity = 1×10−7 m/s.

(c) Groundwater flow velocity = 2×10−7 m/s. (d) Groundwater flow velocity = 3×10−7 m/s.

(e) Groundwater flow velocity = 4×10−7 m/s. (f) Groundwater flow velocity = 5×10−7 m/s.

(g) Groundwater flow velocity = 6×10−7 m/s. (h) Groundwater flow velocity = 7×10−7 m/s.

Figure 4.5: Graphical representation of ice formation in the simulated model at the end of
cooling cycle, shown for different different groundwater velocities.
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For the current range of velocities, Figure 4.6 shows the evolution of ice volume over time, whose
graph can be split into two parts for convenience in practical applications. The first part is the
phase of exponential growth of ice, until 30 days from the start of cooling cycle, and later the
ice grows linearly. The data is split based on time, and fit to the following functions,

Vp1,ice = ae−b(t) + ce−d(t) for 0 < t ≤ 30 (4.3)

Vp2,ice = a(t) + b for 30 < t ≤ 100 (4.4)

Table 4.3 gives the coefficients of the exponential function and Table 4.4 gives the coefficients for
the linear function. The coefficients of the fit are found by using fittype function in MATLAB,
wherein the equation that need to be fit to the data is used to obtain the results. Figures showing
the data fitted to the above functions are shown in Appendix E.
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Figure 4.6: Graph showing the ice volume (m3) growth with time during the cooling cycle, at
different water velocities.

Velocity Coefficients of exponential function Goodness of fit
(m/s) a b c d (R-squared)
No flow -1.546 0.4192 1.136 -0.008 0.9965

1×10−7 -1.457 0.3338 1.161 -0.0091 0.9979

2×10−7 -1.485 0.3382 1.177 -0.01379 0.9980

3×10−7 -1.481 0.3091 1.201 -0.0195 0.9986

4×10−7 -1.525 0.2473 1.315 -0.0223 0.9986

5×10−7 -1.616 0.2164 1.441 -0.0243 0.9983

6×10−7 -1.749 0.2004 1.564 -0.0259 0.9984

7×10−7 -1.871 0.1448 1.808 -0.0247 0.9976

Table 4.3: Coefficients of fit obtained by fitting the first part of ice volume growth data to sum
of exponential function (Equation 4.3).
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Velocity Coefficients of exponential function Goodness of fit
(m/s) a b (R-squared)
No flow 0.0047 1.313 0.9959

1×10−7 0.0078 1.3 0.9989

2×10−7 0.0168 1.287 0.999

3×10−7 0.0257 1.413 0.9986

4×10−7 0.0332 1.626 0.998

5×10−7 0.0397 1.867 0.9973

6×10−7 0.04556 2.118 0.997

7×10−7 0.0511 2.356 0.997

Table 4.4: Coefficients of fit obtained by fitting the second part of ice volume growth data to
linear function (Equation 4.4).

Using the volume of ice, the percentage of energy stored as latent heat (%L) and the percentage
of energy stored as sensible heat (%S) can be calculated by measuring the energy stored as latent
heat and the total energy extracted at end of the cycle. The percentage is then given by,

%L = QL/QE and %S = 1−%L (4.5)

The resulting values of percentages are shown in Figure 4.7. From the calculation, we can observe
that the percentage of energy stored as latent heat increases through the groundwater velocities
of 2×10−7 to 5×10−7, and later it plateaus at around 28%. This improvement in percentage is
positive, as storing energy as latent heat allows large amount of heat to be stored at a constant
temperature, in solid phase in this case, at a location without constant dissipating throughout
the sub-surface.
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Figure 4.7: Graph showing the percentage of energy extracted as sensible heat and as latent
heat at the end of the cooling cycle at different groundwater velocities.
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We can further study the evolution of the latent heat percentage in the duration of the cooling
cycle. By observing the percentage evolution, shown in Figure 4.8 for different groundwater flow
velocities, we can see that at the beginning of the cycle, a higher percentage of energy is used
in storing heat as latent heat. This is the trend in all cases of groundwater flow velocity, as well
as when there is no flow. After the initial phase, which for around 20 days from the start, the
percentage of heat stored as latent heat starts to decrease. This trend can be attributed to the
fact that with time as the temperature gradient around the heat column reduces, so does the rate
of ice formation. The can seen from Figure 4.6 where the ice growth rate becomes constant after
the initial exponential rate. This reflects on the percentage of energy stored as latent heat as
time progresses, wherein more heat is being used to reduce the temperature of the surroundings
sensibly.
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Figure 4.8: Graph showing the percentage of energy stored as latent heat along the duration
of cooling cycle at different groundwater flow velocities.

4.1.3 Groundwater flow effect

Previously, we had concluded that the groundwater flow has a positive impact on the performance
of the heat column for the given set of velocities. However, it is necessary to assess how the
performance if affected at lower velocities and if the conclusion still holds true. A new set of
velocity range from 2×10−10 m/s to 1×10−7 m/s is used to simulate the volume of ice formed
during the cooling cycle. The results for the simulation are presented in the Figure 4.9 and the
final values of the volume after 100 days at these different velocities are presented in Table 4.5.

From these plots, the estimated range of the velocity threshold of flow, for the selected time
period of cooling cycle, below which there is no impact on ice formation by the heat column can
be deduced. It is noted that as long as the flow velocity is lower than the 4×10−8m/s, there
is no significant (greater than 10%) impact on the volume of ice formed compared to a no flow
situation.
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Figure 4.9: Figure showing the graph of ice volume (m3) growth with respect to time for
different groundwater flow velocities.

Velocity (m/s) Ice volume (m3)
No flow 1.7828
2×10−10 1.7829
8×10−10 1.7828
2×10−9 1.7829
9×10−9 1.7847
1×10−8 1.7851
4×10−8 1.8237
1×10−7 2.0899

Table 4.5: Table showing the final formed ice volume (m3) at the end of cooling cycle.

The reason for the threshold is because the length of the thermal plume [19] [20] of ice, at velocities
below 4×10−8m/s, is insignificant (≈ 0.061 m) by the end of the time period of cooling cycle.
This insignificant increase in downstream length does not help in increasing the volume of ice. An
estimate of the length of the thermal plume (Lth) is found using the thermal advective velocity
(vth [m/s]) (Refer [21]) which can be described as the velocity at which the heat is advected due
to groundwater flow. In a porous medium, it can be expressed in terms of Darcy velocity as,

vth =
vDCv,fluid
Cv,eff

(4.6)

where Cv,fluid is the volumetric heat capacity of fluid in porous medium (4.21 MJ/m3K for
water and 1.93MJ/m3K for ice) whose particles are undergoing advection, and Cv,eff is the
effective volumetric heat capacity of the porous domain, that is ground, which is estimated using
COMSOL. Table 4.6 gives the thermal velocity for the discussed linear groundwater velocities
when the Cv,fluid is taken as the volumetric heat capacity of ice. The volumetric heat capacity
of ice is chosen as we are estimating the length of thermal plume of ice.

vavg (×10−10 m/s) 2 8 20 90 100 400 1000
vth (×10−10 m/s) 1.42 5.7 14.2 64.2 71.36.9 285.3 630.75

Lth (m) 0.0013 0.0049 0.0123 0.055 0.061 0.246 0.76

Table 4.6: Thermal velocity (vth) and length of thermal plume (Lth) with respect to average
linear velocity (vavg) when the fluid in porous medium is ice.
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4.1.4 Affected length of ground by ice formation

The maximum length of the sub-surface ground affected by the ice formation is predicted from
the simulation. As the maximum affected ground is in positive x-direction with respect to the
heat column, in the direction of groundwater flow, this length (Leff ) is the length of generated
ice plume measured from the center of the heat column (see Figure 4.10) at the end of the 100
day cycle; the results are plotted in the Figure 4.11. The volume of formed ice and the affected
length are directly related, hence it can be seen that with higher flow velocity, the affected length
also increases. It is to be noted that the affected region in this study has been assumed to be
that pertaining to frozen ground. This parameter can be an important aspect while choosing the
site size for the heat column setup. The cyclic process of freezing and melting of the water in
the soil pores can lead to a gradual but steady decrease in the sturdiness of the ground, which
is an important factor while considering the setup up of heat column near a built environment.
Further geo-technical research needs to be performed based on the type of ground soil and its
structure in the particular region of setup in order to precisely define the affected region.

Figure 4.10: Drawing showing the measurement of length of ice plume.

Figure 4.11: Length of ground (m) in the downstream with respect to the heat column affected
by ice as function of groundwater velocity, at the end of 100 day cooling cycle.

vavg (×10−7 m/s) 0 1 2 3 4 5 6 7
Leff (m) 0.55 0.7 1.01 1.33 1.65 1.95 2.24 2.52

Table 4.7: Table with data from Figure 4.11.

To get an estimate of the growth of ice in the downstream direction analytically, the length of the
thermal plume (Lth) can be calculated using the Equation 4.6 for different velocities by taking
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Cv,fluid as that of ice. The results of thermal velocity and length are tabulated in Table 4.8. We
notice that the maximum length of ground affected by ice in Figure 4.11 are close (+/- 10%) to
the results of calculated Lth.

vavg (×10−7 m/s) 1 2 3 4 5 6 7
vth (×10−7 m/s) 0.63 1.2 1.7 2.12 2.48 2.79 3.05

Lth (m) 0.76 1.04 1.47 1.83 2.14 2.41 2.64

Table 4.8: Thermal velocity (vth) with respect to average linear velocity of groundwater flow
(vavg) when the advected fluid in porous medium is ice.

4.1.5 Nusselt number

There have been a lot of studies on the heat transfer in laminar flows around objects such as
plates, spheres and cylinders that are of constant interest for researchers dealing in thermody-
namics. The studies have produced results which allow researchers to qualitatively assess the
necessary dynamics based on the relation between the Nusselt number and the Reynolds number
of the flow. Majority of the research on the topic has been done for flows with high Reynolds
number, and authors such as C.F. Lange, et al [22] have given a comprehensive look at several
numerical and experimental models dealing with lower Reynolds number, and have also provided
a model of the Nusselt number for flows with Reynolds number ranging from 10−4 to 200. Gazy
F. Al-Sumaily, et al [23] have analysed the effect of the presence of porous medium on fluid,
having Reynolds number range of 1 to 250, undergoing forced convective heat transfer around a
circular cylinder. However, these models do not investigate the scenario where the temperature
of the convective surface is below the freezing point of the flowing fluid.

The total time-mean surface-averaged Nusselt number (N̄u), which gives the ratio of convect-
ive heat transfer to the conductive heat transfer at the boundary of the heat column wall and
the ground, can be calculated by using the instantaneous heat flux (qi), temperature of the heat
column (Twall), average upstream temperature of groundwater (T∞), mean effective thermal con-
ductivity of porous medium (keff,mean) and the radius of heat column (R). The total time-mean
surface-averaged Nusselt number is calculated using time-mean surface-averaged heat transfer
coefficient around the heat column (h̄A) as:

¯Nuavg =
h̄AR

keff,mean
(4.7)

The time-mean surface averaged heat transfer coefficient is calculated by integrating the time-
mean heat transfer coefficient (havg) by using the equation,

h̄A =
1

A

∫
A

havgd(A) (4.8)

where A is the area of heat column wall; and havg is defined as,

havg =
1

N

i=N∑
i=1

hi (4.9)

Here, N is the number of time steps, and hi is the instantaneous heat transfer coefficient which
is calculated as:

hi =
qi

(Twall − T∞)
(4.10)

Figure 4.12 shows the variation of average Nusselt number (N̄uavg) as a function of groundwater
flow’s Reynolds number ranging from 10−3 to 1.6×10−1 which correspond to groundwater velocity
range of 5×10−9m/s to 7×10−7m/s.

The time-mean surface-average Nusselt number in terms of Reynolds number of groundwater
flow (Rew) as:

N̄uavg = 0.3247 + 2.052(Rew)0.639(Rew)−0.1923

(4.11)
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Figure 4.12: Nusselt number as function of groundwater flow’s Reynolds number.

The Nusselt number is expected to increase with the increase in Reynolds number because at
higher flow rates, the local temperature gradient towards the front of the heat column, facing
the upstream, is higher. Higher temperature gradient corresponds to a higher heat transfer rate,
which leads to a higher Nusselt number. The temperature gradient can be qualitatively assessed
by observing the temperature distribution in the simulated model shown in Figure 4.13 for
velocities 1×10−7 m/s and 7×10−7 m/s for comparison (Refer to Appendix C for other velocities
in the range 1×10−7 m/s to 7×10−7 m/s), or can be quantitatively assessed by referring to
Figure 4.15 which shows the temperature difference at the end of the cycle between the heat
column wall and 4 points placed around the it, 0.01 m away, with angle of separation 90° between
them. The placement height is midway along the length of the heat column. The points are
graphically shown in XY-place in Figure 4.14.

(a) Velocity = 1×10−7 m/s. (b) Velocity = 7×10−7 m/s.

Figure 4.13: Temperature gradient around the heat column at the end of cooling cycle (100
days) shown in from the top view (XY-plane). Figure 4.13a shows the scenario when the velocity
of the groundwater flow is 1×10−7 m/s and Figure 4.13b shows the scenario when the velocity
of the groundwater flow is 7×10−7 m/s.
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Figure 4.14: Location of the probes around the heat column, shown in XY-plane.
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Figure 4.15: Graph showing the temperature difference between the heat column wall and the
probe locations shown in Figure 4.14 for different groundwater flow velocities.

4.1.6 Temperature profile

The first set of probes which are setup as shown in Figure 4.1 record the temperature evolution
with respect to time in Figure 4.18. The simulation predicts that the temperature on the down-
stream side of the heat column drops faster and attains the freezing temperature sooner as the
velocity of the groundwater increases. As the velocity increases the heat also gets transferred
through forced convection. In the initial stages of cooling, the heat transfer is through convec-
tion, between the heat column and the flowing water; but as the ice begins to form around the
heat column, the heat transfer between the heat column and its nearest surroundings is through
conduction, and convection happens between ice and flowing water around it. This phenomenon
can be noticed by observing the temperature profiles at the NE and SE probes. In addition, with
increase in velocity the temperature difference between the upstream and downstream probes
also increases; this is in fact because of the asymmetric cooling of the groundwater due to the
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presence of a flow.

(a) Groundwater flow velocity = 1×10−7 m/s. (b) Groundwater flow velocity = 7×10−7 m/s.

Figure 4.16: Figures showing the temperature distribution for a couple of groundwater flow
velocities at the end of cooling cycle.

(a) Time = 2 days. (b) Time = 20 days.

(c) Time = 50 days. (d) Time = 100 days.

Figure 4.17: Figure shows the temperature evolution in time for groundwater velocity 4×10−7

m/s, when heat column is undergoing cooling cycle.
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(a) No flow. (b) Groundwater velocity = 1×10−7 m/s.

(c) Groundwater velocity = 2×10−7 m/s. (d) Groundwater velocity = 3×10−7 m/s.

(e) Groundwater velocity = 4×10−7 m/s. (f) Groundwater velocity = 5×10−7 m/s.

(g) Groundwater velocity = 6×10−7 m/s. (h) Groundwater velocity = 7×10−7 m/s.

Figure 4.18: Figure showing the temperature evolution at different groundwater velocities
during the cooling cycle measured at probe locations shown in Figure 4.1.
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The second set of probes (Figure 4.2) collect the temperature data in the downstream with respect
to the heat column. The data collected from the probes shows the evolution of temperature in
the sub-surface with respect to time and distance. The obtained temperature field when the
groundwater velocity is 5×10−7m/s is shown in Figure 4.20 as an example; plots from the
other velocities can be found in Appendix C. To characterise the temperature profile along the
downstream at the end of the cooling cycle, the temperature at the probes at the end of cycle is
graphically plotted and shown in Figure 4.19.
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Figure 4.19: Cooling profile downstream of the heat column after 100 days of cooling cycle,
measured at the probe locations shown in Figure 4.2.

From the profiles in Figure 4.19, we can observe that farther points in the downstream are affected
when the velocity of the groundwater increases. The affected length can be attributed to the
length of the thermal plume created due to the working of the heat column. We can identify
the length of plume as until the point where the slope of the temperature profile changes. As
the plume generated is made of a mixture of ice and water, we can assume that its length will
lie in between the calculated values of the length of thermal plume for the case when the fluid
is water and for the case when the fluid is ice. This can be verified by correlating the lengths in
the Tables 4.9 and 4.8 with graphs in Figure 4.19.

vavg (×10−7 m/s) 1 2 3 4 5 6 7
vth (×10−7 m/s) 1.3 2.6 3.7 4.6 4.4 5.1 5.6

Lth (m) 1.18 2.26 3.20 3.98 4.67 5.25 5.74

Table 4.9: Thermal velocity (vth) with respect to average linear velocity of groundwater flow
(vavg) when the advected fluid in porous medium is water.
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Figure 4.20: Graph showing the subsurface temperature field for the scenario when the ground-
water flow velocity is 5×10−7m/s measured at probe locations shown in Figure 4.2.
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4.2 Second case study: Heating/ Sub-surface recharging

Sub-surface heating describes the cycle of recharging the ground around the heat column to
a higher temperature. This is done in the simulation by setting the heat column walls at a
temperature of 293.15 K. The recharge cycle starts when the ground temperature has reached
a steady-state after extracting heat from it over a period of 100 days.

4.2.1 Ice volume

In this section, the amount of time required to thaw the ice during the heating cycle of the heat
column is observed. From the data representing the volume of ice over time, it is inferred that
the complete melting of the formed ice takes longer in the case of higher velocities. One of the
reasons for this trend is that for those cases the volume of ice at the end of cooling cycle is larger,
requiring a larger amount of heat to melt the entire volume. Figure 4.21 shows the reduction in
the volume of ice across time.

Figure 4.21: Figure showing graphs of the reduction in the volume of ice during heating cycle.

4.2.2 Heat flux and rejected energy

In the cooling cycle, we have seen that the thermal flux from the ground to the heat column is
comparatively higher for higher velocities of groundwater flow, which results in larger amount
of heat being extracted from the ground. A similar study is performed during the heating cycle
where heat flux into the heat column is measured. As the heat column is losing heat during this
cycle, the heat flux values are negative.

It is interesting to observe that there is no significant difference (< 5%) between the different
heat flux profiles (in Figure 4.22). This results is relatively small difference in total energy flow
through the heat column across the velocity range (refer Table 4.10) when compared to the
cooling scenario.
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Velocity (m/s) Rejected energy (kWh) Rejected energy (MJ)
No flow -268.58 -966.88
1×10−7 -275.71 -992.556
2×10−7 -295.24 -1062.86
3×10−7 -308.82 -1111.75
4×10−7 -316.40 -1139.04
5×10−7 -318.23 -1145.63
6×10−7 -316.85 -1140.66
7×10−7 -313.54 -1128.74

Table 4.10: Rejected energy (kWh and MJ) by the heat column at the end of heating cycle.

Figure 4.22: Figure showing the graph of surface-averaged heat flux through the heat column
to the surroundings for different groundwater flow velocities during the heating cycle.

We can explain the trend seen in the graph by analysing the processes taking place during the
heating cycle. When the heat column is set in heating mode, we considered that the heat column
is at the same temperature as that of the upstream groundwater inflow, that is 293.15 K. This
implies that when the heat column starts up and melts a layer of ice that is in contact with the
wall, the area of wall facing the inflow of groundwater is exposed to a surrounding which is at the
same temperature as the wall itself. For the side of heat column facing the downstream, when
the layer of ice melts, the ice block gets separated from the wall, and the flow of groundwater
helps the ice to displace downstream, away from heat column. This creates a scenario where
there is no heat transfer taking place near the walls of the heat column once the temperature
around it has reached 293.15 K. This implies that there is no impact on the heating performance
when the temperature of heat column and upstream flow is same.

4.2.3 Temperature profile

The dissipation of heat around the heat column is assessed by measuring the temperature of
the ground around the heat column at the proposed set of probe points. Figure 4.23 shows the
distribution of temperature in a couple of scenarios at the end of heating cycle on a ZX-plane,
sliced through the center of the heat column along its length. From the distribution, we can ob-
serve a temperature gradient along the downstream direction of the groundwater flow. Further
observing the temperature distribution at other time intervals of the heat cycle, it is observed
that the heating of the downstream region occurs in a peculiar due to presence of ice that has
during the cooling cycle. From Figure 4.24, we can observe that as the heating cycle begins,
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the heat from the heat column melts a layer of ice which is in contact with the heat column
wall. This creates a separation between the ice and heat column allowing the ice to gradually
melt as well as displace in the downstream due to the presence of groundwater flow. As the ice
melts, the formed water induces a temperature drop in the downstream. This phenomenon can
be described as a traversing cold wave.

At the first set of probes, shown in Figure 4.1, the evolution of temperature over time is measured
whose plots are shown in Figure 4.25. From this temperature profile, it is observed that as the
velocity of the groundwater increases, the difference in how the temperature evolves over time
also increases.

(a) Velocity = 4×10−7 m/s. (b) Velocity = 7×10−7 m/s.

Figure 4.23: Figures showing the temperature distribution after 100 days of heating cycle
collected for a couple of groundwater flow velocity scenarios.

(a) Time = 2 days, Groundwater flow velocity
= 4×10−7 m/s.

(b) Time = 20 days, Groundwater flow velocity
= 4×10−7 m/s.

(c) Time = 50 days, Groundwater flow velocity
= 4×10−7 m/s.

(d) Time = 100 days, Groundwater flow velo-
city = 4×10−7 m/s.

Figure 4.24: Figures showing the temperature distribution at different time intervals during the
heating cycle at groundwater flow velocity of 4×10−7m/s. The ’traversing cold wave’ discussed
above can be noticed in the figures.
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(a) No groundwater flow. (b) Groundwater flow velocity = 1×10−7 m/s.

(c) Groundwater flow velocity = 2×10−7 m/s. (d) Groundwater flow velocity = 3×10−7 m/s.

(e) Groundwater flow velocity = 4×10−7 m/s. (f) Groundwater flow velocity = 5×10−7 m/s.

(g) Groundwater flow velocity = 6×10−7 m/s. (h) Groundwater flow velocity = 7×10−7 m/s.

Figure 4.25: Temperature evolution at different groundwater flow velocities collected from the
probe locations shown in Figure 4.1 during the sub-surface heating cycle.

Natural Heat Column 44



The temperature profile along the downstream at the end of heating cycle is obtained from the
probe locations shown in Figure 4.2. This profile is plotted in Figure 4.26.

Figure 4.26: Figure showing the downstream temperature profile collected at the end of re-
charge cycle from the probe locations shown in Figure 4.2.

From the figure, we can notice that there is a slight dip in the temperature profile curves at lower
velocities (< 2× 10−7m/s) which could be caused by the very low advection rates which might
cause the groundwater from thawed ice, which is at a lower temperature than the surroundings,
to remain at a location for longer periods of time.

4.3 Third case study: To study the effect of varied ground
and heat column temperatures while cooling

In the above two cases, the effects of groundwater flow on the performance of the heat column
were studied while keeping the heat column and upstream groundwater temperature at a con-
stant value. Only the value of the groundwater velocity was changed to study the significance of
the flow. However, it is also necessary to investigate the performance at varied working average
temperature of the heat column, and at different upstream groundwater temperatures.

In the third case study, the groundwater velocity is kept constant at a value 1×10−7 m/s,
and the temperatures of the upstream groundwater and the heat column are varied. Three tem-
peratures for the groundwater and three temperatures for the heat column are considered and all
the combinations of these temperatures are studied. Table 4.11 shows the selected temperatures
of the ground and heat column for this case study.

Temperature (K)
Heat column 271.15 263.15 258.15
Groundwater 293.15 283.15 278.15

Table 4.11: Table showing the different temperatures of the heat column and upstream ground-
water considered for the study.

4.3.1 Heat flux, energy extracted and Nusselt number

The heat flux across the wall of the heat column gives the information about the amount of
heat which is being extracted from the ground at a given instance of time. By integrating the
heat flux over the entire period of working of the heat column, we can estimate the total energy
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extracted during the cooling cycle. Figure 4.27 shows the graph of heat flux with respect to time
for cases discussed above.

From the graph, we observe that the heat flux across the wall is comparatively low for the case
where temperature difference between the heat column wall and the upstream groundwater is
small. This is because the magnitude of the heat flux depends on the temperature gradient
between the wall and surrounding ground, which, in case smaller temperature difference between
heat column wall and the upstream groundwater, will tend to be smaller. We can also notice
that the steady-state is reached quicker for the cases when the temperature difference is small.

The heat flux data implies that varying the temperature, either of the heat column or the
upstream groundwater flow, has an impact on the working of the heat column. Analysing the
ice formation can shed light on the implications of temperature variation on the energy storage
capability of the heat column.
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Figure 4.27: Surface averaged heat flux across wall of heat column during cycle for different
studied scenarios. In the legend, ’HC’ refers to the temperature of heat column (K) and ’GW’
refers to the upstream groundwater temperature (K).

The energy extracted through the cycle is calculated by summing the heat flux in time, and the
obtained values are tabulated in Table 4.12. From the table, we can notice that the amount
of energy extracted is larger for the cases where the temperature difference between the heat
column wall and the upstream groundwater flow is larger. This is due to the fact that when the
temperature difference is large, there is larger amount of heat extracted by cooling water to the
freezing point, followed by latent heat extraction by freezing, and later followed by cooling the
formed ice to the temperature of the heat column wall.

Ground temperature Heat column temperature (K)
(K) 271.15 263.15 258.15
293.15 1273.4/ 4584..25 1730.5/ 6229.8 2030.6/ 7310.16
283.15 768.5/ 2766.6 1350.8/ 4862.9 1669/ 6008.4
278.15 612.95/ 2206.62 1214.7/ 4372.9 1531.4/ 5513.04

Table 4.12: Energy extracted (kWh)/ Energy extracted (MJ) at the end of cooling cycle in
each of the scenarios.
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The time-mean surface-averaged Nusselt number for the studied cases is calculated using the
relation in Section 4.1.5. The resulting Nusselt numbers with respect to normalized temperature
(τ) are plotted in Figure 4.28. Normalized temperature is defined as,

τ = Twall/T∞
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Figure 4.28: Averaged Nusselt number plotted against normalised temperature τ .

From the figure we can observe that as the normalised temperature goes towards unity, the
Nusselt number decreases. This is because the temperature difference between the upstream
groundwater and the heat column necessary for heat transfer reduces, resulting in reduction of
temperature gradient around the column. The equation for the curve shown in Figure 4.28 is
expressed as,

Nuavg(τ) = −17.6(τ)2 + 29.87(τ)− 12.23 (4.12)

4.3.2 Ice volume and affected length of ground

The measurement of volume of ice formation is done is order to determine the impact of varying
the heat column wall and upstream groundwater flow temperature. The combinations of all
specified ground and heat column temperatures are simulated, and the results of final volume
of ice formation at the end of the 100 day cycle are shown in Table 4.13 and the corresponding
evolution of ice in time is graphically shown in Figure 4.29. In the graphical representation of the
ice formation, shown in Figure 4.30, we see an overshoot of ice formation beyond the simulation
geometry, hence, the values recorded might contain a slight error. We notice that changing of
either of the temperatures has an impact on the overall ice formation. By reducing the heat
column temperature, or by setting up the heat column in a cooler groundwater temperature, the
ice volume increases. This can be explained as, when the upstream groundwater temperature
is closer to the freezing point of water, the time taken and thermal work need for water to cool
down to the freezing point reduces, resulting in more ice to form by the end of the cycle. This
implies that lower temperatures of upstream groundwater flow improves the latent heat storage
capability of the heat column which is beneficial to the system.

Groundwater temperature Heat column temperature (K)
(K) 271.15 263.15 258.15
293.15 2.05 10.43 17.01
283.15 4.7 20.3 29.84
278.15 10.5 30.34 41.25

Table 4.13: Volume of ice (m3) at the end of cooling cycle in each of the scenarios.
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(a) Heat column at 271.15 K (b) Heat column at 263.15 K

(c) Heat column at 258.15 K

Figure 4.29: Temperature profile downstream, at the end of recharge cycle.

It is interesting to notice by correlating Table 4.12 and Table 4.13 is that the amount of heat
extracted doesn’t directly reflect on the volume of ice formed. This is because the heat extracted
depends on the temperature difference between the heat column wall and the upstream ground-
water flow, whereas the volume of ice depends on the two factors, that is the temperature of heat
column and the temperature of the upstream groundwater flow with respect to the freezing point
of water. Most favorable case is when the temperature difference between the heat column and
the freezing point is large, and the temperature difference between the upstream groundwater
flow and the freezing point of water is small.

For practical purposes, the data from the graphs were split into two parts based on the time.
The first part consists of data from day 0 to day 20, and the second part consists of the data
from day 21 till the end of the cycle. The first part is fit using a sum of exponential function,

V1,ice = aeb(t) + ced(t) for 0 < t ≤ 20 (4.13)

and the second part is fit using a linear function,

V2,ice = a(t) + b for 20 < t ≤ 100 (4.14)

The resulting coefficients for the following equations are obtained by fitting the data using
fittype function in MATLAB [24], and results are tabulated in Table 4.14 and Table 4.15,
respectively.
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(a) Upstream groundwater temperature = 293.15
K, Heat column temperature = 271.15 K.

(b) Upstream groundwater temperature = 283.15
K, Heat column temperature = 271.15 K.

(c) Upstream groundwater temperature = 278.15
K, Heat column temperature = 271.15 K.

(d) Upstream groundwater temperature = 293.15
K, Heat column temperature = 263.15 K.

(e) Upstream groundwater temperature = 283.15
K, Heat column temperature = 263.15 K.

(f) Upstream groundwater temperature = 278.15
K, Heat column temperature = 263.15 K.

(g) Upstream groundwater temperature = 293.15
K, Heat column temperature = 258.15 K.

(h) Upstream groundwater temperature = 283.15
K, Heat column temperature = 258.15 K.

Figure 4.30: Graphical representation of ice formation around the heat column at the end of
the cooling cycle. The ice volume is highlighted in red, and in the situations where the volume
overshoots the simulation geometry can be be seen in light orange color.
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Heat column temperature (K)
Groundwater temperature (K) 271.15 263.15 258.15

293.15 a = 0.9978 a = 2.201 a = 2.893
b = 0.01369 b = 0.03505 b = 0.03937
c = -0.8879 c = -1.849 c = -2.384
d = -0.6053 d = -0.6676 d = -0.4768

R-square: 0.9991 R-square: 0.992 R-square: 0.9942

283.15 a = 1.351 a = 3.118 a = 4.136
b = 0.02386 b = 0.04033 b = 0.04203
c = -1.176 c = -2.479 c = -3.31

d = -0.4905 d = -0.3642 d = -0.288
R-square: 0.9994 R-square: 0.9955 R-square: 0.9971

278.15 a = 1.765 a = 4.079 a = 5.384
b = 0.03596 b = 0.0426 b = 0.0427
c = -1.464 c = -3.278 c = -4.449

d = -0.3427 d = -0.2707 d = -0.2331
R-square: 0.9988 R-square: 0.9977 R-square: 0.9981

Table 4.14: Coefficients of fit obtained by fitting first part of ice volume growth data to sum
of exponential (Equation 4.13).

Heat column temperature (K)
Groundwater temperature (K) 271.15 263.15 258.15

293.15 a = 0.007411 a = 0.07535 a = 0.133
b = 1.166 b = 2.84 b = 3.601

R-square: 0.999 R-square: 0.9998 R-square: 0.9998

283.15 a = 0.03103 a = 0.1662 a = 0.2525
b = 1.553 b = 3.61 b = 4.49

R-square: 0.9998 R-square: 0.9999 R-square: 0.9999

278.15 a = 0.08584 a = 0.2601 a = 0.358
b = 1.912 b = 4.505 b = 5.715

R-square: 0.9999 R-square: 0.9996 R-square: 0.9996

Table 4.15: Coefficients of fit obtained by fitting the second part of ice volume growth data to
linear function Equation 4.14.

Another factor to consider is the maximum affected length of sub-surface ground by the formation
of ice. The measurement of this quantity allows us to compare the affected ground area in different
scenarios and determine the setting for a more compact storage of energy. The results from the
simulation are presented in Table 4.16.

Groundwater temperature Heat column temperature (K)
(K) 271.15 263.15 258.15
293.15 0.7 1.49 1.82
283.15 0.97 2.08 2.42
278.15 1.33 2.48 2.82

Table 4.16: Table showing the length of ground (m) in the downstream (positive x-direction)
with respect to the heat column affected by ice formation.
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From the table it can be observed that the maximum affected length of ground shows a similar
trend to the volume of ice formed. This relation can be predicted because the ice formation and
the maximum length affected by ice formation is always in the downstream direction of the flow,
away from heat column; hence, when the volume increases, the affected length also increases.

However, we can notice that in few condition a larger volume of ice has formed, effecting a smaller
distance in length when compared to the conditions studied in Section 4.1. For example, when
the upstream groundwater temperature is 283.15 K and the temperature of the heat column
is 263.15 K, 20.3 m3 of ice has formed while effecting a length of 2.08 m in the downstream
direction. However, for the same affected length, in the conditions seen in Section 4.1 which
correspond to the case when the groundwater flow is 4×10−7m/s, only 4.95 m3 of ice is formed.
We also notice, in comparison with the ice formation from the first study (Refer Figure 4.5),
that ice formation in the current case study (Refer 4.30) has grown more in the Y-direction.
This implies that the working of the system is more compact because of the storage of energy
in form of latent heat, which can be achieved by lowering the temperature of the heat column,
farther away from the freezing point of water, and installing the heat column in locations where
the temperature of the groundwater is close to its freezing point.

4.3.3 Temperature profile

The temperature distribution at the end of the cycle for a few cases is shown in Figure 4.31,
and the temperature distribution at different time intervals for the case when the heat column
is at 258.15 K and the upstream groundwater is at 278.15 K is shown in Figure 4.32. The
temperature distribution at different time intervals of all the studied cases can be found in
Appendix G.The temperature profiles with respect to time and distance obtained from the probes
shown in Figure 4.1 and 4.2, respectively are graphically plotted. Figures 4.34 and 4.35 show the
temperature evolution with respect to time at probes NE, SE, NW and SW, split into several
sub-figures based on the temperature of the heat column. Figure 4.33 shows the temperature
distribution downstream to the heat column, in the positive x-direction, split into sub-figures
based on the temperature of the heat column. The temperature profiles are characterised using
the available laws in the section below.

(a) Upstream groundwater temperature is 283.15
K, and the heat column temperature is 263.15 K.

(b) Upstream groundwater temperature is 293.15
K, and the heat column temperature is 258.15 K.

Figure 4.31: Temperature distribution at the end of the cooling cycle shown for a couple of
combinations of upstream groundwater and heat column temperatures.
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(a) Time = 2 days. (b) Time = 20 days.

(c) Time = 50 days. (d) Time = 100 days.

Figure 4.32: Temperature distribution at different time periods shown for the scenario when
the upstream groundwater temperature is 278.15 K, and the heat column temperature is 258.15
K.

(a) Heatcolumn temperature = 258.15 K. (b) Heatcolumn temperature = 263.15 K.

(c) Heatcolumn temperature = 271.15 K.

Figure 4.33: Temperature distribution in the downstream shown for different heat column and
upstream groundwater temperatures. The figure is split into sub-figures according to the heat
column temperature. Each sub-figure contains three curves obtained based on different upstream
groundwater temperatures.
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(a) NE probe, heat column temperature = 258.15
K.

(b) NE probe, heat column temperature = 263.15
K.

(c) NE probe, heat column temperature = 271.15
K.

(d) NW probe, heat column temperature = 258.15
K.

(e) NW probe, heat column temperature = 263.15
K.

(f) NW probe, heat column temperature = 271.15
K.

(g) SE probe, heat column temperature = 258.15
K.

(h) SE probe, heat column temperature = 263.15
K.

Figure 4.34: Temperature evolution with respect to time collected at different probes that are
shown in Figure 4.1. The figure is split into sub-figures according to the heat column temper-
ature. Each sub-figure contains three curves obtained based on different upstream groundwater
temperatures.
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(a) SE probe, heat column temperature = 271.15
K.

(b) SW probe, heat column temperature = 258.15
K.

(c) SW probe, heat column temperature = 263.15
K.

(d) SW probe, heat column temperature = 271.15
K.

Figure 4.35: Temperature evolution with respect to time collected at different probes locations
shown in Figure 4.1. The figure is split into sub-figures according to the heat column temper-
ature. Each sub-figure contains three curves obtained based on different upstream groundwater
temperatures.

4.4 Characterization of the system

In this section, the data from the cooling and heating cycles corresponding to the temperature
profiles at first set of probes (Figure 4.1) with respect to time, and the temperature with respect
to distance downstream to the heat column are characterized according to known equations of
thermodynamics.

The data is characterised by fitting the applicable functions using cftool or by using functions
such as polyfit, lsqcurvefit or fittype in MATLAB.

In the analysis of the data, the goodness-of-fit is estimated using R-square value. A goodness-
of-fit calculation provides a way to assess how well the predicted function fits to the data. The
R-squared value is calculated as,

R2 =

N∑
n=1

(On − En)2

σ2
n

where On is the nth mean of data set containing N values, En is the ith predicted value by the
function, and σn is the nth standard deviation which is the amount of variation of the data set,

σn =

√∑n
1 (on −On)2

n

here on is nth value in the data set.
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4.4.1 Parametric analysis of temperature evolution in time

The purpose of analysis of the temperature profiles is to characterise them in a simple form for
practical usage. The temperature profiles extracted from the first set of probes, designated as
NE, SE, NW and SW, shows the evolution of temperature with respect to time at these locations.
In order to find a fit for these profiles, the relation formulated by Newton for a cooling material
is used.

According to Newton, a material exposed to a constant temperature, lower than itself, undergoes
cooling over time according to the simple law also known as the Newton’s Law of cooling. The
differential equation describing the cooling profile of a homogeneous material at temperature T
exposed to an ambient temperature Ta is written as,

dT

dt
= −kc(T − Ta) (4.15)

where kc [1/s] is the cooling constant. By integrating and applying the boundary conditions as
the initial condition of the material, we get the equation for temperature as,

T (t) = T0 + (T0 − Ta)e−kct (4.16)

The temperature of a simple system undergoing cooling at any given time can be expressed using
Equation 4.16. The temperature profiles were analysed by fitting this equation of cooling; the
function used to fit the temperature data is:

y = a+ be−ct (4.17)

The coefficients of the equation obtained by fitting the equation to the temperature data of the
cooling cycle is tabulated in Table B.1. The observation from curve fitting is that the temperat-
ure profiles obtained from the East side probes during the cooling cycle are closer to the simple
solution of Newton’s cooling law ( Equation 4.16). This allows for a practical usage scenario
where it is possible to determine the ground temperature at a particular instance during the
cycle. However, the temperature profiles from heating cycle do not fit the Equation 4.17. Hence,
a more complex variation of the equation is looked into.

Equation 4.16 describes the cooling of a simple system, and hence the simple generalizing of
Newton’s law of cooling applies to such a scenario. A simple system here can be described as
being in a single phase, initially having a homogeneous temperature which when exposed to a
steady ambient temperature looses heat. However, the system in the study cannot be described
as a simple one, as it undergoes a phase transition and loses heat through convection. Hence an
inclusive variation of cooling equation is used to fit the temperature profiles. As there is a phase
change occurring during the cooling process, there would be two or several cooling constants
for the system, which implies that the general solution is a superposition of several solutions to
Equation 4.15 of the form,

T (t) = a0 +

N∑
n=1

ane
−bnt (4.18)

The data is fit with the function using MATLAB for N = 2 using the equation,

y = ae−bt + ce−dt + e (4.19)

The coefficients of the fit obtained by fitting the cooling temperature data from the first case
study (Section 4.1) is tabulated in Table B.2, coefficients of the fit for the data from the third
case study (Section 4.3) are tabulated in Tables B.4 to B.12, and coefficients of the fit for the
data from the heating curves in Table B.3. It is observed that this type of fit is an excellent
description of the temperature data.
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(a) NE probe, groundwater velocity 6×10−7m/s. (b) NW probe, groundwater velocity 7×10−7m/s.

Figure 4.36: Figures show the temperature evolution data, collected from NE and NW probes
during a couple of scenarios from the first case study (Section 4.1), fit to model Equation 4.19.
Red marks indicate data points, while the blue line indicates the fitted model.

(a) SE probe, groundwater velocity =
4×10−7 m/s.

(b) NE probe, groundwater velocity =
4×10−7 m/s.

(c) NW probe, groundwater velocity =
4×10−7 m/s.

(d) SW probe, groundwater velocity =
4×10−7 m/s.

Figure 4.37: Figures shows few examples of temperature evolution data from the first case
study fit using Equation 4.17. Figure 4.37a shows the temperature evolution data at probe SE
and the corresponding fit. Similarly, Figure 4.37b shows the temperature evolution data at probe
NE, Figure 4.37c shows the temperature evolution data at probe NW, and Figure 4.37a shows
the temperature evolution data at probe SW.

Figure 4.36 shows few examples of the function fit to the cooling profiles of individual probes, and
Figure 4.38 shows few fits to the heating profiles; rest of the plots can be found in Appendix F.
For the fits obtained using Equation 4.17, it is observed from the Figures 4.37 and from the
corresponding Table B.1 (through R-square value) that as the velocity of groundwater increases,
the solution fits better to the East side probes than to the West side. This is because the West
side region experiences the continuous influx of groundwater flow that is at ambient temperature,
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creating a complex local system which does not undergo unrestricted cooling or heating.

(a) NE probe, groundwater velocity
6×10−7m/s.

(b) NW probe, groundwater velocity
7×10−7m/s.

Figure 4.38: Figures show the temperature evolution data, collected from NE and NW probes
during a couple of scenarios from the second case study (Section 4.2), fit to model Equation 4.19.
Red marks indicate data points, while the blue line indicates the fitted model.

(a) NE probe, upstream groundwater temper-
ature = 278.15 K, heatcolumn temperature =
258.15 K.

(b) NW probe, upstream groundwater temper-
ature = 283.15 K, heatcolumn temperature =
263.15 K.

Figure 4.39: Figures show Equation 4.19 fit to temperature evolution data of a couple of cases
from third case study (Section 4.2). Red marks show the data points while the blue line shows
the analytical fit.

4.4.2 Parametric analysis of downstream temperature profile

The downstream temperature profile, extracted from the probes shown in Figure 4.2, contains
the data of temperature at the end of the cooling and heating cycles. The data is analysed
with the help of an analytical equation to characterise the temperature profile as a function of
distance. The distribution of the temperature in the cooling and heating cycles of the system
cannot be assumed to follow the same thermodynamic model as the physics involved due to
formation and thawing of ice in each of the cycles, respectively, which induces a fair amount of
complexity to the problem.

In order to characterize the data, we use a simplified one-dimensional advection-diffusion equa-
tion at steady-state with a constant heat source (Equation 4.20) to fit the temperature profile.
We assume that along the center-line in the downstream, on which the temperature probes are
placed, there is a constant and uniform heat rejection or addition taking place. In the process of
heat rejection from the heat column, a portion of the heat rejected goes into melting of ice and/or
the remaining heat gets dissipated to the surroundings in y and z direction. In the process of
cooling by the heat column, this process gets reversed and a portion of heat extracted goes into
formation of ice and/or remaining portion of heat is used to cool the surroundings. The following
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equation of heat transfer can be written,

φp(ρCp)fu
dT

dx
= keff

d2T

dx2
− qR (4.20)

where qR is heat per unit volume, rejected or added along the downstream, and keff is the effect-
ive thermal conductivity of the porous medium. The general solution for equation is obtained
as,

T (x) = c1 + c2e
φp(ρCp)fu

keff
x

+
qRx

φp(ρCp)fu
(4.21)

The temperature data is fit using a function which describes the above equation, and this function
is expressed as,

y = aebx + cx+ d (4.22)

The data is fit with the help of MATLAB, using the function fittype. The values of the obtained
coefficients for the data from the first (Section 4.1) and the second case studies (Section 4.2) are
tabulated in Table B.13, and the plots of fits for few scenarios are given in Figure 4.40. The
values of the coefficients obtained by fitting the temperature profiles from the third case study
(Section 4.3) are tabulated in Table B.14, and few graphs with the equation fit to few simulated
scenarios are shown in Figure 4.41. Rest of the fits can be found in Appendix H.

We notice that for some scenarios during the cooling cycle in the first case study (Section 4.1),
the temperature profiles obtained do not fit the function shown as Equation 4.22. We assume
that the behaviour of the system in these cases is too complicated to be able to fit to a simple
model. The profiles which do not fit are from the scenarios when the groundwater flow velocity
is in the range of 2×10−7m/s to 6×10−7m/s.

(a) Cooling cycle, groundwater velocity
1×10−7 m/s.

(b) Cooling cycle, groundwater velocity
7×10−7m/s.

(c) Heating cycle, groundwater velocity
1×10−7 m/s.

(d) Heating cycle, groundwater velocity
7×10−7m/s.

Figure 4.40: Figures show the temperature profile in the downstream direction after 100 days,
obtained from the cooling cycle in the first case study and the heating cycle in the second case
study, fit using the Equation 4.22.
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(a) Upstream groundwater temperature =
278.15 K, Heat column temperature =
258.15 K.

(b) Upstream groundwater temperature
= 283.15 K, Heat column temperature =
263.15 K.

(c) Upstream groundwater temperature =
293.15 K, Heat column temperature =
263.15 K.

(d) Upstream groundwater temperature
= 278.15 K, Heat column temperature =
271.15 K.

Figure 4.41: Figures show the temperature profiles in the downstream direction after 100 days,
obtained from the cooling cycle in the third case study, fit using the Equation 4.22.

4.5 System evaluation

In the beginning of the report, we had stated that the analysis was done using a single section
of the heat column, while the complete heat column is made of 3 sections of identical geometry
placed on top of each other. Hence, provided that the groundwater flow and groundwater tem-
perature at a location is constant along the length of the complete heat column setup, we can
safely assume that the results for the volume of ice formed and of the heat extracted or rejected
can simply be multiplied 3 times to get the estimate for the complete heat column model in the
above cases. Using this parallel, the amount of heat extracted and the volume of ice formed
by the complete heat column in the selected groundwater flow scenarios from first case study
(Section 4.1) is tabulated in Table 4.17. The same parameters are calculated for the scenarios
presented in the third case study for the full heat column setup, and are tabulated in Table 4.18.

Velocity (m/s) Extracted energy (kWh) Volume of ice (m3)
No flow 3578.7 3.575
1×10−7 3819.6 6.26
2×10−7 4000.9 8.963
3×10−7 4358.2 11.65
4×10−7 4833.4 14.35
5×10−7 5357.8 17.04
6×10−7 5912.9 19.73
7×10−7 6773.1 22.43

Table 4.17: Extracted energy (kWh) and volume of ice formed (m3) at the end of cooling cycle,
calculated for the full heat column setup when the upstream groundwater temperature is 293.15
K and the heat column temperature is 271.15 K.
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Ground temperature Heat column temperature (K)
(K) 271.15 263.15 258.15
293.15 3820.2/ 6.15 5191.4/ 31.29 6091.8/ 51.03
283.15 2305.6/ 14.1 4052.5/ 60.9 5007/ 89.52
278.15 1838.8/ 31.5 3644.1/ 91.02 4594.1.6/ 123.75

Table 4.18: Energy extracted (kWh)/ Volume of ice formed (m3) at the end of cooling cycle
when groundwater velocity is 1×10−7m/s, calculated for the full heat column setup in the scen-
arios presented in the third case study.

These results imply that for selected scenarios of seasonal cycle (100 days), there is a possibility
to extract heat which corresponds to a significant percentage (≈ 30−50%) of yearly heating needs
of a small (’sandwiched house’) and medium sized (’cornerhouse’) household in the Netherlands.
This percentage could be further increased by increasing the time period of the cooling cycle,
by incorporating lower heat column temperatures and by choosing optimal locations with higher
groundwater velocities (> 5 × 10−7m/s) to setup the heat column. From the analysis we also
observe that the ice formation increases as the temperature of the upstream groundwater flow is
close to the freezing temperature of water. Hence, underground ice storage is suitable for cooler
regions in the world.
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5. Conclusion and recommendations
In the analysis of the system, we tried to answer the posed questions of the research by studying
the thermal transfer between the heat column wall and the porous ground surrounding it. From
the first case study (Section 4.1), the results obtained by analysing the heat flux across the heat
column wall indicated that the groundwater flow has an impact on the cooling performance of
the heat column; and by correlating the data to the volume of ice formation, we deduce that
the flow impact is positive. From the ice volume plots, there is a noticeable implication of a
minimum velocity below which the affect of the flow is insignificant (< 10%) on the volume of ice
formed. By the analysis of the latent heat storage capability, we found the percentage of energy
stored as latent heat increases with the increase in velocity, and that this percentage plateaus
at velocities higher than 5×10−7m/s; and that further research needs to be done in order to
determine as to how this trend-line continues at velocities higher than 7×10−7m/s.

By graphically representing the ice formation data, we notice that groundwater flow effects the
ice formation by stretching it asymmetrically in the downstream direction. This implies that
the length of the ground around the heat column, effected by the ice formation, also increases
with velocity. These results can be useful while selecting the location of setting up of the heat
column.

Plotting the profiles of temperature with respect to time and distance suggests that at higher
velocities, the time taken to reach steady-state temperature is less due to an increase in heat
transfer rate. The correlation between heat transfer and groundwater flow velocity is found
by determining the Nusselt number for different velocity cases. The resulting graph of Nusselt
number with respect to flow’s Reynolds number was used to derive a relation between the numbers
for the given system.

In the heating cycle of the system (Section 4.2), the analysis carried out indicates that a similar
amount of heat is rejected from the heat column at all studied flow velocities, even though there is
a small increase in this amount with increase in velocity. The reason for this trend is qualitatively
analysed by observing the graphical plots of the temperature distribution in the porous domain.
By correlating this observation to the heat flux data, a logical explanation is obtained. Overall,
the data suggests that there is no significant (greater than 5%) impact to the amount of heat
rejected due to groundwater flow, provided the upstream groundwater temperature and the heat
column temperature are the the same.

For practical applications, thermodynamic relation such as Newton’s law of cooling, and a simpli-
fied diffusion equation are used to characterize temperature evolution in time and in downstream
distance, respectively, by using the data obtained from the cooling and heating cycles.

In the third case (Section 4.3), when the temperature of the upstream groundwater and the
heat column is changed, the thermal dynamics during the cooling cycle of the heat column
are analysed. The data relating to the heat extracted from the ground during the process
indicates that reducing the heat column temperature has a positive impact on the amount of
heat extracted, however, when the temperature of the upstream groundwater flow is lowered,
the amount of energy extracted decreases. This implies that there is larger amount of heat
extracted when the difference between the heat column temperature and upstream groundwater
flow temperature is larger. However, we also notice that larger amount of extracted heat does
not directly imply the formation of a larger amount of ice. The data suggests that when the
temperature of the groundwater upstream is closer to the freezing point of water, there is larger
amount of ice formation. Therefore, it economical to setup the heat column in locations where
the temperature of the groundwater is closer to the freezing point of water in winter months, for
increased latent heat storage.

The report compiles the results from a computational study performed on a model of Natural
heat column that has been designed by Solevo B.V. The computational study was performed
to quantitatively and qualitatively assess the effect of groundwater flow, temperature of the
groundwater and the temperature of Natural heat column on the energy storage capability of
the entire system. Following conclusions were made from the study,

1. Groundwater flow has a positive impact on the energy storage capability when the flow
velocity is above a certain threshold velocity.

2. Groundwater flow increases the amount of ice formed and the maximum length of ground
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affected by ice. The affected length can be analytically predicted using the thermal velocity
in the porous medium.

3. The Nusselt number increases with the groundwater flow velocity, whose relation is formu-
lated with the flow’s Reynolds number.

4. The evolution of temperature at a fixed position downstream is similar to the Newton’s
law of cooling which allows for the characterisation of the system. This allows for later
comparison of the data with the sensor data from the pilot plant.

5. The temperature profile in the downstream region with respect to the heat column is
characterised using a simplified steady-state advection-diffusion equation. This produces
an approximate fit for the downstream temperature data at the end of each of the cycles.

6. The upstream groundwater temperature has a positive impact on the volume of the ice
formed in the system when it is closer to the freezing point of water, and the temperature
of the heat column has a similar impact when it is farther below the freezing point of water.

7. From the produced values of the extracted heat and the volume of ice formed during the
cooling cycle, we can say that the heat column has the potential to partially replace a
household’s source of space heating energy when working in a seasonal storage mode.

Further research needs to conducted to assess the complete Natural heat column model for its
efficiency to transfer the energy from the solar panels to heat pump to the ground.

5.1 Recommendations

From the analysis, there are a few technical recommendations for the setup of the heat column.

1. Setup the heat column in regions where the groundwater flow velocity is above 1×10−7m/s
if the system is used as a seasonal storage.

2. Setup the heat column in regions where the groundwater flow temperature is close to its
freezing point. This allows for larger amounts of ice formation, leading to a larger amount
of latent heat storage.

3. The temperature of the refrigerant in the heat column should be at lower temperatures, as
far below the freezing point of groundwater as feasible, so that the walls of the heat column
are at lower temperature. This allows for larger amounts of ice formation in smaller lengths
of affected ground.

4. Investigate the maximum length of ground affected by ice formation when there is ground-
water flow in the region of setup. This is especially relevant when setting up the heat
column in a built environment.

There are few recommendations for further research that could be carried out on this topic.

1. Evaluate the latent heat storage capacity when the temperature of heat column and up-
stream groundwater flow is changed - In the report we have calculated the volume of ice
formed and the amount of heat extracted in varying conditions of groundwater and heat
column temperatures. By observation, we have seen that larger amount of heat extracted
doe not directly correlate to increased ice formation. Investigating the latent heat per-
centage in these scenarios can be useful in determining the conditions for highest energy
storage potential of the system.

2. Study the latent heat storage capacity when the groundwater flow velocity is increased
further - We notice in the latent heat analysis from Section 4.1 that the percentage of
energy stored as latent heat plateaus at velocities higher than 5×10−7m/s. It is interesting
to investigate if this percentage increases or decreases or remains the same at velocities
which haven’t been simulated in this study.
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3. Include the flow of refrigerant in the simulation of the model, and study the thermal
dynamics - The simulation model in the study assumed that the walls of the heat column
are at a constant temperature over the entire cycle. However, this cannot be reproduced in
reality. Modelling the refrigerant flow will allow for a more realistic results for temperature
development in the system.

4. Study the effect of gravity and rainfall on the system and its implications on the storage
capabilities - Rainfall and gravity may have a significant effect on the shape of the ice
formation, volume of ice formation and the length effected downstream by ice formation.
This can be an interesting topic to research upon.

5. Simulate daily cycle and compare it to seasonal cycle - In this study, we have only analysed
the season storage cycle of the heat column, however, we see from the graph of ice formation
that the ice formation increases exponentially in the beginning phase. It is recommended
to study the daily cycle only if the refrigerant flow is modelled. This is because, with
constant wall temperature, the error between the simulation and the realistic measurement
might get magnified when the time period is small.

6. Study the effect of continuous, prolonged usage of heat column through the season cycles
on the soil and sub-surface environment - With prolonged usage of heat column in cycles,
the effective working temperature range of the system might change. This phenomenon
has been discussed by Banks [4].

7. Modify the model to include two heat columns, wherein the second column is setup in
downstream with respect to the first column - From the graphical representation of ice
formation, we see that there is a thermal plume formed in the downstream direction of
the heat column. This means that a bulk of latent heat is in the downstream, away from
the heat column. In order to make use of ice for cooling purposes in summer months, it
is recommended to use a second column which pumps heat from the house to the frozen
ground, and placed downstream of the first column in the region where the ice is formed.
Research can be to determine the distance between the columns based on the groundwater
flow direction and velocity.

8. Study the complete model of the Natural heat column to assess its efficiency - It is necessary
to study the complete setup necessary for the working of the heat column, which includes
the heat pump and solar power system. This will provide a thorough analysis which is
necessary to determine if the Natural heat column is helpful in energy and cost saving for
homes.

9. Investigate the heating cycle with varied upstream groundwater and heat column temper-
atures - In this report, we have analysed the heating cycle for the case when the upstream
groundwater and the heat column temperatures are the same. This produced results which
showed that there in no effect on the energy rejected by the heat column with the change
in groundwater velocity. Changing the referred conditions might change the results of the
amount of energy rejected at different flow velocities.

10. Investigate the system using groundwater flow simulation software such as FEFlow or
other computation fluid dynamics software such as ANSYS Fluent - Using the software
COMSOL Multiphysics introduced many hurdles in modelling the complete heat column
system including the refrigerant domain and the heat transfer through the thermoplastic
wall. The software also includes a transition region for the phase change which might induce
errors in computing the volume of ice formation. Other mentioned software might also
provide more computational flexibility for the same of amount of available computational
power and memory.

11. Investigate the effect of ice formation on ground stability - Ice formation can increase the
pore size of the porous ground matrix. This leads to expansion and contraction of the
ground during the freezing and thawing of the groundwater. This phenomenon can lead to
the loosening of the ground reducing the stability of the ground, which could be problematic
in built environments.
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B. Tables: Coefficients of analytical fits

Velocity (m/s) NE NW SE SW
No flow a =13.46 a =13.44 a =13.68 a =13.59

b =-0.3882 b =-0.3861 b =-0.4319 b =-0.4023
c =278.2 c =278.3 c =278.3 c =278.2
Goodness of fit: Goodness of fit: Goodness of fit: Goodness of fit:
R-square: 0.9681 R-square: 0.9695 R-square: 0.9693 R-square: 0.9688

1e-7 a =14.54 a = 12.84 a =14.51 a = 12.92
b = -0.2714 b = -0.4032 b =-0.2602 b = -0.4185
c =276.3 c = 279.1 c = 276.3 c = 279.1
Goodness of fit: Goodness of fit: Goodness of fit: Goodness of fit:
R-square: 0.9696 R-square: 0.9729 R-square: 0.9688 R-square: 0.9712

2e-7 a = 16.83 a = 12.31 a = 16.94 a = 12.4
b = -0.2142 b = -0.4304 b = -0.2048 b = -0.444
c = 273.5 c = 279.8 c = 273.3 c = 279.7
Goodness of fit: Goodness of fit: Goodness of fit: Goodness of fit:
R-square: 0.9741 R-square: 0.9717 R-square: 0.9744 R-square: 0.9697

3e-7 a = 18.87 a = 11.91 a = 19.05 a = 12.01
b = -0.2678 b = -0.4381 b = -0.2682 b = -0.4605
c = 272.4 c = 280.2 c = 272.3 c = 280.1
Goodness of fit: Goodness of fit: Goodness of fit: Goodness of fit:
R-square: 0.9863 R-square: 0.9706 R-square: 0.9879 R-square: 0.9687

4e-7 a = 20.07 a = 11.63 a = 20.32 a = 11.74
b = -0.3462 b = -0.4367 b = -0.3483 b = -0.468
c = 272 c = 280.5 c = 271.9 c = 280.5
Goodness of fit: Goodness of fit: Goodness of fit: Goodness of fit:
R-square: 0.9938 R-square: 0.9705 R-square: 0.9954 R-square: 0.9693

5e-7 a = 20.62 a = 11.35 a = 20.82 a = 11.49
b = -0.4166 b = -0.4479 b = -0.4294 b = -0.4878
c = 271.8 c = 280.8 c = 271.8 c = 280.8
Goodness of fit: Goodness of fit: Goodness of fit: Goodness of fit:
R-square: 0.9964 R-square: 0.967 R-square: 0.9974 R-square: 0.9666

6e-7 a = 21.13 a = 11.15 a = 21.35 a = 11.26
b = -0.4996 b = -0.4533 b = -0.5094 b = -0.4899
c = 271.7 c = 281 c = 271.7 c = 281
Goodness of fit: Goodness of fit: Goodness of fit: Goodness of fit:
R-square: 0.9989 R-square: 0.9657 R-square: 0.9992 R-square: 0.9652

7e-7 a = 21.48 a = 10.98 a = 21.68 a = 11.09
b = -0.6004 b = -0.4646 b = -0.6122 b = -0.5025
c = 271.7 c = 281.2 c = 271.6 c = 281.2
Goodness of fit: Goodness of fit: Goodness of fit: Goodness of fit:
R-square: 0.9998 R-square: 0.9637 R-square: 0.999 R-square: 0.9638

Table B.1: Analytical fit (Equation 4.17) of temperature profiles at NE, SE, NW and SW
probes during cooling cycle.
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Velocity (m/s) NE NW SE SW
No flow a = 5.645 a = 5.355 a = 11.8 a = 11.94

b = 0.04573 b = 0.04274 b = 0.7819 b = 0.8064
c = 11.76 c = 12.1 c = 5.589 c = 5.508
d = 0.8078 d = 0.8074 d = 0.04431 d = 0.04499
e = 275.5 e = 275.5 e = 275.5 e = 275.5
Goodness of fit: Goodness of fit: Goodness of fit: Goodness of fit:
R-square: 0.9952 R-square: 0.9965 R-square: 0.9950 R-square: 0.9948

1.00E-07 a = 7.719 a = 11.97 a = 11.32 a = 4.727
b = 0.04744 b = 0.7069 b = 0.7368 b = 0.04705
c = 12.1 c = 7.944 c = 4.709 c = 11.38
d = 0.7143 d = 0.04743 d = 0.04623 d = 0.776
e = 273.1 e = 273 e = 276.9 e = 276.9
Goodness of fit: Goodness of fit: Goodness of fit: Goodness of fit:
R-square: 0.9969 R-square: 0.9977 R-square: 0.9955 R-square: 0.9952

2.00E-07 a = 8.497 a = 11.69 a = 4.408 a = 10.95
b = 0.1658 b = 0.1078 b = 0.04571 b = 0.8274
c = 8.497 c = 9.281 c = 10.91 c = 4.453
d = 0.1658 d = 1.14 d = 0.7789 d = 0.04766
e = 272.3 e = 272.1 e = 277.6 e = 277.6
Goodness of fit: Goodness of fit: Goodness of fit: Goodness of fit:
R-square: 0.9612 R-square: 0.9994 R-square: 0.9948 R-square: 0.9945

3.00E-07 a = 9.501 a = 9.581 a = 4.244 a = 10.62
b = 0.2488 b = 0.254 b = 0.04716 b = 0.8548
c = 9.501 c = 9.581 c = 10.53 c = 4.266
d = 0.2488 d = 0.254 d = 0.8047 d = 0.04765
e = 272 e = 272 e = 278.2 e = 278.1
Goodness of fit: Goodness of fit: Goodness of fit: Goodness of fit:
R-square: 0.9837 R-square: 0.9863 R-square: 0.9946 R-square: 0.9946

4.00E-07 a = 10.07 a = 10.19 a = 4.093 a = 5.636
b = 0.3367 b = 0.3422 b = 0.04977 b = 0.2373
c = 10.07 c = 10.19 c = 10.23 c = 5.636
d = 0.3367 d = 0.3422 d = 0.809 d = 0.2373
e = 271.8 e = 271.8 e = 278.7 e = 279.1
Goodness of fit: Goodness of fit: Goodness of fit: Goodness of fit:
R-square: 0.9932 R-square: 0.9951 R-square: 0.9950 R-square: 0.8871

5.00E-07 a = 10.34 a = 18.59 a = 4.072 a = 3.939
b = 0.4108 b = 0.3798 b = 0.05482 b = 0.05259
c = 10.34 c = 2.836 c = 9.852 c = 10.07
d = 0.4108 d = 27.06 d = 0.8868 d = 0.9233
e = 271.7 e = 271.7 e = 279.1 e = 279
Goodness of fit: = Goodness of fit: = Goodness of fit: = Goodness of fit: =
R-square: 0.9962 R-square: 0.9996 R-square: 0.9948 R-square: 0.9947

6.00E-07 a = 10.58 a = 21.33 a = 9.584 a = 9.775
b = 0.4958 b = 0.5078 b = 0.9213 b = 0.9548
c = 10.58 c = 0.03431 c = 3.992 c = 3.864
d = 0.4958 d = 0.5186 d = 0.05906 d = 0.05692
e = 271.7 e = 271.7 e = 279.5 e = 279.4
Goodness of fit: Goodness of fit: Goodness of fit: Goodness of fit:
R-square: 0.9989 R-square: 0.9992 R-square: 0.9952 R-square: 0.9952

7.00E-07 a = 10.75 a = 9.671 a = 3.934 a = 3.764
b = 0.5982 b = 0.6126 b = 0.06402 b = 0.0614
c = 10.75 c = 12.01 c = 9.337 c = 9.544
d = 0.5982 d = 0.6125 d = 0.9774 d = 1.001
e = 271.6 e = 271.6 e = 279.8 e = 279.8
Goodness of fit: Goodness of fit: Goodness of fit: Goodness of fit:
R-square: 0.9998 R-square: 0.9990 R-square: 0.9954 R-square: 0.9954

Table B.2: Analytical fit (Equation 4.19) of temperature profiles at NE, SE, NW and SW
probes during heating cycle.
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Velocity (m/s) NE NW SE SW
No flow a = -4.324 a = -7.147 a = -7.069 a = -7.042

b = 0.04332 b = 0.1997 b = 0.1998 b = 0.2042
c = -12.52 c = -7.147 c = -7.069 c = -7.042
d = 0.4575 d = 0.1997 d = 0.1998 d = 0.2042
e = 291.9 e = 291.3 e = 291.2 e = 291.2
Goodness of fit: Goodness of fit: Goodness of fit: Goodness of fit:
R-square: 0.9973 R-square: 0.9398 R-square: 0.9399 R-square: 0.9384

1.00E-07 a = -17.26 a = -3.431 a = -5.955 a = -5.971
b = 0.2457 b = 0.02454 b = 0.1888 b = 0.195
c = -3.474 c = -17.54 c = -5.955 c = -5.971
d = 0.0258 d = 0.2396 d = 0.1888 d = 0.195
e = 292.1 e = 292.2 e = 291.3 e = 291.3
Goodness of fit: Goodness of fit: Goodness of fit: Goodness of fit:
R-square: 0.9922 R-square: 0.9906 R-square: 0.9250 R-square: 0.9219

2.00E-07 a = -17.36 a = -17.69 a = -9.572 a = -9.669
b = 0.1407 b = 0.1373 b = 0.6917 b = 0.7283
c = -3.697 c = -3.612 c = -4.527 c = -4.504
d = 0.02036 d = 0.01823 d = 0.05222 d = 0.05298
e = 292.2 e = 292.3 e = 291.7 e = 291.7
Goodness of fit: Goodness of fit: Goodness of fit: Goodness of fit:
R-square: 0.9988 R-square: 0.9984 R-square: 0.9979 R-square: 0.9977

3.00E-07 a = -7.549 a = -13.51 a = -5.235 a = -9.446
b = 0.03509 b = 0.1588 b = 0.1959 b = 0.7593
c = -12.9 c = -7.109 c = -5.235 c = -4.122
d = 0.1688 d = 0.03281 d = 0.1959 d = 0.05195
e = 291.6 e = 291.6 e = 291.2 e = 291.7
Goodness of fit: Goodness of fit: Goodness of fit: Goodness of fit:
R-square: 0.9989 R-square: 0.9987 R-square: 0.9074 R-square: 0.9970

4.00E-07 a = -6.495 a = -8.24 a = -4.652 a = -9.118
b = 0.02987 b = 0.08409 b = 0.7503 b = 0.7967
c = -12.99 c = -8.842 c = -3.83 c = -3.826
d = 0.1801 d = 0.08409 d = 0.05359 d = 0.05475
e = 291.4 e = 290.4 e = 291.6 e = 291.6
Goodness of fit: Goodness of fit: Goodness of fit: Goodness of fit:
R-square: 0.9987 R-square: 0.9799 R-square: 0.9969 R-square: 0.9967

5.00E-07 a = -13.72 a = -6.547 a = -5.083 a = -5.122
b = 0.1772 b = 0.02389 b = 0.2423 b = 0.254
c = -6.753 c = -14.14 c = -5.083 c = -5.122
d = 0.02568 d = 0.1686 d = 0.2423 d = 0.254
e = 291.3 e = 291.4 e = 291.3 e = 291.3
Goodness of fit: Goodness of fit: Goodness of fit: Goodness of fit:
R-square: 0.9986 R-square: 0.9982 R-square: 0.9125 R-square: 0.9088
a = -13.93 a = -14.29 a = -5.067 a = -3.431

6.00E-07 b = 0.1759 b = 0.1686 b = 0.266 b = 0.06317
c = -6.259 c = -6.1 c = -5.067 c = -8.842
d = 0.02586 d = 0.02431 d = 0.266 d = 0.8419
e = 291 e = 291.1 e = 291.3 e = 291.6
Goodness of fit: Goodness of fit: Goodness of fit: Goodness of fit:
R-square: 0.9986 R-square: 0.9983 R-square: 0.9176 R-square: 0.9975

a = -14.04 a = -14.43 a = -5.044 a = -5.062
7.00E-07 b = 0.1772 b = 0.1694 b = 0.2883 b = 0.3012

c = -5.909 c = -5.702 c = -5.044 c = -5.062
d = 0.02809 d = 0.02629 d = 0.2883 d = 0.3012
e = 290.8 e = 290.8 e = 291.4 e = 291.4
Goodness of fit: Goodness of fit: Goodness of fit: Goodness of fit:
R-square: 0.9986 R-square: 0.9982 R-square: 0.9231 R-square: 0.9198

Table B.3: Analytical fit (Equation 4.19) of temperature profiles at NE, SE, NW and SW
probes during heating cycle.

Natural Heat Column 68



NE SE SW NW
a = 12.42 a = 12.37 a = 11.55 a = 4.409
b = 0.7639 b = 0.7622 b = 0.7551 b = 0.04172
c = 6.483 c = 6.534 c = 4.402 c = 11.65
d = 0.04105 d = 0.04267 d = 0.04171 d = 0.8324
e = 274 e = 274 e = 276.8 e = 276.9
Goodness of fit: Goodness of fit: Goodness of fit: Goodness of fit:
R-square: 0.9960 R-square: 0.9956 R-square: 0.9939 R-square: 0.9947

Table B.4: Coefficients of fit obtained by fitting temperature data with respect to time collected
from NE, SE, SW and NW probes when the heat column temperature is 271.15 K and the
upstream temperature is 293.15 K in the third case study (Section 4.3).

NE SE SW NW
a = 6.476 a = 6.435 a = 2.024 a = 5.895
b = 0.88 b = 0.8831 b = 0.04693 b = 1.153
c = 3.97 c = 4.031 c = 5.823 c = 1.911
d = 0.06069 d = 0.06223 d = 1.196 d = 0.04409
e = 272.6 e = 272.6 e = 275.3 e = 275.3
Goodness of fit: Goodness of fit: Goodness of fit: Goodness of fit:
R-square: 0.9962 R-square: 0.9960 R-square: 0.9965 R-square: 0.9970

Table B.5: Coefficients of fit obtained by fitting temperature data with respect to time collected
from NE, SE, SW and NW probes when the heat column temperature is 271.15 K and the
upstream temperature is 283.15 K in the third case study (Section 4.3).

NE SE SW NW
a = 2.03 a = 2.009 a = 1.128 a = 1.203
b = 0.04739 b = 0.04747 b = 0.05151 b = 0.06037
c = 3.789 c = 3.827 c = 2.226 c = 2.111
d = 0.2742 d = 0.2694 d = 0.4063 d = 0.4078
e = 272.3 e = 272.2 e = 274.7 e = 274.8
Goodness of fit: Goodness of fit: Goodness of fit: Goodness of fit:
R-square: 0.9997 R-square: 0.9997 R-square: 0.9982 R-square: 0.9980

Table B.6: Coefficients of fit obtained by fitting temperature data with respect to time collected
from NE, SE, SW and NW probes when the heat column temperature is 271.15 K and the
upstream temperature is 278.15 K in the third case study (Section 4.3).

NE SE SW NW
a = 7.549 a = 7.657 a = 14.94 a = 15.13
b = 0.05734 b = 0.05858 b = 0.8757 b = 0.8473
c = 17.25 c = 17.19 c = 5.957 c = 5.648
d = 0.6929 d = 0.6961 d = 0.05302 d = 0.04923
e = 267.9 e = 267.9 e = 272 e = 272.1
Goodness of fit: Goodness of fit: Goodness of fit: Goodness of fit:
R-square: 0.9953 R-square: 0.9953 R-square: 0.9941 R-square: 0.9945

Table B.7: Coefficients of fit obtained by fitting temperature data with respect to time collected
from NE, SE, SW and NW probes when the heat column temperature is 263.15 K and the
upstream temperature is 293.15 K in the third case study (Section 4.3).
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NE SE SW NW
a = 4.911 a = 4.967 a = 7.899 a = 7.671
b = 0.05015 b = 0.05177 b = 0.6996 b = 0.7014
c = 10.71 c = 10.68 c = 4.256 c = 4.364
d = 0.4725 d = 0.4641 d = 0.05784 d = 0.06125
e = 267.2 e = 267.1 e = 270.8 e = 270.9
Goodness of fit: Goodness of fit: Goodness of fit: Goodness of fit:
R-square: 0.9974 R-square: 0.9973 R-square: 0.9951 R-square: 0.9941

Table B.8: Coefficients of fit obtained by fitting temperature data with respect to time collected
from NE, SE, SW and NW probes when the heat column temperature is 263.15 K and the
upstream temperature is 283.15 K in the third case study (Section 4.3).

NE SE SW NW
a = 7.945 a = 7.983 a = 5.505 a = 2.804
b = 0.3005 b = 0.2971 b = 0.2602 b = 0.04853
c = 3.447 c = 3.47 c = 2.393 c = 5.05
d = 0.04006 d = 0.04013 d = 0.04154 d = 0.2847
e = 266.8 e = 266.8 e = 270.2 e = 270.2
Goodness of fit: Goodness of fit: Goodness of fit: Goodness of fit:
R-square: 0.9997 R-square: 0.9997 R-square: 0.9997 R-square: 0.9996

Table B.9: Coefficients of fit obtained by fitting temperature data with respect to time collected
from NE, SE, SW and NW probes when the heat column temperature is 263.15 K and the
upstream temperature is 278.15 K in the third case study (Section 4.3).

NE SE SW NW
a = 19.96 a = 19.82 a = 16.93 a = 7.202
b = 0.6716 b = 0.6792 b = 0.8318 b = 0.05317
c = 8.253 c = 8.439 c = 7.142 c = 16.74
d = 0.05147 d = 0.05371 d = 0.05325 d = 0.8142
e = 264.5 e = 264.5 e = 268.8 e = 268.9
Goodness of fit: Goodness of fit: Goodness of fit: Goodness of fit:
R-square: 0.9962 R-square: 0.9961 R-square: 0.9945 R-square: 0.9945

Table B.10: Coefficients of fit obtained by fitting temperature data with respect to time col-
lected from NE, SE, SW and NW probes when the heat column temperature is 258.15 K and
the upstream temperature is 293.15 K in the third case study (Section 4.3).

NE SE SW NW
a = 13.1 a = 13.06 a = 9.977 a = 5.322
b = 0.4702 b = 0.4614 b = 0.5625 b = 0.05581
c = 6.03 c = 6.122 c = 5.328 c = 9.79
d = 0.04572 d = 0.04732 d = 0.0532 d = 0.5275
e = 263.7 e = 263.7 e = 267.5 e = 267.7
Goodness of fit: Goodness of fit: Goodness of fit: Goodness of fit:
R-square: 0.9984 R-square: 0.9984 R-square: 0.9965 R-square: 0.9953

Table B.11: Coefficients of fit obtained by fitting temperature data with respect to time col-
lected from NE, SE, SW and NW probes when the heat column temperature is 258.15 K and
the upstream temperature is 283.15 K in the third case study (Section 4.3).
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NE SE SW NW
a = 4.593 a = 10.28 a = 3.633 a = 7.272
b = 0.03832 b = 0.3233 b = 0.03966 b = 0.2952
c = 10.32 c = 4.719 c = 7.542 c = 3.87
d = 0.3252 d = 0.03905 d = 0.2777 d = 0.04812
e = 263.3 e = 263.3 e = 266.9 e = 267
Goodness of fit: Goodness of fit: Goodness of fit: Goodness of fit:
R-square: 0.9995 R-square: 0.9994 R-square: 0.9978 R-square: 0.9998

Table B.12: Coefficients of fit obtained by fitting temperature data with respect to time col-
lected from NE, SE, SW and NW probes when the heat column temperature is 258.15 K and
the upstream temperature is 278.15 K in the third case study (Section 4.3).
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Velocity (×10−7) m/s Cooling cycle Heating cycle
No flow a = -18.66 a = 80.45

b = -0.8981 b = 0.08397
c = 0.5639 c = -8.807
d = 289.8 d = 212.7
Goodness of fit: Goodness of fit:
R-square: 0.9998 R-square: 0.8993

1 a = -27.67 a = 75.7
b = -0.469 b = 0.08899
c = -0.8203 c = -9.071
d = 298.8 d = 217.5
Goodness of fit: Goodness of fit:
R-square: 0.9999 R-square: 0.9328

2 a = -0.5028 a = 98.39
b = 0.6578 b = 0.08531
c = 6.839 c = -11.22
d = 270.8 d = 194.7
Goodness of fit: Goodness of fit:
R-square: 0.9799 R-square: 0.9598

3 - a = 78.08
b = 0.09595
c = -10.72
d = 215
Goodness of fit:
R-square: 0.9851

4 - a = 56.3
b = 0.1059
c = -9.373
d = 236.8
Goodness of fit:
R-square: 0.9964

a = 26.99
5 - b = 0.1303

c = -6.846
d = 266.2
Goodness of fit:
R-square: 0.9996

6 - a = 4.008
b = 0.2341
c = -3.875
d = 289.1
Goodness of fit:
R-square: 1.0000

7 a = -36.48 a = 0.04983
b = 0.07849 b = 0.7218
c = 4.156 c = -2.449
d = 307.7 d = 293.1
Goodness of fit: Goodness of fit:
R-square: 0.9673 R-square: 1.0000

Table B.13: Analytical fit of downstream temperature profiles of the first case study using
Equation 4.22
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Groundwater temperature (K) Heat column temperature (K)
271 263 258

293 a = -19.77 a = -184.7 a = -228.3
b = -0.6539 b = 0.1033 b = 0.1005
c = 0.2435 c = 30.28 c = 35.88
d = 290.9 d = 447.8 d = 486.8
Goodness of fit: Goodness of fit: Goodness of fit:
R-square: 1.0000 R-square: 0.9973 R-square: 0.9951

283 a = -76.98 a = -109 a = -219.7
b = 0.09909 b = 0.1071 b = 0.09216
c = 12.03 c = 18.91 c = 29.92
d = 348 d = 372.5 d = 478.6
Goodness of fit: Goodness of fit: Goodness of fit:
R-square: 0.9979 R-square: 0.9903 R-square: 0.9773

278 a = -33.97 a = -135.8 a = -29.32
b = 0.1147 b = 0.09418 b = 0.1212
c = 6.547 c = 19.03 c = 6.175
d = 305.1 d = 399.4 d = 300.5
Goodness of fit: Goodness of fit: Goodness of fit:
R-square: 0.9977 R-square: 0.9781 R-square: 0.9979

Table B.14: Coefficients of fits of temperature profiles obtained from probes setup in the
downstream in third case study (Section 4.22) by fitting to Equation 4.22

Natural Heat Column 73



C. Appendix 1: Case 1, Cooling cycle

(a) Time = 2 days, Side. (b) Time = 2 days, Top.

(c) Time = 20 days, Side. (d) Time = 20 days, Top.

(e) Time = 50 days, Side. (f) Time = 50 days, Top.

(g) Time = 100 days, Side. (h) Time = 100 days, Top.

Figure C.1: No flow
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(a) Time = 2 days, Side. (b) Time = 2 days, Top.

(c) Time = 20 days, Side. (d) Time = 20 days, Top.

(e) Time = 50 days, Side. (f) Time = 50 days, Top.

(g) Time = 100 days, Side. (h) Time = 100 days, Top.

Figure C.2: Velocity = 1e-7[m/s]
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(a) Time = 2 days, Side. (b) Time = 2 days, Top.

(c) Time = 20 days, Side. (d) Time = 20 days, Top.

(e) Time = 50 days, Side. (f) Time = 50 days, Top.

(g) Time = 100 days, Side. (h) Time = 100 days, Top.

Figure C.3: Velocity = 2e-7[m/s]
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(a) Time = 2 days, Side. (b) Time = 2 days, Top.

(c) Time = 20 days, Side. (d) Time = 20 days, Top.

(e) Time = 50 days, Side. (f) Time = 50 days, Top.

(g) Time = 100 days, Side. (h) Time = 100 days, Top.

Figure C.4: Velocity = 3e-7[m/s]
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(a) Time = 2 days, Side. (b) Time = 2 days, Top.

(c) Time = 20 days, Side. (d) Time = 20 days, Top.

(e) Time = 50 days, Side. (f) Time = 50 days, Top.

(g) Time = 100 days, Side. (h) Time = 100 days, Top.

Figure C.5: Velocity = 4e-7[m/s]
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(a) Time = 2 days, Side. (b) Time = 2 days, Top.

(c) Time = 20 days, Side. (d) Time = 20 days, Top.

(e) Time = 50 days, Side. (f) Time = 50 days, Top.

(g) Time = 100 days, Side. (h) Time = 100 days, Top.

Figure C.6: Velocity = 5e-7[m/s]
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(a) Time = 2 days, Side. (b) Time = 2 days, Top.

(c) Time = 20 days, Side. (d) Time = 20 days, Top.

(e) Time = 50 days, Side. (f) Time = 50 days, Top.

(g) Time = 100 days, Side. (h) Time = 100 days, Top.

Figure C.7: Velocity = 6e-7[m/s]
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(a) Time = 2 days, Side. (b) Time = 2 days, Top.

(c) Time = 20 days, Side. (d) Time = 20 days, Top.

(e) Time = 50 days, Side. (f) Time = 50 days, Top.

(g) Time = 100 days, Side. (h) Time = 100 days, Top.

Figure C.8: Velocity = 7e-7[m/s]
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(a) Velocity = No flow. (b) Velocity = 1×10−7 m/s.

(c) Velocity = 2×10−7 m/s. (d) Velocity = 3×10−7 m/s.

(e) Velocity = 4×10−7 m/s. (f) Velocity = 5×10−7 m/s.

(g) Velocity = 6×10−7 m/s. (h) Velocity = 7×10−7 m/s.

Figure C.9: Temperature gradient around the heat column at the end of cooling cycle (100
days) shown in from the top view (XY-plane), for difference velocities of groundwater.
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(a) No flow. (b) Velocity = 1e-7 m/s.

(c) Velocity = 2e-7 m/s. (d) Velocity = 3e-7 m/s.

(e) Velocity = 4e-7 m/s. (f) Velocity = 5e-7 m/s.

(g) Velocity = 6e-7 m/s. (h) Velocity = 7e-7 m/s.

Figure C.10: Temperature evolution downstream with respect to time.
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D. Appendix 2: Case 2, Heating cycle

(a) Time = 2 days, no flow. (b) Time = 20 days, no flow.

(c) Time = 50 days, no flow. (d) Time = 100 days, no flow.

(e) Time = 2 days, velocity = 1e-7 m/s. (f) Time = 20 days, velocity = 1e-7 m/s.

(g) Time = 50 days, velocity = 1e-7 m/s. (h) Time = 100 days, velocity = 1e-7 m/s.

Figure D.1: Heating cycle, side view.
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(a) Time = 2 days, velocity = 2e-7 m/s. (b) Time = 20 days, velocity = 2e-7 m/s.

(c) Time = 50 days, velocity = 2e-7 m/s. (d) Time = 100 days, velocity = 2e-7 m/s.

(e) Time = 2 days, velocity = 3e-7 m/s. (f) Time = 20 days, velocity = 3e-7 m/s.

(g) Time = 50 days, velocity = 3e-7 m/s. (h) Time = 100 days, velocity = 3e-7 m/s.

Figure D.2: Heating cycle, side view.
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(a) Time = 2 days, velocity = 4e-7 m/s. (b) Time = 20 days, velocity = 4e-7 m/s.

(c) Time = 50 days, velocity = 4e-7 m/s. (d) Time = 100 days, velocity = 4e-7 m/s.

(e) Time = 2 days, velocity = 5e-7 m/s. (f) Time = 20 days, velocity = 5e-7 m/s.

(g) Time = 50 days, velocity = 5e-7 m/s. (h) Time = 100 days, velocity = 5e-7 m/s.

Figure D.3: Heating cycle, side view.
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(a) Time = 2 days, velocity = 6e-7 m/s. (b) Time = 20 days, velocity = 6e-7 m/s.

(c) Time = 50 days, velocity = 6e-7 m/s. (d) Time = 100 days, velocity = 6e-7 m/s.

(e) Time = 2 days, velocity = 7e-7 m/s. (f) Time = 20 days, velocity = 7e-7 m/s.

(g) Time = 50 days, velocity = 7e-7 m/s. (h) Time = 100 days, velocity = 7e-7 m/s.

Figure D.4: Heating cycle, side view.
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E. Appendix 3: Ice growth fits

(a) First part of graph, No flow.
(b) Second part of graph, No flow.

(c) First part of graph, Velocity = 1e-7 m/s. (d) Second part of graph, Velocity = 1e-7 m/s.

(e) First part of graph, Velocity = 2e-7 m/s. (f) Second part of graph, Velocity = 2e-7 m/s.

(g) First part of graph, Velocity = 3e-7 m/s. (h) Second part of graph, Velocity = 3e-7 m/s.

Figure E.1: First case study, fits to ice volume growth.
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(a) First part of graph, Velocity = 4e-7 m/s. (b) Second part of graph, Velocity = 4e-7 m/s.

(c) First part of graph, Velocity = 5e-7 m/s. (d) Second part of graph, Velocity = 5e-7 m/s.

(e) First part of graph, Velocity = 6e-7 m/s. (f) Second part of graph, Velocity = 6e-7 m/s.

(g) First part of graph, Velocity = 7e-7 m/s. (h) Second part of graph, Velocity = 7e-7 m/s.

Figure E.2: First case study, fits to ice volume growth.
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(a) First part of graph, Upstream groundwater
temperature = 278.15 K, Heat column temperat-
ure = 258.15 K.

(b) Second part of graph, Upstream groundwater
temperature = 278.15 K, Heat column temperat-
ure = 258.15 K.

(c) First part of graph, Upstream groundwater
temperature = 283.15 K, Heat column temperat-
ure = 258.15 K.

(d) Second part of graph, Upstream groundwater
temperature = 283.15 K, Heat column temperat-
ure = 258.15 K.

(e) First part of graph, Upstream groundwater
temperature = 293.15 K, Heat column temperat-
ure = 258.15 K.

(f) Second part of graph, Upstream groundwater
temperature = 293.15 K, Heat column temperat-
ure = 258.15 K.

(g) First part of graph, Upstream groundwater
temperature = 278.15 K, Heat column temperat-
ure = 263.15 K.

(h) Second part of graph, Upstream groundwater
temperature = 278.15 K, Heat column temperat-
ure = 263.15 K.

Figure E.3: Third case study, fits to ice volume growth.
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(a) First part of graph, Upstream groundwater
temperature = 283.15 K, Heat column temperat-
ure = 263.15 K.

(b) Second part of graph, Upstream groundwater
temperature = 283.15 K, Heat column temperat-
ure = 263.15 K.

(c) First part of graph, Upstream groundwater
temperature = 293.15 K, Heat column temperat-
ure = 263.15 K.

(d) Second part of graph, Upstream groundwater
temperature = 293.15 K, Heat column temperat-
ure = 263.15 K.

(e) First part of graph, Upstream groundwater
temperature = 278.15 K, Heat column temperat-
ure = 271.15 K.

(f) Second part of graph, Upstream groundwater
temperature = 278.15 K, Heat column temperat-
ure = 271.15 K.

(g) First part of graph, Upstream groundwater
temperature = 283.15 K, Heat column temperat-
ure = 271.15 K.

(h) Second part of graph, Upstream groundwater
temperature = 278.15 K, Heat column temperat-
ure = 271.15 K.

Figure E.4: Third case study, fits to ice volume growth.
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(a) First part of graph, Upstream groundwater
temperature = 293.15 K, Heat column temperat-
ure = 271.15 K.

(b) Second part of graph, Upstream groundwater
temperature = 293.15 K, Heat column temperat-
ure = 271.15 K.

Figure E.5: Third case study, fits to ice volume growth.
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F. Appendix 4: Analytical fits of tem-
perature evolution

(a) NE probe, No flow. (b) NE probe, Velocity = 1e-7 m/s.

(c) NE probe, Velocity = 2e-7 m/s. (d) NE probe, Velocity = 3e-7 m/s.

(e) NE probe, Velocity = 4e-7 m/s. (f) NE probe, Velocity = 5e-7 m/s.

(g) NE probe, Velocity = 6e-7 m/s. (h) NE probe, Velocity = 7e-7 m/s.

Figure F.1: Analytical solution fit to NE probe temperature profile with respect to time during
cooling cycle using Equation 4.19.
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(a) NE probe, No flow. (b) SE probe, Velocity = 1e-7 m/s.

(c) SE probe, Velocity = 2e-7 m/s. (d) SE probe, Velocity = 3e-7 m/s.

(e) SE probe, Velocity = 4e-7 m/s. (f) SE probe, Velocity = 5e-7 m/s.

(g) SE probe, Velocity = 6e-7 m/s. (h) SE probe, Velocity = 7e-7 m/s.

Figure F.2: Analytical solution fit to SE probe temperature profile with respect to time during
cooling cycle using Equation 4.19.
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(a) NW probe, No flow. (b) NW probe, Velocity = 1e-7 m/s.

(c) NW probe, Velocity = 2e-7 m/s. (d) NW probe, Velocity = 3e-7 m/s.

(e) NW probe, Velocity = 4e-7 m/s. (f) NW probe, Velocity = 5e-7 m/s.

(g) NW probe, Velocity = 6e-7 m/s. (h) NW probe, Velocity = 7e-7 m/s.

Figure F.3: Analytical solution fit to NW probe temperature profile with respect to time during
cooling cycle using Equation 4.19.
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(a) SW probe, No flow. (b) SW probe, Velocity = 1e-7 m/s.

(c) SW probe, Velocity = 2e-7 m/s. (d) SW probe, Velocity = 3e-7 m/s.

(e) SW probe, Velocity = 4e-7 m/s. (f) SW probe, Velocity = 5e-7 m/s.

(g) SW probe, Velocity = 6e-7 m/s. (h) SW probe, Velocity = 7e-7 m/s.

Figure F.4: Analytical solution fit to SW probe temperature profile with respect to time during
cooling cycle using Equation 4.19.
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(a) NE probe, No flow. (b) NE probe, Velocity = 1e-7 m/s.

(c) NE probe, Velocity = 2e-7 m/s. (d) NE probe, Velocity = 3e-7 m/s.

(e) NE probe, Velocity = 4e-7 m/s. (f) NE probe, Velocity = 5e-7 m/s.

(g) NE probe, Velocity = 6e-7 m/s. (h) NE probe, Velocity = 7e-7 m/s.

Figure F.5: Analytical solution fit to NE probe temperature profile with respect to time during
heating cycle using Equation 4.19.
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(a) SE probe, No flow. (b) SE probe, Velocity = 1e-7 m/s.

(c) SE probe, Velocity = 2e-7 m/s. (d) SE probe, Velocity = 3e-7 m/s.

(e) SE probe, Velocity = 4e-7 m/s. (f) SE probe, Velocity = 5e-7 m/s.

(g) SE probe, Velocity = 6e-7 m/s. (h) SE probe, Velocity = 7e-7 m/s.

Figure F.6: Analytical solution fit to SE probe temperature profile with respect to time during
heating cycle using Equation 4.19.
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(a) NW probe, No flow. (b) NW probe, Velocity = 1e-7 m/s.

(c) NW probe, Velocity = 2e-7 m/s. (d) NW probe, Velocity = 3e-7 m/s.

(e) NW probe, Velocity = 4e-7 m/s. (f) NW probe, Velocity = 5e-7 m/s.

(g) NW probe, Velocity = 6e-7 m/s. (h) NW probe, Velocity = 7e-7 m/s.

Figure F.7: Analytical solution fit to NW probe temperature profile with respect to time during
heating cycle using Equation 4.19.
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(a) SW probe, No flow. (b) SW probe, Velocity = 1e-7 m/s.

(c) SW probe, Velocity = 2e-7 m/s. (d) SW probe, Velocity = 3e-7 m/s.

(e) SW probe, Velocity = 4e-7 m/s. (f) SW probe, Velocity = 5e-7 m/s.

(g) SW probe, Velocity = 6e-7 m/s. (h) SW probe, Velocity = 7e-7 m/s.

Figure F.8: Analytical solution fit to NE probe temperature profile with respect to time during
heating cycle using Equation 4.19.
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G. Appendix 5: Case 3, Cooling cycle

(a) Time = 2 days, ZX-plane. (b) Time = 2 days, XY-plane.

(c) Time = 20 days, ZX-plane. (d) Time = 20 days, XY-plane.

(e) Time = 50 days, ZX-plane. (f) Time = 50 days, XY-plane.

(g) Time = 100 days, ZX-plane. (h) Time = 100 days, XY-plane.

Figure G.1: Temperature distribution shown in XY and XZ planes for the case when the
temperature of the heat column is 258.15 K and the upstream temperature is 278.15 K.
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(a) Time = 2 days, ZX-plane. (b) Time = 2 days, XY-plane.

(c) Time = 20 days, ZX-plane. (d) Time = 20 days, XY-plane.

(e) Time = 50 days, ZX-plane. (f) Time = 50 days, XY-plane.

(g) Time = 100 days, ZX-plane. (h) Time = 100 days, XY-plane.

Figure G.2: Temperature distribution shown in XY and XZ planes for the case when the
temperature of the heat column is 258.15 K and the upstream temperature is 283.15 K.
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(a) Time = 2 days, ZX-plane. (b) Time = 2 days, XY-plane.

(c) Time = 20 days, ZX-plane. (d) Time = 20 days, XY-plane.

(e) Time = 50 days, ZX-plane. (f) Time = 50 days, XY-plane.

(g) Time = 100 days, ZX-plane. (h) Time = 100 days, XY-plane.

Figure G.3: Temperature distribution shown in XY and XZ planes for the case when the
temperature of the heat column is 258.15 K and the upstream temperature is 293.15 K.
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(a) Time = 2 days, ZX-plane. (b) Time = 2 days, XY-plane.

(c) Time = 20 days, ZX-plane. (d) Time = 20 days, XY-plane.

(e) Time = 50 days, ZX-plane. (f) Time = 50 days, XY-plane.

(g) Time = 100 days, ZX-plane. (h) Time = 100 days, XY-plane.

Figure G.4: Temperature distribution shown in XY and XZ planes for the case when the
temperature of the heat column is 263.15 K and the upstream temperature is 278.15 K.
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(a) Time = 2 days, ZX-plane. (b) Time = 2 days, XY-plane.

(c) Time = 20 days, ZX-plane. (d) Time = 20 days, XY-plane.

(e) Time = 50 days, ZX-plane. (f) Time = 50 days, XY-plane.

(g) Time = 100 days, ZX-plane. (h) Time = 100 days, XY-plane.

Figure G.5: Temperature distribution shown in XY and XZ planes for the case when the
temperature of the heat column is 263.15 K and the upstream temperature is 283.15 K.
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(a) Time = 2 days, ZX-plane. (b) Time = 2 days, XY-plane.

(c) Time = 20 days, ZX-plane. (d) Time = 20 days, XY-plane.

(e) Time = 50 days, ZX-plane. (f) Time = 50 days, XY-plane.

(g) Time = 100 days, ZX-plane. (h) Time = 100 days, XY-plane.

Figure G.6: Temperature distribution shown in XY and XZ planes for the case when the
temperature of the heat column is 263.15 K and the upstream temperature is 293.15 K.
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(a) Time = 2 days, ZX-plane. (b) Time = 2 days, XY-plane.

(c) Time = 20 days, ZX-plane. (d) Time = 20 days, XY-plane.

(e) Time = 50 days, ZX-plane. (f) Time = 50 days, XY-plane.

(g) Time = 100 days, ZX-plane. (h) Time = 100 days, XY-plane.

Figure G.7: Temperature distribution shown in XY and XZ planes for the case when the
temperature of the heat column is 271.15 K and the upstream temperature is 278.15 K.
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(a) Time = 2 days, ZX-plane. (b) Time = 2 days, XY-plane.

(c) Time = 20 days, ZX-plane. (d) Time = 20 days, XY-plane.

(e) Time = 50 days, ZX-plane. (f) Time = 50 days, XY-plane.

(g) Time = 100 days, ZX-plane. (h) Time = 100 days, XY-plane.

Figure G.8: Temperature distribution shown in XY and XZ planes for the case when the
temperature of the heat column is 271.15 K and the upstream temperature is 283.15 K.
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(a) Time = 2 days, ZX-plane. (b) Time = 2 days, XY-plane.

(c) Time = 20 days, ZX-plane. (d) Time = 20 days, XY-plane.

(e) Time = 50 days, ZX-plane. (f) Time = 50 days, XY-plane.

(g) Time = 100 days, ZX-plane. (h) Time = 100 days, XY-plane.

Figure G.9: Temperature distribution shown in XY and XZ planes for the case when the
temperature of the heat column is 271.15 K and the upstream temperature is 293.15 K.
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H. Appendix 6: Analytical fits of down-
stream temperature profile

(a) Upstream groundwater temperature = 278.15
K, heat column temperature = 258.15 K.

(b) Upstream groundwater temperature = 283.15
K, heat column temperature = 258.15 K.

(c) Upstream groundwater temperature = 293.15
K, heat column temperature = 258.15 K.

(d) Upstream groundwater temperature = 278.15
K, heat column temperature = 263.15 K.

(e) Upstream groundwater temperature = 283.15
K, heat column temperature = 263.15 K.

(f) Upstream groundwater temperature = 293.15
K, heat column temperature = 263.15 K.

Figure H.1: Downstream temperature profiles from third case study (Section 4.3) fit to Equa-
tion 4.22.
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(a) Upstream groundwater temperature = 278.15
K, heat column temperature = 271.15 K.

(b) Upstream groundwater temperature = 283.15
K, heat column temperature = 271.15 K.

(c) Upstream groundwater temperature = 293.15
K, heat column temperature = 271.15 K.

Figure H.2: Downstream temperature profiles from third case study (Section 4.3) fit to Equa-
tion 4.22.
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(a) Time = 100 days, No flow. (b) Time = 100 days, Velocity = 1e-7 m/s.

(c) Time = 100 days, Velocity = 7e-7 m/s.

Figure H.3: Downstream temperature profiles from first case study (Section 4.1) fit to Equa-
tion 4.22.
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(a) Time = 100 days, No flow. (b) Time = 100 days, Velocity = 1e-7 m/s.

(c) Time = 100 days, Velocity = 2e-7 m/s. (d) Time = 100 days, Velocity = 3e-7 m/s.

(e) Time = 100 days, Velocity = 4e-7 m/s. (f) Time = 100 days, Velocity = 5e-7 m/s.

(g) Time = 100 days, Velocity = 6e-7 m/s. (h) Time = 100 days, Velocity = 7e-7 m/s.

Figure H.4: Downstream temperature profiles from second case study (Section 4.2) fit to
Equation 4.22.
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