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ABSTRACT

Abstract of thesis entitled: Study on Heat Transfer Surrounding Pile Foundation
Ground Heat Exchangers with Groundwater Advection

Submitted by: Zhang Wenke

For the degree of: Doctor of Philosophy

At The Hong Kong Polytechnic University in January, 2015.

Currently, the ground-coupled heat pump (GCHP) technology has gained more and
more attentions due to its outstanding high performance characteristics in energy saving,
environmental protection and associated benefits. The development of investigations
have led to a new type of ground heat exchanger (GHE) entitled “energy pile”. In brief,
it is proposed for spiral heat exchange tubs to be enclosed in the pile foundation of
buildings, thus integrating the bearing structure of buildings with a heat transfer
component. A certain proportion of the heating load or cooling load can be met in this

way; thereby reducing the initial cost of the whole cooling and heating system.

A range of research studies have been conducted on the pure conduction of pile
foundation GHE, however, little references or documentation exists in the literature
concerning the influence exerted by groundwater flow. It should be recognized that

varying degrees of groundwater seepage phenomena exist below ground. As the depth of



the pile is usually more than ten meters or even many more meters, the underground
hydraulic gradient inevitably leads to the groundwater flow. Accordingly the heat
transfer involving conduction and groundwater advection should be taken into account
when considering the role of seepage. The study presented in this thesis includes
corresponding studies on simulation models for an energy pile with groundwater
advection, and each type of model consists of both infinite and finite length sources.
Heat transfer experiments were then conducted to indirectly verify the seepage models.
In addition, a reasonable methodology to obtain the groundwater velocity is also

proposed.

The models were investigated and then further developed to be more advanced from
some classical models such as line and hollow cylindrical heat sources. Firstly, a new
model, referred to as the ‘‘solid”’ cylindrical source model, is initially proposed. In this
model, the pile diameter is much thicker and the depth is usually shorter than in the case
of the borehole, and the spiral coils are disposed in the vicinity of the pile circumference.
The cylinder is filled with medium identical to that out of it; thus, the interior heat
capacity of the pile cannot be ignored. Analytical solutions for the solid cylindrical

models while groundwater flows through it were obtained.

Secondly, the ring-coil model is put forward to represent the configuration of spiral
coils set inside the pile by a more appropriate method. The solid cylindrical model only
regards the pile foundation GHE as a uniform surface heat source and thus the coil
intervals are not considered. Compared to the solid cylindrical model, the ring-coil
model is relatively advanced because it takes into consideration the discontinuity of the

heat source along the depth. This heat source is deemed as a series of separated coils



arranged along the z-direction so that focus is on the impacts of the coil pitch. If
groundwater goes through the energy pile with spiral coils, the temperature response
induced by conduction and groundwater advection at any point except the heat source

can be achieved.

Thirdly, focus is on comparing the solid cylindrical and ring-coil models with an
improved model. An attempt is made to reduce the deficiencies of the former two by
introducing a spiral line, hence proposing the spiral heat source model. The
improvement is the fact that a spiral line replaces the separated coils and thus a
succession of connected coils with a certain diameter are distributed down the depth of
pile. Accordingly, not only the coil pitch but also the helix angles are dealt with.
Thereby, the spiral heat source seepage model efficiently shows the thermal transfusions
with greater accuracy and precision at the time of the combined contributions of both

conduction and groundwater advection.

However and regrettably the on-site heat exchange experiments of energy pile have
not yet been conducted to validate the theoretical models. Next, the significant
experiments based on the actual engineering projects were conducted to check the heat
transfer ability and verify the conduction model of the pile foundation GHE. The
experiments conducted in this study focused on the pure conduction of energy piles, and
two groups of trials were conducted and the heat transfer superiority of the energy pile is
shown by comparing pile foundation GHE with borehole GHE. The pure conduction
model can then be validated by the experimental results. The combined heat transfer
models including pure conduction and groundwater advection are indirectly proven

because it derives from the pure conduction case. Thus, the combined model could be
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certificated indirectly in the event of the pure conduction model being confirmed.

Lastly, the groundwater velocity is a vital parameter embodying the influence degrees
of seepage, the comprehension of both value and orientation of velocity is becomingly
increasingly important. To avoid the huge difficulties of directly measuring the velocity
by means of the test equipments, a significant methodology named “back calculation” is
suggested. The conditional extreme values of the sum of the variance and the
corresponding derivatives combined with the theoretical models were put to use when
the target functions had been established. By this means, the groundwater velocity can
be obtained based on the temperature responses at different points around a borehole

GHE.

In summary, all models involving both energy pile and groundwater advection
developed and presented in the thesis are introduced one by one on the simple to
complex principle. The spiral heat source model is the optimum case from the
perspective of academic study as it most approximately simulates the energy pile with
groundwater advection. However, other models can still be employed to provide
theoretical basis for some situations such as engineering projects and so on, because in
these cases the requirements for calculation accuracy are not too high. The application of
energy piles can reduce the initial cost of meeting a building’s need for heating and
cooling. Groundwater advection does improve the heat transfer performance of energy
piles as it enables heat accumulation around the pile to be alleviated, therefore the
temperature difference between GHE and the surrounding underground medium is
maintained or even increased. Thermal transmission is further promoted and accordingly

heat exchange quantity is enlarged. The flow velocity including its value and orientation
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can be deduced when the back calculation method is employed. The pure conduction
experiments have produced satisfactory effects, and an aim of the future work is the
implementation of the heat transfer experiments with groundwater advection to directly
validate the groundwater seepage models. Full understanding of groundwater advection
is helpful to emphasize not only the significance but also the popularization of energy

pile technology.
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CHAPTER1 INTRODUCTION

Small and medium sized thermal coal boilers have been gradually prohibited in cities
and towns as a result of the increased attentions paid on air environment protection by
the international community. Consequently focus has been turned to the development of
heating modes other than district heating. Heat pump technology achieves reasonable
heating and air conditioning in line with the recommended air pollution reduction
(GB50155, 2003). From the perspective of the characteristics of heating or cooling
sources, the heat pump system can be divided into two types: air-source and ground-

source.

Air-source heat pumps (ASHP) avails themselves of outdoor air as both cooling and
heating sources. The system is simple and has low initial cost, but the performance is
relatively poor due to the fact that it is easily impacted by the influence of outdoor
environment (Zheng, 1998); periodical defrosting has to be carried out to avoid loss of
heat (Miller W.A, 1987). Ground-source heat pump (GSHP) takes advantage of heat
energy stored within 200m below ground to fulfill heat supply and cooling for buildings.
In recent years this technology has been widely-adopted day by day and its heating or
cooling performance has been considered satisfactory. The GSHP system can be
classified into ground-coupled heat pump (GCHP), surface water source heat pump
(SWSHP) and groundwater source heat pump (GWSHP) in accordance with the ways of

geothermal energy acquisition system (Langley, 1989. Healy and Ugursal, 1997).

The SWSHP system regards the water existing in rivers, lakes and seas as sources



required to conduct heating and cooling, and the GWSHP system makes full use of
energy obtained via extracted underground water which is then recharged into the
phreatic zone. The services achieved from these two types of systems are not widespread
because their applications are obviously limited by natural conditions and water source.
With this contrast, GCHP technology has gained more and more all-pervading
application, because the ground distribution is broad and the other advantages including

high energy efficiency and environmental protection are evident (Lund, 2006).
1.1 The introduction about GCHP system

The GCHP system utilizes underground mediums including soil, sand and so on as
cooling source or heating sources (Eckert, 1976). Underground temperature in the
deeper stratum fluctuates a little all the year round, with the temperatures respectively
higher and lower than outdoor temperatures in winter and in summer, thus the GCHP
system can overcome the technical obstacles of the ASHP system, meaning that the
operation performance of the system can be improved. To be more specific, the
temperature of the underground can be elevated temperature by means of heat pump to
warm the indoor spaces of buildings in winter. Conversely, heat can be abstracted from
buildings in summer and then kept in reserve below ground with the help of heat pump.
Hence, not only is there a drop in the building temperature, but also thermal energy is
stored in underground medium for serving in winter. Currently, the total area that
employs ground source heat pump is nearly 3.5 hundred million square meters. The
applications in some regions such as Beijing, Shanghai, Tianjing, Shandong, Hebei and
Henan are more popular as the air condition systems of these areas are responsible for
not only cooling but also heating, therefore it is not easy to induce the imbalance
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between heat adsorption and release in underground medium.

In this way, underground medium acts as an energy accumulator when the GCHP
system is employed. Thus, the energy utilization efficiency of air-conditioning system is
further improved as underground medium is an ideal heating or cooling source, not only
the heating efficiency but also the cooling performance can be advantageously improved.
In addition, the domestic hot water can be either produced by way of the GCHP system.
Giving a multi-use system and the corresponding diagram is shown in Figure 1.1. Thus
the ground heat exchangers (GHESs) play a significant role in the employment of

underground energy, enabling the production of cooling, heating and domestic hot water.

EXpansion vavle Refrigerating medium loog

Ground heat exchangers loop

Figure 1.1 The schematic diagram of ground-coupled heat pump system

1.2 The conventional GHEs
A GCHP system also consists of GHESs, heat pump units and indoor end equipments;

GHE is the significant component that embodies the vital difference between GCHP and

other heat pump systems. Currently, there are two GHE types employed for releasing or



abstracting heat, that is, horizontal and borehole GHEs are defined according to the

arrangement pattern.

Horizontal GHE, i.e. heat exchange tubes are buried in ditches or shallow depth
trenching (Mei, 1986), the cost of the system is low but the heat transfer performance is
susceptibly influenced by outside climate. The main defect is that a large area is needed
for the distribution of heat exchange tubes; consequently horizontal GHE is less suitable
for Chinese condition i.e. a large population with relatively little land. Borehole GHE is
defined as that single U-tube or double U-tubes are installed into a borehole (Deerman
and Kavanaugh, 1991). The depth of borehole is usually between 50m and 150m
meanwhile the diameter is from 130mm to 150mm. Thus, the advantages of the
employment of borehole GHEs are obvious because the less land area and stable
working performance can be achieved. Accordingly, the vertical borehole GHE is the
mainstream especially when GHESs are used in the engineering projects. The diagrams of

these two GHES’ types are shown in Figure 1.2.

wertical ground heat

honzontal ground heat
exchangers

exchangers

Figure 1.2 The schematic diagram of two types of GHE
Although borehole GHEs are given priority for application in GCHP system, the
initial cost is high since a great amount of money must be spent on drilling boreholes
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and burying U-tubes, a large investment is the primary factor hindering the development

of GCHP technology (Ramamoorthy et al., 2001).

1.3 Pile foundation GHEs

With the development of GHE technology, people begin to realize that the bearing
structure of buildings can be used, i.e. pile foundation can be utilized to bury heat
transfer tubes, therefore a certain proportion of air-conditioning load can be undertaken
and the rest of the load is charged with conventional GHEs, thus reducing the initial cost
of the whole system. GHE and pile foundation are thus integrated and this new GHE is
also entitled “energy pile” (Sanner, 2001). With regard to the energy pile with spiral
coils, the geometry is quite different from that of the borehole, that is, the pile diameter
Is much thicker and depth usually shorter than in the case of boreholes; the heat transfer
coils are disposed in the proximity of the pile circumference. Several types of heat
transfer pipes can be located inside the pile and the corresponding configurations are

shown in Figure 1.3 (Liu et al., 2009).

— — j_7\— — H
L & = L <
A B C D

Figure 1.3 Previous common types of heat transfer tubes inside pile

A and B stand for W tube and double U-tubes in parallel, respectively, C denotes


http://search.proquest.com/indexinglinkhandler/sng/au/Ramamoorthy,+Mahadevan/$N?accountid=10598

single U tube and D is the shunt-wound triple U-tubes; but some problems must be noted
when these types of tube are put to use. Firstly, the heat transfer area is small and
therefore full use cannot be made of pile space if single U-tube is buried. Secondly, it is
easy for air to accumulate at the top of the pipe when the W-tube is considered. The
accumulation of air will lead to the obstruction of circulating solution. Thirdly, the
shunt-wound double U-tubes or treble U-tubes have been installed in Europe and have
been in operation with success, and high heat transfer efficiency can be achieved;
however, the total heat transfer area was greater, causing the flow area to be larger, thus
the difference of inlet and outlet temperatures of circulating liquid began to drop and
was lower than hoped. This heat transfer process was thus unfavorably affected because

the circulating pump power and running cost were increased.

The heat transmission coefficient of spiral tubes is comparatively higher than that of
straight tubes. It is undeniable that on the one hand, spiral tubes are complicated and the
cost is also higher than that of U-tubes or W-tube, however, on the other hand, a greater
heat transfer area is attained in the same space because of the longer tube. The
construction process consists of several steps. To be more specific, 1, spiral coils are
fixed in the prefabricated hollow steel cage; 2, both the coils and steel cage are lowered
into the pile foundation (Zhong and Tang, 2007); 3, the concrete is cast into the pile and
the energy pile formed. The configuration of pile foundation GHE is displayed in Figure

1.4.
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Figure 1.4 The configuration of pile foundation GHE

As a general rule, pile foundations are divided into precast and driven cast-in-place
piles (Tang, 2000), the former is prefabricated at the construction site and then is sunk
into the ground; the hole has to be drilled at the pile location for the latter method before
concrete is poured; the spiral coils can be placed in any of drilled holes. The GCHP

system including pile foundation with spiral heat exchange tubes is shown in Figure 1.5.
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1. pile-foundation ground heat exchangers  2.circulating pump  3.heat exchanger
4. four-way directional control valve 5.compressor  6.flow regulating valve
7. circulating pump 8. heat exchanger 9. building

Figure 1.5 GCHP system with energy piles
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1.4 The significance of investigating groundwater flow

The length of piles is generally more than ten meters and even reaches dozens of
meters, which means piles may penetrate several geologic strata and pass through any
existing water tables. Water is held and moves between the grains of geologic
formations in response to hydraulic gradients (Neuman and Witherspoon, 1970). The
heat transfer between pile GHEs and the surrounding medium becomes more
sophisticated due to the groundwater flow; this is a coupled process which comprises
conduction through the solid matrix and water in its pores and heat advection by moving
groundwater. Groundwater sources are in abundance in some regions, such as the middle
and lower reaches of the Yangtze River, where the groundwater level can be as little as
1.5 meters deep, thus groundwater seepage should be taken into account in the system
design, in addition, the regions closed to the lakes and rivers have favorable hydraulic
gradient, such as some cities in Jiangsu, Zhejing, Fujiang and so on of China, thus these
areas should consider the influence of groundwater advection while local hydraulic
gradient attains a certain level. During the operating period of the GCHP system with
pile foundation GHESs, heat accumulation around GHESs inevitably occurs because heat
is emitted from GHEs to the surrounding medium, therefore the temperature difference
between them decreases with the proceeding of heat transfer. When groundwater flows
through piles, a certain proportion of the accumulated heat is taken away owing to the
convection, the temperature difference is increased again to guarantee successful thermal
exchange and thus the heat transfer rates are improved. The application of pile
foundation GHEs essentially improves the economic performance of the GCHP system

as the expense on developing borehole GHEs is reduced. With reference to the influence



that groundwater seepage has on energy pile, it looks like that a beautiful thing is added
to a contrasting beautiful thing. Accordingly, energy piles can be responsible for more

heating or cooling load and therefore initial cost can be further dropped.

Investigation on pure conduction of energy pile has made progress in recent years, the
relevant mathematical models simulating the heat transfer process and the corresponding
analytical solutions expressing thermal response have been respectively established and
obtained. A substantial number of studies on borehole GHEs with groundwater flow
have been conducted, however, the exploration about the heat transfer of pile foundation
GHEs with groundwater flow is little, in other words, the theoretical models describing
the details of the whole heat transfer process including conduction and groundwater
advection have not been proposed. Energy pile is a new type of GHE that involves the
combination of structure technology and heat exchange knowledge. To further promote
the development of GCHP, a novel study of energy piles with groundwater flow is

necessary. The potentials of this investigation merit such further scrutiny.
1.5 Aims and objectives of the thesis

The development of models describing the combined heat transfer of pile foundation
GHE with groundwater advection is an urgent task. Energy equations and moving heat
sources and other mathematical knowledge are necessary to obtain the analytical

solutions of temperature response.

The aims of this study are to establish different simulation models from the simple to
the complex and to acquire the corresponding analytical solutions. Thus several models

of pile foundation GHE with groundwater seepage will be put forward in the light of the



simplification degrees. The most accurate model, i.e. the one which is approximate to
the actual configuration of the energy pile in the case of groundwater seepage, is pointed
out. Secondly, an on-site experiment is conducted to indirectly prove the availability of
these seepage models. Thirdly, a back calculation method to acquire the groundwater
velocity including orientation and value is proposed, thereby a firm foundation can be
laid for giving expression to the impact degree of seepage phenomenon. The specific

objectives of the thesis are as follows:

(1) To establish solid cylindrical seepage model. This model is the simplest one
because pile foundation GHE is deemed as a cylindrical surface heat source ignoring the
configuration of spiral coils, and groundwater flows through its surface. By means of
this model, heat transfer can be roughly calculated and a basis is provided for later more

complicated models.

(2) To establish ring-coil seepage model, the spiral heat exchange tubes is considered
as a series of separated coils arranged one by one along the z-axis, and these coils are
passed by groundwater. The GHE structure is not sufficiently accurate because the
simplification conditions still exist. This model, however, is more advanced than the

solid cylindrical seepage model.

(3) To establish spiral seepage model regarding buried spiral tubes as a string of
spiral coils rather than separated coils. This model is the most accurate case from the
research perspective. The other models, however, are valid choices when the calculation

requirement is not too high or strict.

(4) To develop the computer program based on the simulation models to present the

temperature response at any point except the heat source in the underground medium,
10



and also to explore the trends of the temperature response with the time or with the

groundwater velocity.

(5) To obtain the mean temperature response while groundwater flows through
energy piles, and then to compare the differences of infinite and finite models.
Afterwards two heat transfer modes, i.e. pure conduction and combined heat transfer
including conduction and groundwater advection, will be compared in terms of heat

transfer performance.

(6) It should be noted that there are no seepage experiments for pile foundation GHE,
but the analytical solutions of seepage models are derived from pure conduction, if the

pure conduction model is validated, the seepage models can then be indirectly proven.

(7) To suggest a new methodology to acquire the local groundwater velocity. The line

heat source seepage models are chosen as the basis for back calculation.
1.6 Organization of the thesis

The investigation work finished by experts and scholars can indicate the next
academic direction of the research area presented in this thesis. The comprehensive and
critical literature review presented in chapter 2 gives the existing achievements of the
study on pile foundation GHEs, and followed by the research purpose of the thesis. The
mathematical model of solid heat source with groundwater advection is described in
chapter 3, analytical solutions of two-dimensional and three-dimensional models are
respectively obtained, and the corresponding heat transfer analysis is conducted. Based
on the solid model, the ring-coil heat source seepage models are presented and discussed

in chapter 4; the pitch between adjacent coils is an important parameter because the
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discontinuity of surface heat source is taken into consideration. This chapter presents an
in-depth discussion on the characteristics involved in this seepage model. In addition,
the most accurate model which can depict the configuration of energy pile with
groundwater flow in a relatively analogical manner is the spiral heat source seepage
model; chapter 5 summarizes the significant properties of the spiral model. Afterwards,
the heat exchange experiments of pile foundation GHEs are demonstrated and the
corresponding description is given in chapter 6, the on-site experiments are completed
based on the engineering project which employs the GCHP system with energy piles.
The experimental effects are satisfactory and the pure conduction model is validated.
The seepage experiments are difficult to be conducted because the order of magnitude of
groundwater velocity is too small, thus the experimental period may attain several
months even years provided that the trials are conducted. As a consequence, the actual
seepage experiments of energy piles have not been developed. Seepage models can be
indirectly verified if only the pure conduction model is validated by means of
experiments, due to the fact that the former is derived from the latter. A novel back
calculation method for obtaining the groundwater velocity is proposed in chapter 7. The
infinite and finite line heat source seepage models are respectively made full use to
achieve the value and orientation of velocity. Conclusions are drawn in chapter 8,
together with recommendations of future work. One important task is to establish a new
experimental rig for groundwater seepage, in such a way the seepage models can be
directly verified. Other points for consideration are generalized either. It is felt that there
is no doubt that future investigations can promote the further application of energy pile

technology.

12



CHAPTER 2 ITERATURE REVIEW

2.1 Introduction

Civil engineering and heat transfer academics have completed much investigative
work on energy piles. The mechanical behavior of pile foundation is inevitably
influenced because heat travels through its surface. Thus, different professions need to
be incorporated; the better heat transfer performance qualifies energy pile to take on a
certain proportion of air conditioning load. Accordingly, this novel technology is
receiving growing attentions. A series of mathematical models have been proposed
based on an in-depth understanding of energy piles with spiral coils, and the
corresponding analytical solutions obtained. In this way, the heat transfer between pile
and its surrounding underground medium can be revealed while only pure conduction
actually exists. Meanwhile, numerical methods have been employed to analyze the
temperature variation in the area around pile foundation GHE. It should be noted that
academic research studies including both analytical analyses and numerical discussions
have brought the theoretical investigations of the energy pile to a certain level. However,
the studies aiming to investigate heat transfer related to groundwater flowing through
energy piles is little, in that simulation models or other expressions have not been

proposed. Hence, the contributions of this current study are significant.

In addition, on-site experiments on energy piles have been conducted by researchers
and the persuasive data obtained, which has revealed the heat exchange superiority of

energy pile. The temperature response and the heat transfer rate with the time are able to
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be recorded during the use of energy piles. The corresponding groundwater seepage
research has been conducted in recent years, but most revolves around the influence that
groundwater advection exerts on borehole GHE. In view of this, it is particularly
important to launch the studies on heat transfer of pile foundation GHE with

groundwater seepage. The study presented in this thesis centers on this research area.

2.2 Theoretical investigations on pure conduction of pile foundation

GHEs

2.2.1 Analytical solutions of mathematical models

During the evolution of heat transfer models of the pile foundation GHE, fundamental
models were studied first and others were then proposed with focus on models’
difficulty levels. To understand the heat dissipation process from a single pile to its
surrounding medium is an important first step; a second step is to obtain heat transfers of
multiple piles, Eskilson (1987) and Hellstrom (1991) employed superposition principle
to conduct analysis of these procedures. Models and their analytical expressions with

different sophistications and precisions have been presented.
2.2.1.1 Line heat source

It is well known that the classical models of borehole GHE are usually dependent on
one-dimensional analytical solutions. A most-widely-used one-dimensional (1-D) model
for this purpose is the Kelven’s line source model (Kelvin, 1882), because the borehole
diameter is usually from 130mm to 150mm and the depth lies in the range of between
50m and 150m. Thus the line heat source is a reasonable choice and some design

methods were based on the Kelvin’s heat source theory (Bose et al., 1985). The 1-D
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model cannot take the ground boundary into account and therefore the deviation from
normal temperature response comes into being. With the aim of expressing the effect of
the ground boundary, the virtual method was employed by Zeng et al.(2002) to obtain

the analytical solution of the finite-depth borehole GHEs.

It should be highlighted that the Green function is the basis of achieving the analytical
solutions (Chang et al., 1973), in particular, it shows the temperature response at a point
(X, y, z) at time 7 in the medium to the instantaneous point heat source that is located at
(x,y, z) and begin to emit heat from the time ¢, and the corresponding expression is

given in Equation (2.1)

G(x,y,z,;x,y,2',7") =

_(x—x'>2+(y—y')2+(z—z')2} 2.1)

1
8,/7zair—r'i]B exp{ 4a(r - 7')

Equation (2.1) can then be expressed as Equation (2.2) in cylindrical coordinate.

3 1 | rP+r?=2rr'cos(p—g) +(z-2) 29
e sale—7) } -

The mathematical model and the corresponding conditions for 1-D line heat source

are summarized in Equation (2.3).

2
%: (89+1%],f0r0<r<o®and >0

or or? ror

6 =0, forO<r<owand =0 (2.3)
6 — 0, forr > o andz > 0

00 _ q

L= forr - 0 andz =0
or 2mr

According to the Green function, the temperature response of the infinite model is

listed as follows:
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u o0 k
where Ei(m) = Lo%du =y +In(-m) +Z% is the exponential integral function, and y
k=1 =

~ 0.577216 is the Euler-Mascheroni constant (Brent, 1977)

The two-dimensional (2-D) line heat source model was proposed by Eskilson (1987),
the line heat source with finite length stretches from the ground surface to a certain
depth along z-axis. The analytical solution of temperature response is derived by means
of the images expressing the boundary conditions (Cui et al., 2006), and the

corresponding analytical expression is described as:

erfcI:M] erfc{rz-l-(z_zr)z]
6, =X jdr'ﬁGdz'—FGdz} q'hf 2lar 2 d  (25)

,f:E T N

o Lm 2 ark i | Jr+(z-2) Jri+(z-7)

In addition, a new infinite line heat source in a composite medium has been
established (Li and Lai, 2012), and the source emits heat continuously at a rate g, per
unit time and per unit length (W/m). Borehole or pile GHE can be divided into two parts,
that is, the backfilling material inside the GHE and the underground medium outside the
GHE. The temperature response induced by this line source can be obtained by means of

integration with respect to the time 7, thus the corresponding expressions inside and

outside GHE are respectively acquired in Equation (2.6) and (2.7).
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Ti.(z,r, @) = . +Z‘° cosn(p—¢)

ZPGTE == (2.6)
Xj'-ti:o exp[—aluz(z' _T')]Jn(ur)Jn(ur‘)(ﬁ'g' _l// f ')udud T‘
00 B+y?
Tz, r,0)= :Ig_arl +Z'° cosn(p—¢)
b n:_.w . . . (2.7)
2Py =, WOl @) Y, @) g
00 BZ+y?

where ry is the radius of GHE, and Jn and Yn are respectively the Bessel functions of the
first and the second kinds of order n; u is the integral variable (1 / m). The subscribes 1
and 2 mean the regions r < rp and r > ry respectively ; k, p and c in turn delegates the

thermal conductivity, the density and the specific heat of the backfilling material or the
underground medium. a is the dimensionless variable and a=a/a1/a2 , Where a; and a,

are thermal diffusivities of these two different mediums.
2.2.1.2 Hollow cylindrical heat source

For pile foundation GHE with spiral coils, the geometry of the pile is quite different
from that of the borehole. Its diameter is much thicker and depth usually shorter than in
the case of boreholes. The spiral coils are disposed in the proximity of the pile’s internal
surface. Thus, the line heat source is no longer reasonable as the heat capacity of the
GHE should be taken into consideration. For this reason, a new model, i.e. “hollow”
cylindrical heat source is suggested to preliminarily reveal the pile structure (Carslaw
and Jaeger, 1959). Supposing that the radius of the pile is rp whereby the domain r,< r <
oo is considered, and the heating flux is directly exposed to the cylinder surface, which

means the heat capacity of the “hot rod” is totally ignored. As a result, this model is
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referred as “hollow” cylindrical source model (Kavanaugh and Rafferty, 1997) and its

formulation becomes:

2
@_a[wgﬁj,m <r<mandr>0

or \ar? ror

0=0, forr, <r<owand =0 2.8)
0 —0, forr > o andz >0

00 _ q

——=— forr =, andz >0
ot 2mr

On the basis of Equation (2.8), the temperature response of any point except the
surface heat source can be achieved, and the expression of analytical solution is shown

in Equation (2.9).

o 2\ Jg(ur)Y, (ur,)=Y, (ur)J,(ur

9(r,r):i 12 (1_e—au1) o( 2) 15 o) 0(2 ) 1( O)du (2.9)
27A| 1y w0 u?[ 37 (ur)+Y; (ury) |

where Jg and J; are the zero order Bessel functions of the first and the second kinds,

respectively, and Yoand Y, are the first order Bessel functions of the first and the second

kinds, respectively.
2.2.1.3 Solid cylindrical heat source

Because the interior heat capacity is disregarded in hollow cylindrical heat source
model, significant improvements must be made based on this model. A new model
referred to as the “solid” cylindrical source model was then proposed (Man et al., 2010),
and it takes the pile GHE characteristics into proper consideration. This model supposes
that the cylinder is no longer a cavity but filled with the medium identical to that out of
the cylinder; thereby the whole infinite domain is composed of a homogeneous medium.

The pile radius is r, and the Green function is then employed, only the radial heat
18



conduction is considered in the infinite model and therefore the energy equation being

with the conditions are demonstrated as follows:

2
%—a(ae 180j m ,for0 <r<wand >0

or  \or? ror 2nr, pC

0 =0, forO<r<owand r=0 (2.10)
60 =0, forr=0andz > 0

ar

0—-0 forr > wandz >0

where ryis the pile radius and o (r - rp) is the Dirac J-function.

Thus, the expression of temperature response induced by 1-D solid cylindrical heat

source is described in Equation (2.11).

—2r1r, cos ¢
= Ei do' 2.11
27[ ” J ( — ] » (2.12)

It is desirable to consider heat conduction not only along the radial but also follow the
z-axis directions because the depth-to-diameter ratio of pile is smaller, the ground
boundary cannot be ignored with the result that a 2-D model needs to be studied. Given
that the distances from the boundary to the start position and to the end position along
the depth direction are respectively h; and hy, the virtual method is used once again to
obtain the expression of temperature response for the finite solid cylindrical heat source

model.
g ¢ 1 I, g
b _87zk-([(r—z")l{2a(r—r' )}exp{ 4a(r—r')}
orf z—hl orf z-h2 ©erf z+hl z+h2 dr
2\/a(f—r') 2\/a(r—r') 2\/a(r—r' Z\Ia r-1')

19

(2.12)




1 ¢~ . . .
where 1,(x) :—L exp(xcos')de’ is the zero order modified Bessel function.
T

In addition, Li et al.(2012) suggested a solid cylindrical model in a composite medium,
an infinite cylindrical surface source with the radius r < ryis installed in the energy pile,
and the whole domain is divided into two parts, which means the thermophysical
properties inside and outside the pile are different. The temperature responses of the
medium inside and outside the pile are shown in Equations (2.13) and (2.14)

respectively.

T...(z.1) =2qT'kT[l—exp(—a1u2r)]- Jo(“r)JJ((;.rz)if/%)_'/’ D) qu (213)

Tc,i,z (z,r) = :Z_LT[l_exp(_aluzz_)] . Jo(url)[l/:;lzéal.zui)l/;zfyo (aur)] du (214)

where all the parameters or variables have the same meanings as those shown in section

2.2.1.1.
2.2.1.4 Ring-coil heat source

The solid cylindrical heat source model is more advanced compared with the classical
line or “hollow” cylindrical heat source models, however, this model fails to distinguish
the effect of the coil pitch because the spiral coils are simplified as a continuous
cylindrical surface. The temperature distribution fluctuates along the axial direction in
the vicinity of the cylindrical surface due to the non-integrity of the heat source. This
feature is of great importance in the analysis of the temperature rise of the buried pipe
containing the circulating fluid when GCHP system is employed. Consequently, more

sophisticated models are needed for better understanding and analysis of the heat
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transfer around the buried spiral coils.

Cui et al. (2011) investigated a transient ring-coil heat source model; the spiral coils
installed in the pile were regarded as a series of separated coils, meaning that every two
adjacent coils have no connection. The explicit analytical solutions of the temperature
response were achieved by using both the Green’s function theory and the image method.
The influences of both the coil pitch and the locations were evaluated and discussed
according to the solution. Assuming that every coil maintains the radius r, and heat
begins to be emitted from 7 = 7z, with the constant heat intensity qb, the simulation
model and the corresponding conditions for every coil heat source in infinite medium is

summarized as follows:

2 - '
%za %4—&% +M,for0<r<ooandr>r
ot or: ror 27, pC
6 =0, forO<r<owand r=7 (2.15)
@zo, forr=0 andz >0
or
0 — o0 forr > pandz >0

In accordance with the Green function, the temperature response that one coil induces

at any point except the heat source in the infinite medium is revealed in Equation (2.16).

2r

qb ¢, , qb: 1 r2+r02+(z—z')2} { rr } ,
6, = dr’ [Gdy' == ——exp| - =) —|dr' (2.16)
'([ '<|; 8@1[[713(2’—1)]3/2 { da(r-7) *l2a(r-7)

As for the infinite model, the z-coordinates of the rings are defined as z’=2-(n+0.5)b,

n=0, 1, 2, 3....... . Accordingly, the temperature response in the medium to all the ring

sources is founded to be:
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While keeping the ring source simplification, the heat source is considered to be
buried in a semi-infinite medium with limited length, stretching from h; to h, from the
ground boundary. The coils may then be approximated as m= int [(h2-h;)/b] ring pieces.
Again, the images are set symmetrical to the boundary, and the solution for the finite-

length ring-coil heat source model is achieved as:

n=l o n=0 o

:ﬂj 1 |o{ r, | ]exp{— r2+rol } (2.18)
8pco[,[a(r_r')f/2 2a(r-7) 4a(r-7)

m (z-h-nb+05b)° | | (z+hl+nb-05b)° ||
E{exp[ 4a(r-1) o da(r-71) dr

In addition, a ring-coil heat source model is established and the analytical solutions of

m 27 m 27
O = Zﬁpcj {ZIG(Z’:thb—O.Sb )dg'->" [ G(z :—hl—nb+0.5b)d¢}

temperature responses induced by a spiral heat exchanger are obtained (Li et al., 2012).
The spiral coils are distributed horizontally rather than vertically and thereby all coils are
on the same plane. The virtual ring tube surface temperature response of the unit ring
circle is calculated by a superposition of the contributions of the ring source itself and
adjacent ring sources. The formula is then obtained to calculate the average tube surface
temperature resulting from the dimensionless temperature responses rise at a point far
from the ring source that maintains constant place. Firstly, the ring source model in an
infinite medium is explored and the analytical solution of a single ring source is shown
in Equation (2.19).
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Therefore, the total contribution of all spiral coils at the same horizontal plane is:

e (0,9, 7)) (2.20)

Secondly, the virtual method is used to get the temperature response of a single ring

source in the finite medium and the corresponding formula is exhibited in Equation

(2.21).
0. = a9 i ierfc( )— erfc( i ) |do
' 4k + J4a \/E
r =«/(ro COSO‘—VCOS(p)z+(rosino—rsin(p)2+(_z'_z)2 (2.21)
r zx/(rOCOSU—I’COS¢)2+(r05ino-_rsinq))2+(Z'_Z)z
Accordingly, the result of the total ring sources is as follows:
n-1
__OZ (6.9, 2) (2.22)
q i

2.2.1.5 Spiral heat source

In this model, spiral coils are represented by a spiral line, which means the
connection of every two adjacent coils are taken into consideration. The spiral line with
coil pitch b emits heat at the rate of g, b and the coils are no longer symmetric with
respect to the z-axis, the temperature distribution caused by the heat source is three-
dimensional (3-D). The ground is regarded as a homogeneous medium, that is, the

thermophysical properties inside and outside the cylindrical circumference of the spiral
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coils are identical. The spiral line can be deemed as the sum of numerous point heat
sources located at the spiral line, every point source emits heat at the intensity of g

bdg dz/ (2n) and the corresponding coordinates are r = rq, z = b / (2 n).

As a consequence, the temperature response of any point except the heat source

induced by the infinite spiral heat source model is displayed as:

T

b ee)
es,i(r’¢’zlr):%pcj. J. z —bw/zﬂ'
B (2.23)

gb - % 1 r +r02—2rr0cos(go—gp')+(z—bgo'/27z)2 ,
=1 " ——————exp| - , do
da(r-1)

With regard to the finite spiral model, the source stretches from h; to h, below the

ground surface, the virtual method is employed again to obtain the temperature response:

qb T 27h2/b 27h2/b
es,fzipcjd{ [ G(z=bg'/2r)dg'~ | G(z’:—b¢’/2;z)d¢’:|
0 27h1/b 27h1/b
_ gb ; dz’ ex {_ r’+r’ } (2.24)
167pC [ﬂa(r_r')]” da(r—1')

2”}“ exp{ero c05(¢f¢')HeXp {_ (z _b¢’/27,[)2 } _exp [_ (z+ bgzi'/zfz)2 Hdd

27h1/b da(r-7) da(r-7) da(t—71)

2.2.2 Numerical methods for simulation
2.2.2.1 Finite difference model

For a single cylindrical energy pile, a simplified three-dimensional finite difference
model was employed (Lee and Lam, 2013). The heat exchange pipes were installed into
pile and all the pipes were identical, they have the same distance from the center of the
pile. The end connection and the thermal capacitance of pipes were ignored, and the

temperature of ground boundary was constant. In addition, the fluid kept the same rate in
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every pipe and no groundwater flow existed.
2.2.2.1.1 Heat transfer outside pipe

A sector column was used to represent one pipe and the sector was circumscribed by
the pile radius. Along the circumferential direction, the measurements were relative to
the first pipe in the counter-clockwise direction. Thus, this heat transfer style was pure

conduction and the corresponding energy equation is provided as:

T i =T g _ (qﬁ +Q, +Q, +Q, +Q, +Q, +QuUpy J (2.25)
At PCq e AA | W AZ;
where the meanings of relevant parameters are listed in Table 2.1
Table 2.1 The symbols and the corresponding meanings outside pipe
Symbols Meanings
T Temperature (K)
At Discretization time step (s)
d Discretization step designation in time
g Ground including all the regions outside the pipes
i,j, m Ground discretization step designations in the z-, r- and 6-
Z, 2+ Upstream z-direction, downstream z-direction
r,re Upstream r-direction, downstream r-direction
0.,0+ Upstream &-direction, downstream #-direction
Q Heat transferred into control volume of ground (W)
eq Equivalent properties of control volume of ground
s, p, C Soil, density (kg m™), specific heat capacity (J kg™* K*)
Ofact Load factor to be multiplied in calculating the source term
AA Cross-sectional area of control volume of ground (m?)
Az Length of control volume of ground in z -direction (m)
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2.2.2.1.2 Heat transfer inside pipe

Because fluid flows along the pipe and its temperatures become strongly coupled, the
fluid temperature for each control volume should be determined sequentially in an
iterative manner, the pipe connection configuration based on a specified temperature
profile along each pipe surface must be taken into account. Considering that the cross-
sectional area of the pipes is much smaller than that of the surface, the heat conduction

in the axial direction is neglected. The corresponding energy equation is given as:

n+l n+1
i m; Cy (I' fLu,i -T f,u,i+1)

= 2.26
qp,u,l dZi ( )
T n+1 _ 1 T n+1 T n+1 T n+1 T n+l T n+1
fouli _g( g,i,j,m + g,i,j,m+1+ g.i,j+l,m + g,i,j+l,m+l+ g,i+1, j,m (227)
+T n+19,i+1,j,m+l +T nJrlg,i+l,j+1,m +T n+1g,i+1, j+1,m+1)
where the meanings of relevant parameters are listed in Table 2.2
Table 2.2 The symbols and the corresponding meanings inside pipe
Symbols Meanings
T Temperature (K)
n Discretization step designation in time
g Ground including all the regions outside the pipes
I, J, m Ground discretization step designations in the z-, r- and
m Mass flow rate (kgs™)
f Circulating fluid around the pipes in the energy pile
U Pipe load (W m™)
u Pipe designation
c Specific heat capacity (J kg™ K™)
dz Ground grid spacing in z-direction (m)
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2.2.2.2 Comsol Multiphysics package

Hassani Nezhad Gashti et al. (2013) proposed a numerical modeling of thermal
regimes in steel energy pile foundations, and this 3-D model employs Comso
Multiphysics package. By means of comparisons between numerical model and
experimental results, the agreement can be acceptable and therefore the model is proven
reasonable. The actual depth of the pile is approximately 30m in the case study, the

domain extension 10mX10m is selected for the finite volume mesh and the height of

soil domain is 30m.

For the types of heat exchange tubes inside the pile, one is a single U-tube and
another is a double U-tubes. There are about 230, 000 tetrahedral elements chosen for
modeling single U-tube pile and nearly 260,000 tetrahedral elements for the double U-
tube pile. The meshing of domains is continuously refined to achieve constant output of

the model.

The power output of the pile foundation GHEs can be calculated by way of the

following equation:
W=q -p-c, AT, (2.28)

And the total energy output is:
Q= [w.dt (2.29)
The heat energy equation of the whole heat transfer is obtained in Equation (2.30)
oT
(pCp)qu-FIOCp U-VT =V-(k,VT)+Q (2.30)
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where the meanings of relevant parameters are shown in Table 2.3.

Table 2.3 The symbols and the corresponding meanings of energy pile with U-tube

Symbols Meanings

p Density of heat-carrier-fluid (kg /m?®)

Cp Fluid heat capacity at constant pressure (J / kg -K)
u Heat-carrier-fluid velocity vector (m/s)

Q Heat sources other than viscous heating (W / m*)
(PCp )eq Equivalent heat capacity at constant pressure (J/ kg -K)
T Absolute temperature (K)
t Time (s)

Keg Equivalent thermal conductivity (W /m K)

q Heat flux by conduction (W / m?)

I

Pile length (m)

2.2.2.3 Coupled multi-physical finite element modeling

A thermo-hydro-mechanical two dimensional (2-D) solution to the three-dimensional
(3-D) problem has been proposed (Dupray et al., 2014). It can be employed for not only
studying the thermal behavior of the energy pile but also evaluating the structural
consequences. The coupled multi-physical finite element modeling is conducted. The

energy balance equation of the saturated soil is given as follows:

O((pc,))(T —T,))

~ +div(f,)—Q, =0 (2.31)

where frand Qrare respectively the heat flow and a volume heat source, and p and c, are
respectively the density and specific heat of the mixture (solid matrix with voids filled

by liquid). In addition, T means the temperature and T, delegates the initial temperature.
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2.3 Studies on heat transfer experiments of pile foundation GHEs

2.3.1 The heat transfer comparisons of energy piles with different types of tubes

The pile foundation GHEs are employed in the GCHP system for achieving district
heating and cooling. Several types of heat exchange tubes are installed into vertical piles
and the running performances can then be compared with each other, the most efficient
one can be determined by this way (Gao et al., 2008). The view of on-site energy piles is

shown in Figure 2.1.

Figure 2.1 The construction drawing of on-site pile foundation GHEs

By means of a series of performance tests, the experimental data of heat exchange
abilities are obtained. These types include U-tube, double U-tubes, W-tube and triple U-
tubes. The thermophysical properties of the underground medium and backfilling
materials inside the piles are constant, and the materials of different types of tubes are
the same. To emulate the circulating pumps, a water tank of constant temperature and

two electric heaters are put to use, water flows through the tubes and keeps its
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temperature stable at about 35°C. The supply and return temperatures are measured by

platinum resistance thermometers with A-class PT100 sensors; the volumetric flow rate
is measured by a turbine flow meter. To observe the heat transfer performance of the
four types of GHEs, dynamic measurements are conducted and the results are then
obtained when all parameters attain stable states. The performances of these types of

GHEs are listed in Table 2.4 and the comparisons can be made.

Table 2.4 Heat transfer comparisons of different types of tubes

Types Water flow  Energy output Heat tfa.”Sfer
(m¥h) coefficient

(W /m) (W/mC)
W-shaped 0.342 83.05 5.840
W-shaped and double flow rate 0.342>%2 94.25 6.230
Single U-shaped 0.342 57.84 3.891
Double U-shaped 0.342%2 89.53 5.780
Triple U-shaped 0.342>3 108.07 6.947

Energy outputs and heat transfer coefficients of different types of heat exchange tubes
are calculated, the temperature of the soil under 5 m depth stays almost constant at about
18.2°C. By way of comparisons, the heat transfer ability of every type of tube can be

displayed.

In addition, Jalaluddin (2011) conducted an experimental study about several types of
steel pile foundation GHEs, U-tube, double-tube and multi-tube are each installed into
different piles. The cooling modes are employed to investigate the heat transfer
performance of piles with different tubes, and the water passes tubes for releasing heat to

the ground. The flow rates of water are respectively set as 2, 4, and 8 liters / min. Some
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thermal resistances are installed into different positions along the depth direction of the

pile so that temperatures can be measured.

The water temperatures of both the inlet and the outlet are also recorded at set time
interval to enable the heat exchange rate to be acquired. The final argument is that the
double-tube has the highest heat exchange rate, an multi-tube and U-tube respectively
occupy the second and the third places. Afterwards, the flow rates are increased to
observe the change of heat transfer abilities of the different tubes; the results show that
the heat transfer rates of double-tube and multi-tube can continue to increase with the
flow rates, however, the U-tube tends to be constant. Accordingly, the double-tube and
multi-tube can be operated in a wide range, and the double-tube is the most attractive

choice.
2.3.2 The thermo-mechanical behavior of energy pile

There is no doubt that the combination of pile and heat exchange tubes is a novel
technology, because the supporting parts of buildings are fully utilized to share cooling
load or heating load. However, the interrelationship between mechanical performance
and thermal performance is a significant issue that requires further attention. At present,
the understanding about mechanical behavior of energy piles under heat exchange

condition is a little.

Firstly, Laloui et al. (2006) presented a model which is named as “thermo-hydro-
mechanical” (THM), and it was derived from homogenization theory (Modaressi et al,
1991). The influences that thermal behaviour and thermal effects exert on the
mechanical behaviour of piles are discussed based on the THM model, which involves

some equations that are listed in Equation (2.32).
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And the parameters and the corresponding meanings are shown in Table 2.5.

Table 2.5 The symbols of THM model and the corresponding meanings

Symbols Meanings

0,0 Total stress tensor, effective stress tensor

p Total average mass density

Ps » Pt Mass density of solid and fluid, respectively

n,g Porosity, gravity vector

P, T Pore water pressure, temperature

Urf Relative fluid velocity

Us Solid displacement

c Total equivalent specific heat

C Fluid specific heat

t Time (s)
B, Br Compressibility of solid, effective compressibility of solid
B, Ps Compressibility of fluid, effective compressibility of fluid
= Total strain

éTe, éP Linear thermo-elastic strain rate , plastic strain rate
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Secondly, Gashti et al. (2014) finished significant experiments to check the thermo-
mechanical behaviour of energy piles, because this behaviour in structural and
geotechnical terms is influenced by temperature variations in the pile shaft induced by
heat exchange. Energy piles release heat in summer and abstract heat in winter, and the
corresponding operation modes are divided into cooling and heating under which the
behaviour is analyzed. The schematic diagrams of energy piles in the running states are
depicted in Figure 2.2

Inlet flow == Outlet flow Inlet flow ey Outlet flow

Before operation After operation
After operation Before operation
g . =
ES -3
Contraction : Expansion operation
T(tube) < T(soil) T(tube) > T(soil)
Winter mode Summer mode

Figure 2.2 The thermal-mechanical behavior of energy pile

The U-tubes are installed into composite piles to enable both the structural and
geotechnical resistances to be calculated. The pile and the surrounding soil are assumed
to behave within a linear thermo-elastic range, and the soil-pile interface is assumed to
make perfect contact. It is clear that the pile respectively presents contraction and
expanding trends in the heating and cooling conditions. Accordingly, the pile shaft is in
expansion mode in summer and with compressive stress added in winter. After the total
contribution of the cooling and the heating, the stresses are about 20% of the ultimate
compressive strength of typical concrete. Whether the expansion result or compressive

effect is dominant depends on the comparison between the heating load and the cooling
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load. When the cooling load is larger than the heating load, the expansion degree is

stronger than the compressive level, and vice versa.
2.3.3 Heat exchange capacity of CFG pile geothermal exchangers

The heat exchange capacities of the cement-fly-ash-gravel (CFG) piles are
investigated by means of the thermal response test (TRT) and thermal performance test
(TPT) (You et al., 2014). The design method of borehole GHEs is usually adopted for
that of pile foundation GHEs (NHBC, 2010) and therefore the obvious errors inevitably
occur. Thus, Shuang You et al. propose that the innovative way of obtaining the heat
transfer capacity of energy pile can be achieved based on an in-situ full-scale test.
Additionally, all the influential factors of the heat exchange capacity are researched.
These tests are conducted not only for single pile but also for grouped piles. The
constant heat flux and the constant inlet temperature are respectively tested by TRTs and

TPTs. The profiles and layout of CFG pile and the corresponding sensors are shown in

Figure 2.3.
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Figure 2.3 The profile and layout of the CFG energy piles and sensors
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The piles are drilled and filled with concrete and reinforcement cage bounded with
W-tubes is then immediately installed. The pile is then back-filled with gravel. The
material of the tube is high-density polyethylene (HDPE) which keeps the diameter at
25mm and the depth at 72 m. Thermal sensors are set at four sections, that is, 3 m, 8 m,
13 m, and 18 m from the pile top to the bottom. The temperature variations along the

pile are monitored section by section.

The heat transfer capacity of single pile and grouped piles obtained by means of TRT

are given in Table 2.6.

Table 2.6 The heat transfer capacity of single pile and grouped piles by means of TRT

Pile Heating power Thermal Thermal Average temperature
type of every pile  conductivity resistance of inlet and outlet
(W) (W/m®C) (m/°’C/W) water (C)
Single 1750 2.78 0.33 34.35
Grouped 1750 2.13 0.39 34.90

By using TPT, the following results are produced.

Table 2.7 The heat transfer capacity of single pile and grouped piles by means of TPT

Inlet water Total heat Heat exchange
Condition Pile type  temperature exchange rate rate per meter
(C) (W) (W/m)
Cooling Single 5 -939 -58
Grouped 5 -838 -46
Heating Single 35 2160 116
Grouped 35 2070 111

In addition, Morino made use of soil as heat sink and heat source (1994); a steel pile
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is employed as a heat exchanger to exchange thermal energy with the surrounding soil.
The external diameter of the steel pile is 400mm and the vertical depth is 20 m. The heat
transfer quantity from pile to the soil is recorded and the variations of the water
temperature in a steel pile are also studied. The heat exchanged with the soil per day is
210 MJ as a heat sink; and 113-150 MJ as a heat source during a short-term experiment.
The average heat transfer capacity of energy pile during the whole operating period i.e.

the sum of cooling and heating stages, is shown in Table 2.8.

Table 2.8 The heat transfer capacity during the whole process

Parameter Value
total amount of heat collection 5.6GJ
heat collection rate 628kJ/m/h
average heat collection rate 97 kd/m/h

(including the “off ” time)
the minimal water temperature in the pile 4.2°C

total operation time 443h

2.3.4 Heat transfer performance of the spiral GHEs

Lee et al. (2015) investigated the thermal performance of spiral GHEs that are
respectively installed vertically and horizontally. The pre-stressed high-strength piles are
employed for vertically burying spiral heat exchange coils, and all coils are set along the
pile’s depth direction and they locate at the central area of the space. The horizontal
GHEs are those spiral coils that are installed at the bottom of the building foundation.

Figure 2.4 shows the structural shapes of both vertical and horizontal spiral coils.
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Figure 2.4 The installation types of spiral coils

The coefficients of performance, that is, COP of vertical and horizontal spiral coils,
are both obtained; the heat transfer rate of vertical case is higher than that of horizontal
case. In the short term, the vertical and horizontal cases have the same initial payback
period, but the vertical case has larger savings (28%) than the horizontal case in the long

term.

In addition, Park et al. (2015) studied the heat transfer performance of energy pile
with spiral coils while the coil pitches respectively employ tight and loose values. The
corresponding researches show that the spiral coils with tight pitch can provide more
heat transfer quantity; however, the relative heat transfer performance is not directly in
proportion to the length of spiral coils because the tight pitch may cause thermal
interference between each coils of the spiral tube. The optimum configuration of spiral
coils installed in the piles should be determined based on comprehensive factors,
including the heat exchange efficiency, the increased material cost, the construction
difficulties in case of an exceedingly longer spiral coils and the thermal performance of

spiral colls.
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2.3.5 Field performance of an energy pile system

The field performance of GCHP is tested by experiment while energy piles are
employed for space heating (Hamada et al., 2000), and the heat exchange tubes are
buried into piles of an actual building locating in Sapporo. As is well known, piles can
be divided into bearing and friction cases according to the mechanism, in this system
friction piles are taken into account for acting as GHEs, because the predetermined

lengths can make them highly advantageous for use in air conditioning design.

A single U-tube is installed into every pile and then three tests are carried out to
specify the design of pile foundation GHES, because this type of tube has advantages as
regards the economic efficiency and workability. The period of heating operation is from
mid-December 2000 to late-April 2001. After such a long-term space heating operation,
the corresponding measurements show that the seasonal average temperatures of
circulating liquid returning from the underground and pile surfaces are respectively

2.4°C and 6.7 'C. The average operating results of the whole heating period are

provided in Table 2.9 which lists the field performance of the energy pile system.

Table 2.9 The operating result of the heating period of the energy pile system

Parameter Value
Room temperature 23.3C
Relativity 38.9%
Fluid supply temperature to underground -0.6C
Fluid return temperature from underground 2.4°C
Surface temperature of friction pile 6.4°C
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Fluid supply temperature to building 30.4C

Fluid return temperature from building 28.4°C

Space heating amount 503.8MJ / day
Power consumption 173.3 MJ / day
COP 3.9

It is seen that the data given in Table 2.9 indicates that the field performance of the

energy pile system is satisfactory.

2.4 Theoretical research on borehole GHEs with groundwater

advection

Groundwater flows along a certain orientation under the role of the local hydraulic
gradient, and considering that the borehole GHEs have been the mainstream in recent
years, the corresponding research on impacts exerted by groundwater on heat transfer is
more deserving. It is seen that borehole GHEs are usually taken into consideration for
most of the engineering projects, the heat transfer and economic performances can be
improved in the event of groundwater advection. The investigations including analytical

and numerical methods are demonstrated in the following sections.
2.4.1 The analytical methods

Firstly, an equation including both conduction and groundwater advection has been
established to estimate the groundwater impact on the heat transfer of borehole GHEs
(Diao et al., 2004). The Green function is adopted to obtain the analytical transient

solution of the temperature response induced by a line heat source in an infinite medium.
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The two-dimensional expressions and the corresponding dimensionless forms are
obtained, and authors’ computations explain that the groundwater advection can change
the underground conductive temperature distribution. The temperature response rise can
be suppressed and all response can reach stable states finally. Thus there is a belief that

the research provides theoretical basis for the design of borehole GHEs.

The temperature response is denoted as: # =t - to, where t and t, are respectively the
actual temperature and the initial temperature, and Equation (2.33) gives the expression

of 6.

[X—U(T—Tl):lz +y?
- da(r—1)

o (2. 33)
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The temperature distribution around borehole GHE changes with the time and the

isothermal of different time are depicted in Figure 2.5, where Fo = a 7/ ro”.

Fo=1 Fo=t
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Figure 2.5 Temperature distribution around borehole GHE while infinite line heat source with

groundwater advection is employed

Secondly, Molina-Giraldo et al. (2011) proposed a moving finite line heat source
model and the ground boundary effect is considered in this model. Accordingly, the
research related to groundwater seepage extends from two-dimensional (2-D) to three-
dimensional (3-D) model, which means the heat transfer along three directions i.e. x, Y,

and z directions are all analyzed while groundwater flows through the borehole GHE.
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The analytical expression of temperature response is given in Equation (2.34).

o(x,y,z,t) = _217» exp(—;);jh f(x,y,z,t)dz —JH f(xy, z,t)dz} (2.34)
where
1 ur r—ut ur r+ut
- = = il = 2.35
f(xy,z1) 4r{exp( 2ajerfc(2ﬁj+eXp(Zajerfc(zﬁﬂ (2.35)

The investigations into the finite moving line heat source can once again prove that
the heat transfer around borehole GHE is affected by groundwater advection. Compared
with the infinite moving line heat source model, the finite case is more important
especially when the heat transfer time is long. In addition, the temperature response
caused by the infinite model is always larger than that of the finite model while other
conditions are the same. The temperature distributions of infinite and finite cases are

shown in Figure 2.6, and it is clear that the temperature response of the latter is weaker.
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Figure 2.6 Isothermals of both infinite and finite moving line heat source models

Fujii et al. (2005) developed a mass and heat transport model to simulate the
behaviour of a large-scale GSHP system in the Akita Plain, northern Japan. This model

is used to study different operational schemes and to maximize the heat extraction rate
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of the GCHP system. The heat transfer performance of GHE is simulated by means of
this 3-D well model, and the horizontal area is 5mX5m and the depth that is equal to

GHE length is 50m, and includes five layers. Groundwater flows from the east to the
west, and its velocity keeps stable at about 1.410"* m/day and this value can be put into
the simulation model that is validated by the cylindrical source function G (Ingersoll,
1954). After detailed simulation and calculation, the results indicate that the heat
extraction rates of GHE are enhanced if ground flow attains a certain degree, in other
words, if the Peclet number is equal to or higher than 0.1, the effect of groundwater flow

becomes obvious.
2.4.2 The numerical methods

Firstly, Lee and Lam (2012) explored a modified three-dimensional difference model
for borehole GHEs located in multi-layers with inhomogeneous groundwater flow, and
the model is validated by the simulation software FLUENT. The model is then used to
study the effect of groundwater table on the performance of borehole GHE under the
condition of various groundwater velocities. Research on the influence that velocity has
on the table effect in a full-groundwater-flow is conducted; afterwards the trends of the
fluid temperature leaving a borehole are investigated. The most significant aspect is that
the performance of a single borehole GHE is studied based on different groundwater

tables. Some parameters involved in the model simulation are introduced in Table 2.10.

Table 2.10 Values of various parameters used for model

Parameter Value
Borehole radius (m) 0.055
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Insulated length of borehole(m) 5

Effective length of borehole(m) 110
Thermal conductivity of pure soil (W m™K™) 3.5
Volumetric heat capacity of pure soil (ki m®K™) 2160
Thermal conductivity of groundwater (W m™* K™) 0.614

Volumetric heat capacity of groundwater (kJ m*K™) 4190
Porosity of soil 0.1

Applied borehole load (W) 3300

Secondly, numerical evaluations on heat transfer of different types of borehole GHEs
arrays were conducted while groundwater advection exists (Choi et al., 2012). The 2-D
heat transfer model containing conduction and advection is utilized to explore the effects
of both the direction and the rate of groundwater flow. Three types of arrays including
rectangular, L-type and single line are used in the research process; this model is based
on the finite element method and the significant conclusion is that the mean temperature
of circulating fluid drops with the time as a result of the groundwater advection. The

maximum drop of this temperature is illustrated in Table 2.11.

Table 2.11 Annual maximum drop of mean fluid temperature

Time Single line-type L-type Rectangular
(year)  (finite element)  (finite element)  (finite element)
1 -5.4°C -55C -5.5C
2 -5.9C -5.9C -6.1C
5 -6.6°C -6.7°C -7.3C
10 -7.3C -75C -8.4°C
15 -7.8C -8.0C -9.1C
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According to Table 2.11, no matter what type of the borehole GHEs arrays is adopted,
the advection influence is inevitable only if the groundwater seepage phenomenon exists,
and also if the impact degrees exerted by different types of arrays on the mean fluid

temperatures are nearly equal.

Thirdly, Zanchini et al. (2012) carried out an analysis for the long-term impact which
groundwater advection imposes on borehole GHEs, the COMSL Multiphysics were
implemented based on the finite element simulation. A certain range of Peclet numbers
was selected and two regular time periodic heat loads were considered. The ground was
modeled as a Darcy porous medium while the heating load in winter and cooling load in
summer were both taken into account. The results indicate that the groundwater flow
does not reduce the effects of hourly peak load but yields an important improvement of

the long-term performance in case the Peclet numbers lie in a certain range.

Lastly, another outstanding numerical method is to employ physical and
mathematical models of single tube cylindrical models with equivalent diameter (Liu et
al.,, 2012), the aim was to determine the influence of groundwater seepage on
underground temperature fields. The differences are caused because both different
thermal conductivities and different porosities are respectively compared, and the

domain factors are determined.
2.5 Studies on groundwater advection experiments of borehole GHEs

A number of groundwater seepage experiments have been conducted to check the
groundwater’s influence. The aim in this regard was to enable the simulation results of

theoretical research to be validated by experimental findings.
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Firstly, Fan et al. (2007a) coupled soil conduction and advection experiments. These
experiments were implemented in saturated soil without seepage and soil with seepage.
To better understand their influences on the heat transfer, the heat load of GHE, initial
temperature of soil and the groundwater flow rate were all investigated. A sandbox was
established and an electric heater was set along its center line for simulating the line heat
source, the fixed water tank and mobile water tank were installed on the sandbox in
order to create stable heat pressure, to enable the different seepage velocities to be
achieved. The power of electric heater could be adjusted to enable the seepage

experiments to be simulated under the condition of different heating loads.

Secondly, a thermal performance experiment of a borehole GHE in Baoding of China
was conducted when the groundwater flow exists (Wang et al., 2009). The influence of
groundwater flow on the heat transfer performance of borehole GHE was analyzed. The
experimental setup is composed of heat source and cool source, a measuring system, a
borehole GHE, water tank and so on. The circulating fluid was stored in an insulated
water tank before it flows through the GHE, and the main role of this tank is to keep the
water temperature stable. The measuring system includes Pt1000-type temperature
sensors, electronic magnetic flow meters and other auxiliary instruments, thus both the
temperature responses of some locations and the flow meter of groundwater can be
obtained. This experiment is successfully and fully studied the impact of groundwater
seepage. It was found that the heat transfer effect of borehole GHE with groundwater
advection was better than that of pure conduction, and the stronger the velocity, the

better the heat transfer performance.

Thirdly, Feng (2011) established an experimental rig with a sandbox; the U-tube was
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installed into sandbox to simulate a borehole GHE. These scholars wanted to check the
improvement of heat transfer capacity in case groundwater seepage is not ignored. For
this reason, the high level cistern was set and therefore the water was able to drop and
pass U-tube inside the sandbox under the role of gravity. The aim was to simulate the
groundwater seepage and a lower water box was installed to retrieve the water leaking
from the sandbox. In addition, an electric heating water tank was applied to heat the
circulating water of U-tube. By this method, the water is able to circulate under the role

of water pump, the diagram of the experiment rig is shown in Figure 2.7.
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Figure 2.7 The schematic diagram of experiment rig of groundwater flow
2.6 Studies on impacts which groundwater exerts on pile foundation

GHEs

Go et al. (2014) conducted an experimental research on the temperature rise around
pile foundation GHEs. Spiral coils were installed into a precast high-strength concrete
pile and temperature response tests were then implemented to evaluate the heat transfer

performance. The long-term effect yielded by groundwater advection on underground
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temperature was examined. The energy pile was operated for a long period of time and
the results show that the average temperature rise is weakened by groundwater advection.
Comparisons between the groundwater advection’s existence and absence were made,
and the corresponding calculations were conducted while groundwater with various

velocities passed through the pile arrays.

On the whole, the investigations into the influences exerted by groundwater on energy
pile system are a little not only in theoretical methods but also in experiments; therefore

the significance of this thesis is obvious.
2.7 Study on obtaining the velocity of groundwater

The seepage degree of groundwater is determined by its velocity and therefore how to
obtain this parameter is vital, it is of the essence to realize the value and orientation of
groundwater velocity for calculating the heat transfer. The references reveal that some
instruments such as groundwater flow meters are put to use for directly testing the
velocity. However, it is undoubtedly hard o obtain the velocity in such a way as the
installation and operation have presented many difficulties. As a consequence, a number

of methods have been being explored in recent years.

Firstly, the unsteady moving line heat source model is usually adopted to study heat
transfer between borehole GHE and the surrounding medium when groundwater flows
along the positive direction of x-axis. Regarding this, the model is made use for
optimization involving the nonlinear simplex method, and then the velocity can be
obtained (Yu et al., 2007). The key step of optimization is to employ the parameter

estimation method because the groundwater velocity is difficult to be acquired. Explain
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in detail, the circulating liquid extracts or releases heat when it flows through borehole
GHE, its inlet temperature, outlet temperature and flow meter with the time are recorded.
As is well known, thermal conductivity and volumetric specific heat capacity of
underground medium as well as the groundwater velocity are three unknown parameters;
the functions of the sum of variance are established to respectively estimate the values of

these three parameters in the light of optimization techniques (Wei, 1987).

Secondly, despite the direct simulation for random filed of groundwater velocity
located in aquifers of spatially variable has been developed in recent years,
homogeneous hydraulic conductivity is still stochastic. Then, the stream functions are
taken into consideration to make a dual description of groundwater flow (Konecny and
Frst, 2010). The flow with the steady state is a necessary assumption, there have far
boundaries and have no sources and sinks. A first-order approximation of the spectra of
the random stream function and the random velocity field are obtained by means of a
perturbation approach. In view of the parsimony in the use of parameters, the study on
the generation of random velocity field with the help of stream functions is worthwhile.
Accordingly, it is certain that only a scalar random field is generated. Therefore, the
Mikhailov's method, that is, the partitioning and randomization of the spectrum, is
employed to simulate the homogeneous Gaussian field (Mikhailov, 1978). In addition,
the problems of conditional simulation of random velocity fields honoring measured
velocity values at several locations are tackled. In a word, this generation method is
demonstrated based on the comparison between the empirical and theoretical spectra.
Admittedly, this is a significant progress during the period of studying groundwater

velocity.
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Thirdly, the velocity of the groundwater which is in a screened well can be rapidly
measured by an automated on-line instrument (Patterson et al., 2010). A carbon dioxide
gas tracer is an indispensable element of the vital instrument which is applied for
measuring. The tracer can be periodically delivered to the permeable chamber that is

within the well.

The diffusion’s rate is fast while the gas tracer passes the wall of the permeable
chamber. One aspect of the groundwater/chamber interface is that the gas entrainment is
proportional to the velocity of groundwater flowing through the chamber. A second
aspect relates to the ability of mass transfer passing this interface to control the effective
diffusion entering the groundwater. The gas tracer is delivered periodically and the
reduction in concentration of the tracer can be monitored from the permeable chamber,

hence the groundwater velocity is determined multiple times every day.

In addition, the laboratory experiments are conducted in a calibrated flow chamber,
and the corresponding results explain that the instrument can be used to accurately and
reliably obtain the groundwater velocities while the interval is 3 hours and the flow rates
are from 25m/year to 300 m/year. Furthermore, the velocity field testing by way of the
velocity probes at multiple well locations in a sandy aquifer can provide velocities

consistent with another monitoring technique and site modeling.
2.8 Summary

According to the descriptions above, the researches about the heat transfer of GHEs
and groundwater advection have made progress not only academically but also

experimentally. The application of pile foundation GHEs is a significant development of
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GCHP technology because both heat transfer and civil structure have been effectively
combined. Investigation into pure conduction of energy pile has been being carried out
until nowadays. However, of further interest is the association of the groundwater flow

and the energy, which is a novel research field that worth paying attention.

The employment of pile foundation GHEs has obvious advantages in terms of
reducing initial cost and saving land area. Consideration of the groundwater seepage
phenomenon provides an encouraging mean to enable further improvement of the heat
transfer performance of pile foundation GHEs. As such the original conduction could be
converted to the combined heat transfer including conduction and groundwater
advection, enabling the heat accumulation around pile to be alleviated. The improvement
degrees that groundwater seepage yields on the heat transfer performance are determined
by the groundwater velocity. On the basis of the research work conducted by scholars or
experts, the valuable study on the influence exerted by groundwater on pile foundation

GHEs can be implemented.

The novel investigations presented in this thesis focuses on the analytical models of
pile foundation GHEs with groundwater advection. The corresponding models will be
proposed according to the principles of “from simple to complex” or “from abstract to
concrete”. The exploration on heat transfer under the condition of combined heat
transfer is to be conducted. The on-site experiments of energy pile should be conducted
to check the heat transfer ability and verify the corresponding simulation models. At the
same time, how to obtain the velocity including its value and orientation is a vital
problem because this parameter reflects the intensity of groundwater advection. For this

reason, the study presented in this thesis proposes a significant and feasible methodology

50



to achieve the groundwater velocity. It is hoped that a firm foundation will be laid for
further research into exploring the influence of groundwater advection on pile

foundation GHEs.
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CHAPTER 3 SOLID CYLINDRICAL HEAT SOURCE

MODELS WITH GROUNDWATER FLOW

3.1 Introduction

Since the pile’s interior is a considerable volume filled with the concrete or other
mediums, the corresponding heat capacity cannot be ignored. Spiral coils are arranged
close to the internal surface of the pile, creating an integrated system of pile with interior
medium and coils. The filling material is regarded identical as that of the outside; it is
inadvisable to still model the GHE as a line or hollow cylindrical heat source. It is a
challenge to investigate the heat transfer of energy pile being passed by groundwater,
and the research procedure starts with simple cases and move to more complex ones.
Thus, to explore the advection influence that groundwater exerts on the energy pile,

solid cylindrical heat source seepage models are first proposed.

This model treats the energy pile as a solid cylindrical surface heat source with its
own interior heat capacity, and disregards the detailed configuration of the spiral coils.
The surface of this model is deemed as evenly-distributed heat source emitting heat at a
uniform rate (Kavanaugh and Rafferty, 1997). The geometry of the model is shown in

Figure 3.1.
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Solid cylindrical heat source

210

Figure 3.1 Geometry of solid cylindrical heat source model

Figure 3.1 illustrates the configuration of the solid cylindrical heat source model, with
both heat transfer inside and outside the pile considered. This model cannot describe the
structural characteristics of the energy pile in the most accurate way, but still represents
a significant progress in the process of exploring the characteristics of pile foundation
GHEs. The solid cylindrical model can provide theoretical guidelines with respect to
calculated engineering projects provided that not too high an expectation is placed on the
results. When groundwater flows through an energy pile, the heat exchange mode of the
solid cylindrical heat source is converted from pure conduction to one including

conduction and groundwater advection (KAYANE et al., 1985).

In fact, this model is even applicable for a borehole GHE with groundwater advection,
because the borehole is filled with backfilling material and thus a certain degree of
interior heat capacity still exists. This chapter describes the line heat source seepage
models, the solid cylindrical heat source conduction model and the corresponding
seepage models. This is because the investigations aiming at groundwater advection’s

influences on a GHE begins with the heat transfer of the borehole GHE with
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groundwater advection, for which the line heat source model is widely used. Discussions
on the heat transfer characteristics of the borehole GHE with groundwater advection can

provide a valuable basis for study of the similar problem of pile foundation GHE.
3.2 Basic principles for acquiring analytical solutions

3.2.1 The Green’s function

In order to investigate the heat transfer of a borehole or a pile foundation GHE based
either on a pure conduction model or on a one taking account of the water flow in the
porous medium, the Green’s function theory is employed in this study, which has been
proven to be a very potent and straightforward method of obtaining analytical solutions
for various models studied (Carslaw and Jeager, 1959). The Green’s function is the
temperature response to an instantaneous point heat source, that is, a point lying in a
given location emits a finite quantity of heat instantaneously at a given time, and in a
certain domain with zero initial and boundary conditions. The Green’s function for an
infinite homogenous medium is the most essential and most useful in the heat

conduction theory, its expression is shown in Equation (3.1).

G(x,y,z,7;x,y,2,7") = XY (YY) 422 }(3.1)
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Equation (3.1) gives the temperature response of a point (x, y, z) at time z in the

medium to the instantaneous point heat source which lies in (x,y, z) and begins to emit

heat from the time 7. The Green’s function may be regarded as the temperature rise in
an infinite medium as a result of a quantity of heat. Thus, any heat source with complex

shape can be regarded as the spatial gathering of a great multitude of points. The heat
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source which provides continuous heating can be deemed as the collection of a large
number of instantaneous heat sources according to the time sequence, and which can be
expressed by integration of time or space. This approach can be utilized to solve the
problems of heat conduction around buried coils. A point (X, y, z) in the Cartesian
coordinate can be denoted (r, ¢, z) in the cylindrical coordinate, allowing coordinates to
be used interchangeably, and the expressions are listed as: X = r cosep, y = r sing, z = z.

The distance between the points (x, y, z) and (x,y, z) is given by:

R = (x=X)2+(y—y)? +(z=2)? =’ +r2 =211 cos(p—¢) +(z-2)* (3.2)
The Green’s function becomes Equation (3.3) in the cylindrical coordinate.

r¥+r-2rr'cos(¢—¢') +(z- z’)2
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(3.3)

For example, given that a point heat source lies in infinite medium and is located at
(x’, y’, 2), and an amount of heat pc is emitted instantaneously at the rate q(W) per unit
time from > = 0 to ” = 7, the temperature response is achieved by integrating Equation

(3.1) or (3.2) with respect to 1, i.e.:

T

q ' q R
0=—|Gdr' = erfc 5 3.4
pC ! 47kR (2\/ ar j (3.4)

where Rs is given in Equation (3.2).

In case a semi-infinite medium has its surface kept at zero temperature, and is heated
by a buried heat source with heating rate g, the solution may be obtained by the virtual
heat source method (Zeng et al, 2003). To be more specific, a virtual heat sink with a

negative heating rate — q is positioned symmetrically with regard to the boundary. The
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temperature of boundary, that is, t, is initially zero due to the symmetry of the source and
the virtual sink. The temperature response in the medium can be obtained by summing
up the contributions of all the heat sources and sinks in the infinite medium with the help

of the Green’s function.
3.2.2 Moving heat source

A series of problems can be regarded either as cases in which heat sources move
through a fixed medium, or as cases that the medium flows past a fixed heat sources
producing heat. In the following study, the medium flows along the x-direction with a
uniform speed u while the heat source is deemed as motionless. The motionless
coordinates are defined as (x, y, z), at the same time the coordinates moving together
with the medium are set as (&, #, ). For the temperature T (&, #, £ 7) in the coordinates
moving with the medium, the traditional heat conduction equation holds, excluding the

domain where the heat sources itself is located at, that is:

(3.5)

oT o°T o°T  o°T
yialc z + z + 2
or o& on og

AsT(Em,¢,7)=t(x,y,z,7)=t(E+uz,7,¢,7)and the conversion between the two
coordinate systems are x =&tur,y =g,z =, thus energy conservation equation is
acquired in Equation (3.6).
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This equation can later be expressed in the fixed coordinates and it is given as:

2 2 2
2L 3 _ [, o o (3.7)
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The heat conduction caused by moving heat sources (or the flowing medium here) can
also be solved by the Green’s function theory, i.e. by integrating of the solutions of

instantaneous point sources. In the case of an amount of heat Q = poc emitted at the
point (X, y’,z') at time 7, the point in the moving medium, which is at (x,y,z) at time z,
was at [x—u(r—r’),y,z] at time 7z’. Accordingly, the Green’s function theory can be
used to obtain the temperature response at the point (x, y,z) in the motionless
coordinates at time 7 to an instantaneous point source emitting heat at (X, y’,z’) at 7’.

This temperature response is shown in Equation (3.8).

M(x,y,z,7;X, Yy, 2", 7") =

1 o[ e Py P e2f] (g
8lma(r - ) xp{ da(e-7) } (3.8)

The temperature response above can be defined as M function, with reference to a
continuous point source emitting heat at the rate q(W) for times 7>0. The temperature

response to the point source emitting heat continuously from 0 to z is:

g . q u(x-=x)] % , U’R?
0——IMdT = . eXp|: 2a il j eXp|:—l// —W dl//

PCY R/2:/ar (39)
q U(X_XI) ! oo
€ - f XY, 2,7,X,Y,2Z
YT Xp{ 7a } xy,z,7;x,y,2"
where
f(xyy’z,T?X’,y’,Z’)Z% ] em{_v’z_lg%}dl//
" v (3.10)

Al ()

In Equation (3.10), R=+/(x— X'} +(y -y +(z—z')’ in the Cartesian coordinate or
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R= \/r2 +r'? - 2rr’cos(go—go’)+ (z - Z')2 in the cylindrical coordinate.

When u = 0, that means the source (medium) is motionless and the temperature
response is shown in Equation (3.4). For more complicated heat sources, such as line
and cylindrical surfaces, of either the instantaneous or continuous nature, the
temperature responses can be obtained directly by integration of the contributions made

by all individual point sources.
3.2.3 Advection in porous medium

In the saturated porous medium, heat is transmitted in a combined mechanism, that is,
by conduction through its solid matrix and liquid (water) in its pores as well as by
convection of the moving liquid (Chiasson et al., 2000). The energy equation which
describes heat transfer in the saturated porous medium containing heat advection and

conduction is shown in Equation (3.11).
pC—+pWCW(V-Vt)——V-(kVt) :

where v indicates the Darcy velocity in the porous medium, k and pc are respectively the
effective thermal conductivity and the volumetric specific heat of the bulk porous

medium, weighted according to the proportions of saturated water and solid matrix.

The Darcy velocity is regarded as uniform in the whole domain concerned and
parallel to the ground surface, this assumption is approved in the following discussions.
The velocity u is defined to be in the direction of the x-coordinate. Accordingly,
Equation (3.11) reduces to Equation (3.12) while the thermal properties are constant

(Diao and Fang, 2006).
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LU avzt (3.12)

where U =up,.c, /(oc), can be referred to as the effective heat transport velocity, and

a=k/(pc) is the effective thermal diffusivity (Yuill and Mikler, 1995).

A comparison of Equations (3.7) and (3.12) shows that the advection problems can be
formulated in the same expression as that of the moving source problem if

U =up,c,/(oc) is substituted for u. Therefore, analytical solutions for the advection

problems may also be obtained by using the Green’s function theory.
3.3 Line heat source models with groundwater advection

In the past studies, line heat source models were usually employed for borehole GHE
because of the borehole’s size characteristics. When groundwater flows through a
borehole GHE, the line source turns into a combined mechanism involving the emission
of heat and groundwater advection. If heat is emitted at the rate of g, along the z-axis,
the line source may be looked on as a collection of innumerable point sources with a
heating rate of q, dz’. The excess temperature § = t — t; and parameters t and t, are
respectively actual temperature and initial temperature of any point except heat source in
the underground medium (Diao et al, 2004). Thus, the temperature response to the line

source can be achieved by the integration of Equation (3.8), that is:

T ) 4(:11'/R2 22
ql ’ 1 ’ ' q| UX 1 1 U Rl//
0, =—|d M(x' =y =0)dz' =——exp| — —exp| ——-— d (3.13)
ol pC-([ Ti (X =y'=0)z= p(zaj { v p[ v 162 ) "

where R =,/x? + y?, the generalized incomplete gamma function is shown in Equation

(3.14) and it can be utilized to obtain another form of Equation (3.13).
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I'(a,x;b)= foos//a‘l exp [—w —BJdl// (3.14)
x v

Equation (3.13) can also be expressed as:

o 2p2 2 2p2
9a|i=iexp(%j- | Leop| -2 dw=iexp(%)-r o IR (3.15)
Ak 2a R2{aar) V 16a°y 4k 2a dar 16a

(4ar)

For the line heat source of finite length in a semi-infinite medium, stretching from z’
= h; to 2’ = h, along the z-axis, the temperature response can be formulated by the mirror

method. The solution is also written as:

—h1

T h2
Oui 1 =ijdr’[IM(x’= y'=0)dz' — [M(x = y':o)dz} (3.16)
lx: 0 hi

—h2

Equation (3.16) can be given detailed expression as follows:

q | dz’ [X—U(T—r’)]z—i—y2
9 == — .
a,l,f 8,000[7ra(z'—z")13/2 eXp[ 4&(2‘—1")
h2 2 —h1 n2
~ (z-2') . ~ (z-z ,
o] on]- o2 -
_a jdr | UG- ey
_87rk-([r 7' exp{ 48.(2'—2")

erfc i —erfc & —erfc & +erfc &
Z.Ia(r—r’) Z.fa(r—r') Z,Ia(r—r') Z.fa(r—r')
The analytical solution of finite line heat source with groundwater advection is the
aim because any real GHE has finite length. The temperature fields around a borehole
GHE are shown in Figure 3.2; the isothermals of the vertical and horizontal cross

sections are both shown. No matter at the XOY or at the XOZ plane, temperature

distributions on both sides of the axis are different with those of pure conduction model,
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in other words, the isothermal are now asymmetrical as a result of groundwater seepage.

0 10 20 30 40 0 5 10 15
X (m) X (m)

Figure 3.2 Isothermals of finite line heat source seepage model

3.4 The solid cylindrical heat source models

3.4.1 The relevant preconditions

With reference to the solid cylindrical heat source, the buried coils are simplified as a
continuous circular cylindrical surface. When it comes to the radial dimension of the coil,
the discontinuity of the source in the longitudinal direction was not considered. As a
result, the temperature difference along the pitches of the coils on the cylindrical surface
is blurred. It is assumed that the domain studied is a homogeneous saturated porous
medium, either infinite or semi-infinite, with k, pc and a denoting its effective properties.
It is also assumed that water moves in the porous medium with a uniform Darcy u,
parallel to the x-axis. Defining U =up,c,, /(pc) as discussed in section 3.2.3, because
Equation (3.3) provides the expression of Green function of pure conduction, the
analytical solutions of temperature responses induced by a solid cylindrical conduction
model can be achieved. The analytical solutions can then be extended to deal with the

advection situations by substituting the M function for the Green’s function in the
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relevant expressions. The thermophysical properties of the medium do not change with
the temperature. The supply of heat starts at ¢ = 0 when the medium is at zero
temperature and the heating rate per unit length of the source, g, is constant. For the
models of heat sources with the finite length, the ground is assumed to be a semi-infinite
medium, and its boundary, i.e. the ground surface, keeps a constant zero temperature
throughout the period concerned. As for finite models, the heat source which is
simplified as finite-length solid cylinder surface are buried perpendicular to the

boundary, stretching from depth h; to depth h.
3.4.2 Pure conduction models
3.4.2.1 Infinite cylindrical source model

In this model, the axis of the cylindrical surface with radius ry is coincident with z-
axis. The heat source with a step heating rate g, per length of the cylinder, can be
regarded as a combination of numerous point sources located at the cylindrical surface
with instantaneous intensity of q|dg0'd2'dr'/(27r). This problem is one-dimensional in
its nature and therefore the expression should be independent of the coordinates ¢ and z.

z= 0 and ¢ = 0 are set for convenience in the evaluation, and the expression of the

temperature response in the medium can be written straightforwardly as:

gp,c,i_%pcj J dz’ _[G(r¢ 0,2=0,7;r'=1y,¢',2',7")d ¢’ (3.18)

The triple integrals can first be performed with respect to either z’ or ¢’. When

Equation (3.18) is integrated with respect to z’ first, the following is obtained:

=3 zkIE[ r?+r? 2rrocos¢]d¢, (3.19)
T

dar

62



If the integration is carried out with respect to ¢’ first, another expression is resulted

q ¢ 1 r? +rf re, )
0, . = e — | ———|d 3.20
p. ¢ 4ﬂkjr—r’ Xp|: 4a(r—r’)} O[Za(r—r’)} ‘ ( )

(0]
where 1,(x) = 1 J'Oﬂ exp(xcosg¢’)d¢’ is the modified Bessel function of the zero order.
T

3.4.2.2 Finite cylindrical source model

In the two-dimensional (2-D) model, the cylindrical heat source is considered as a
one with limited length, stretching from hy to h, in the z-direction (Man et al., 2011).
There is a suppositional solid cylindrical heat sink symmetrical to heat source with
ground boundary as in-between interface, the mirror method is again used to obtain the

solution and the expression is demonstrated as:

T 2z

0y o1 =5 [dr'[ d¢’{thdz’—jllGdz’J (3.21)
0

0 h, -h,

Integrating with respect to ¢’ and z’ results in:
q ¢ dr I, r’+r?
0 = —1 — |exp| ———— |
Pof 87rk~([(r—z') O{Za(r—r)} p{ da(r—1")

2Ny | erfe| —22M | ferfe| 22 | _grge| 2t
{ f {24&(1—1')] f [24/a(r—r')} f {Za/a(r—r')] f [24&(11')}}

3.4.2.3 The characteristics of pure conduction models

(3.22)

3.4.2.3.1 The schematic diagram of temperature distribution

The expressions in section 3.4.2.1 and 3.4.2.2 contain a number of parameters, which
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are inconvenient to the study of the characteristics of solid cylindrical models with
diameter ro. Thus, non-dimensional parameters are introduced and the corresponding
expressions are: ® =k #/q,, Hi=hy/ro, Ho=hy/ 1o, Z=2/ry, Fo=atr,>and R=r/
ro. Accordingly, ®, Hi, Hy, Z, Fo and R are respectively dimensionless variables for
temperature response, starting depth point, end depth point, z coordinate, time and radial
distance. Dimensionless expressions of infinite and finite models are respectively shown

in Equations (3.23) and (3.24).

17 1 R2 +1 R ,
= | ——exp|-——— | )| ———— 3.23
Op.c.i 4ﬂ£Fo—Fo'eXp{ 4(F0—Fo')} I{Z(FO—FO')}dFO (323)

17 dFo R R®+1
SR S R Sy e -
" 8x 4 (Fo-Fo) °| 2(Fo-Fo) 4(Fo-Fo)
erfc{z_—sz—erfclz_—W%erf{ ZtH, }—erfc{ Z+H, }
2\Fo-Fo 2\Fo-Fo 2JFo-Fo 2JFo-Fo

Analytical solutions of pure conduction models are given above. Because an infinite

(3.24)

model has no length limitation along the z-axis, the temperature field of longitudinal
sectional view cannot be shown. Any actual energy pile has a finite length, the
corresponding temperature distributions of a finite solid cylindrical model at both

longitudinal and horizontal sections are shown in Figure 3.3.
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Figure 3.3 Isothermals of pure conduction model of solid cylindrical heat source

It follows that the isothermals are symmetrical on both sides of the axis when only

pure conduction applies.
3.4.2.3.2 The temperature response trend

The heat emitted from the energy pile during the process of heat transfer produces
temperature response at all points except at heat source itself. The responses increase
with the time, and the sizes of a pile has obvious impacts on the response degrees at the
same point if other conditions are equal. Some examples of pure conduction are chosen,
including the infinite and the finite models with different ratios of length to radius. All
temperature responses that increase with the time are shown in Figure 3.4. For the
infinite model, the points at the cylindrical surface can be selected, and any value for Z
can be set because the heat transfer along Z-axis is not considered. The finite model,

disposed perpendicular to the boundary from h; to h,, has the length of h = h, —h;. It is

suggested that the mid height of pile foundation GHE, that is, hnig = h;+ h / 2, is chosen,

and the corresponding non-dimensional alteration is Hyig = Hi+ H/ 2.
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For pure conduction, the temperature response caused by infinite model increases
indefinitely, but all temperature responses of finite model must reach stable values.
These final temperatures and the time taken to reach them are determined by the ratios
of length to radius. The larger the ratios, the higher the final response values and the
longer it takes to reach them (Zhang et al., 2013a). There is no doubt that the
temperature response of the infinite model is stronger than those of the finite models at

any time.

0.8 1 Infinite model
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Figure 3.4 Temperature responses of solid cylindrical heat source pure conduction models

with the time

3.4.3 Combined heat transfer models

Section 3.4.1 gives the relevant preconditions for both the pure conduction and the
combined heat transfer models; the latter can convert itself into the former if the
groundwater velocity is zero. As for pile foundation GHE, the cylindrical heat source
models reported in the literature only targets pure conduction, and the research in the
thesis takes the combined heat transfer including conduction and groundwater advection

into consideration, which means the influence of groundwater advection is explored. The

66



expressions of seepage models and the corresponding characteristics are demonstrated

below.

3.4.3.1 Infinite cylindrical source model

For the infinite cylindrical source buried in the infinite medium with groundwater
advection, energy pile emits heat from zero to a certain time while groundwater flows
through it, the heat source keeps constant heat transfer rate and has the infinite depth,
accordingly only x and y directions are taken into account. The energy equation and the

corresponding conditions are listed in Equation (3.25).

2 - - I "
0 ui:a(%+1%)+w,for0<r<oo,—oo<z <+00,7 >0,
or  Orcosg orc ror 27l pC
0=0,for0<r<ow,z=0 (3.25)

%zo,forrzo,r>0
or

—kZ—Qan:q,,forrero,r>O
r

where the 6 (r —rg) is the Dirac ¢ function.

The M function can be appropriately used for obtaining the analytical solutions and
the corresponding expression of temperature responses in the medium are written
concisely as Equation (3.26). In this way the solid cylindrical heat source can be deemed

to consist of an infinite number of coil heat sources each with the heating rate q.

T o 27
q ' , , ,
Oa.c.i :27r,loc-([dr_-[odz { M(r'=r,)dg¢ (3.26)

For the cylinder with both radius ry lying along the z-axis, the expressions X = rocosg’
and y = rgsing can be achieved. If the integration is first conducted with respect toz” first,

the temperature response to a continuous point source, i.e. Equation (3.9), may be used,
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and the expression becomes:

2 ’ 0 0 2p?2
q, U(x-rcos¢’) |, 1 . U?’R
0,  .=—F—|exp| ———=|d¢'- | dz' —- exp| - ———— |d
ael 4”5/2k'f[ p{ ’ :[c R I ) L 16a%y* v (3.27)

2a R/(2var

2z ’ ©
_q U(x-rcos¢’) | C N,
b J oo T oo [ 10

where f is defined as Equation (310), and r = \/(x —T, COS ¢’)2 + (y —r,sin (P’)Z + (z — z’)2 .

From another perspective, if the integration is implemented first with respect with z’,
which means the cylinder is deemed to consist of an infinite number of line sources,

another expression is generated in Equation (3.28):

2z |U(x-rcosp )| 4R 2R?
g, =3 jd(pexp M : _[ Loxp| L YRY
| 0 22 0 v

2l 47k

T }dw (3.28)

where R = \/(x— I, COS ¢')2 + (y —1,sin ¢')2 :
3.4.3.2 Finite cylindrical source model

The finite cylindrical heat source has a limited length from h; to h, along the z-
direction, the underground space is three dimensional, that is, X, y and z directions are all
considered if groundwater exerts seepage effects on energy pile. The mirror method is
again used to obtain the solution of the heat transfer problem with the boundary
temperature of the semi-infinite medium kept constant i.e. & = 0. The heat sink with
intensity -g; is set on the location symmetrical to the heat source with intensity q;, and
the boundary is considered to be the middle interface. The corresponding energy

equations are given as:
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00
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The temperature response for the problem is then achieved as:

hl -h2

0= o oo [ e Tt -oyee
S/Zkz'fe { (x- rcos¢)} ¢’.E£f(¢',z’)dz'—_jllf(qﬁ',Z')dZ']

-h2

Integrating with respect to z’ first results in:

g Fobode | [x=rcosg'-U(=o)] +(y-rsing)’
ea‘c’f_167r2k-([d¢j(r—r') exp{ 4a(7_7')

{erfc {z——hl] —erfc {Z_—hz] —erfc {”—m] +erfc {”—hz
21;8.(2'—‘[') 2,ja(z-7') ZW ZW

3.4.3.3 The characteristics of combined heat transfer models

3.4.3.3.1 The schematic diagram of temperature distribution

(3.29)

(3.30)

(3.31)

)

As the troubles appeared in pure conduction models, the parameters are so many that

the difficulty in analyzing the expressions must be increased; this is unfavorable for

exploring the characteristics of combined models. Non-dimensional parameters are put

into use again and the expressions are almost the same as those shown in 3.4.2.3.1. In

addition, the non-dimensional velocity is V = u ry/a (Bear, 1983). Accordingly, non-

dimensional analytical solutions of Equation (3.28) and (3.31) are respectively converted
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into Equation (3.32) and (3.33).

R V(X —cosg)
®a,c,i - 4_72_2 J. d¢ eXp|: :|

° (3.32)
f lexp[ 1 V?[(X —cosg) +(Y —sing) ],7} ,
0 7 n 16
O, ¢ :%Td¢ITLd.eXp{—[X —C0$¢' —V(FO—Fo')JZ_,_(Y —sin¢')2}
o167 g (Fo-Fo) 4(F0—Fo) (3.33)
Z_H Z+H
f /—2 rf ,— ,_ erfo(—St M2
{erc(2 — — %) —er c( C( ik F0~)}

The finite seepage model is a research focus as any real energy pile has a limited
length. Based on Equation (3.32), the temperature distributions of energy pile with
groundwater advection are shown in Figure 3.5. Temperature fields in the XOZ and
XOQY planes are given, and the isothermals are asymmetrical on both sides of axis due to
groundwater advection. Since the direction of seepage is defined to be along the positive
direction of the X-axis, groundwater flows into the left hand side and then passes
through the right hand side. Figure 3.5 shows that the temperature responses at the right
hand side are higher than those at the left, demonstrating that groundwater flow
alleviates heat accumulation on the left and then carries heat to the right. The response
degrees of the right hand side are stronger after a short time, but the whole responses
must be mitigated with the time no matter for the right or for the left. Comparing Figure
3.5 with Figure 3.3, it seems that a heat shift of the isothermals occurs when

groundwater advection exists.
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Figure 3.5 Isothermals of solid cylindrical source model with groundwater advection

3.4.3.3.2 The temperature response trend

For the pure conduction model, the discussions in section 3.4.2.3.2 prove that
temperature response of the infinite model increases for ever while those induced by the
finite model are certain to be stable finally. It is significant to discuss the trends and the
degrees of models’ temperature responses when conduction and groundwater advection
constitute heat transfer mode. The role of groundwater seepage, as it affects temperature
responses induced by energy pile, can be seen by comparing the temperature responses
of two different modes including pure conduction and combined heat transfer. Equations
(3.32) and (3.33) give the analytical solutions of thermal responses at any point except
the heat source itself. However, unlike the case of pure conduction, the temperature
distributions along different radial directions are not equal even though the same value is
set for radius at the same horizontal plane. To show the response trends with the time at
any horizontal circle, the definite integral along the circumference should be adopted to

obtain the mean value. Using such mean value to represent the temperature response is
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feasible in the cases of the infinite and finite models.

For the infinite model, heat transfer along Z direction is not taken into consideration
and therefore the value for Z can be set as 0, and the mid depth along the Z-axis can be
chosen for the finite model because the temperature response at this location is strong
enough according to the isothermals in Figure 3.5, that is, the value of Hyig = H;+ H/ 2
is selected for Z. Another integral is added to Equations (3.28) and (3.31) and they are

then respectively transformed into Equations (3.34) and (3.35):

B 2z rcosg—r,cosg’)
Ouci = 477k2 Jd” [ 2a }

: (3.34)
sar [(EC().S(p_rDCQSZ,)) 2
+(rsine—rsin _
1exp{ 1 U’[(rcosp—r,cosg)’ +(rsing—r,sing) ]n}dqodn
0 n n 16a*
g Md e dgde’ _[r005¢—r0cos¢'—U(r—r’)T+(rsingo—rosin¢')2
ea,cf - 2 J‘ ¢ jj ' exp ’
167°k - 27 < OO(T—T) 4a(r—r) (3.35)

_hl 2

z z+h, z+h,
{erf{—z 0 }erch\/a =3 } erch\/a(r_T')}erf{—2 '_a(r—r’)]}

The integral is conducted along circumference direction of pile and the circle’s radius

IS r = ro. For Equation (3.34) and (3.35), the corresponding dimensionless expressions

are respectively obtained in Equations (3.36) and (3.37).

®a

1 Td¢’2fexp{v (COS¢—cos¢’)]

T 8r 2

4Fo/I(cosp—cos¢’ )2

+(snr]£p sing)?1 ¢ { 1 V?[(cosp—cosg’)’ +(singp— snrwﬁ)]ﬂ}d(od,7

—exp
0 n n 16

(3.36)
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The temperature response trends are given by the calculated results of Equations
(3.36) and (3.37). The geometric conditions, such as the values of Hi, H, and H, are the
same as those of pure conduction models. Four examples: infinite model, H = 10, H= 50
and H = 100 are selected; the temperature responses with the time when groundwater
flows through them are shown in Figure 3.6.

0.351

Infinite model
0.30
H=100
0.254 H=50
020 H=10
o 0201
0.151
0.10
0.05
0.00

00 001 01 10 100 1000 10000
Fo

Figure 3.6 Temperature responses of solid cylindrical heat source seepage models with the time

It is clear that all temperature responses reach stability finally even if the model is
infinite. The conclusions in section 3.4.2.3.2 illustrates that the ground boundary effect
restrains the ever-increasing temperature response to the finite model when there is only
pure conduction, while no such restraint limitation is imposed to the infinite model.
However, groundwater advection relieves the heat accumulation induced by conduction

so that heat transfer effect of energy pile is improved. There is no doubt that the constant
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temperature of the ground boundary promotes the trends of reaching steady states, and
now groundwater seepage is another stimulated factor causing stable state. Accordingly,
the temperature response even for an infinite heat source must reach stability if there is

groundwater seepage.

Since groundwater seepage restricts the rising temperature response no matter for
infinite or for finite pure conduction model, a balance between heat accumulation and
heat alleviation is eventually reached and the temperature response is stable at that time.
In addition, the difference of these models’ temperature responses decreases as a result
of groundwater seepage and becomes smaller than those of pure conduction. The greater
the velocity of groundwater flow, the clearer the difference of temperature responses.
Figure 3.6 only shows the temperature responses when only one value is endowed to
velocity. The temperature responses’ curves of different models are displayed in Figure
3.7. It is clear that the response differences reduce with the increase of groundwater
velocity.
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Figure 3.7 The differences of temperature responses with the velocity

The aim of Figure 3.7 is to show that conduction plays the dominant role if
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groundwater velocity is small during the heat transfer. For pure conduction models, the
size of a GHE has an important influence on thermal response, and the corresponding
differences are clear when the conduction role is larger than that of advection. However,
groundwater advection shows greater influence if the velocity increases sufficiently,
because the temperature response is effectively restrained; for this reason, the
conduction which is relevant to the size of heat source cannot act powerfully, the

decrease of temperature responses’ difference also occur if the advection is significant.

The convection role rests with the value of groundwater velocity if time is constant.
Thus, it is worthwhile to study how the temperature responses of the same model vary
with the seepage velocity at different times. Selecting the case of H = 50 and of course

other cases are still feasible. The temperature responses are shown in Figure 3.8
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Figure 3.8 The temperature responses with the time while different velocities are adopted

The information in Figure 3.8 certifies that the time of arriving at stable states of non-
dimensional temperatures reduces with the groundwater velocity, and that heat

convection can greatly relieve the heat accumulation especially when the velocity attains

75



sufficient magnitude. The need to study the combined conduction / convection model is

thus clear.
3.4.3.3.3 Comparisons of temperature responses of representative locations

The center line of the solid cylindrical heat source is located at z-axis and
groundwater flows along the positive direction of x-axis. The intersection angle between
X-axis’ positive direction and any point on the same horizontal plane represented in polar
coordinate is denoted as ¢. The places on the surface of pile with the greatest
temperature and the least temperature are respectively given by ¢ = 0 and ¢ = = due to
groundwater advection (Su et al., 2004). The reason is that groundwater first passes the
location ¢ = m where is exerted direct advection impact and then moves along the x-axis
until it passes through the location ¢ = 0, a certain quantity of heat is delivered to ¢ = 0

and thereby the corresponding temperature rises obviously.

When the cylindrical coordinate is used, the polar radius and angle of any point are
set as r and ¢ , respectively; the radius of the cylindrical source is r, and the
dimensionless polar radius Rp=r / r,. It is evident that all the points locating at ¢ =0 of
the surface are in possession of Rp = 1.0, meanwhile the points with ¢ =z are provided
with Rp = —1.0. The surface’s temperature responses to the heat source can be shown
when Rp = 1.0 and Rp = —1.0 are selected. The finite cylindrical model can be employed

as it is representative of an actual pile (Shi et al., 2010). According to Equation (3.33),
temperature responses are provided when two different assumptions are employed. One
case is that the groundwater velocity is constant while the time is varied, and another

case is that the time is fixed and the velocity is varied. The location of Rp = —1.0 is first
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analyzed according to calculation and investigation, and the corresponding information

is given in Figure 3.9.
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Figure 3.9 Isothermals down z-axis at different time and velocities respectively when ¢=0

In addition, the temperature response’ distribution of Rp = —1.0 is obtained by means

of similar calculation procedure as that of Rp = 1.0, and are shown in Figure 3.10:
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Figure 3.10 Isothermals down z-axis at different time and velocities respectively when ¢ = n

By analyzing the thermal responses of these two typical angles, it can be seen that the

convection effect of groundwater should not be neglected especially when the time is
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long or the velocity is large. Thus, groundwater plays an important role in the heat
exchange process. According to Figures 3.9 and 3.10, temperature alleviation is evident,
where the flow first exerts impact on the pile surface, demonstrating that convection
improves the heat exchange efficiently. Briefly, temperature relief becomes clear
gradually with the continuance of time when groundwater velocity keeps constant or at

any particular time as velocity of flow increases.

3.5 Comparisons between pure conduction models and combined

models

In this chapter, emphasis is put on the groundwater advection and explicit analytical
solutions are obtained for combined solid cylindrical heat source models. It is necessary
to compare the differences between pure conduction and combined heat transfer models
to emphasize the contribution of groundwater (Chiasson, 1999). The finite models are
employed as the reference objects since the depth of any actual energy pile is finite.
Thus, it pays to implement corresponding discussions aiming at these two heat transfer

modes, the correlative calculations and programming are based on equations above.

For solid cylindrical pure conduction model, the temperature responses around the
pile surface perimeter at any horizontal plane are equal. The integration along
circumference of the pile provides the mean response of any fixed horizontal plane for
solid cylindrical combined models. Furthermore, an added integration along the pile’s
depth direction is needed to obtain the whole average temperature response. Therefore,
another integral should be added to Equations (3.24) and (3.37); inevitably making the

calculation more complex. For this reason, the weighted average method is employed,
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whereby a number of locations along the z direction are selected, and their mean value,

acquired using weighted average method, is expressed as:
O, =>.0,/n (3.38)

Here ®;denotes the mean dimensionless temperature of the circle with specific z value
at the pile surface no matter for pure conduction or for combined model. The
dimensionless temperature ratios of two heat transfer models can directly reveal the
influence of groundwater flow, and it changes with the time for different selected h / rg
values. In the case of constant velocity, the changing trends of ratios are shown in Figure
3.11. The issue of interest is how the enhanced degree of heat exchange rates when
groundwater flow exists, the superiority of heat transfer can be calculated according to
the relevant expressions above. The ratios of heat transfer rates of two heat transfer

modes when velocity is invariable are shown in Figure 3.12
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Figure 3.11 The ratios of temperature responses of two heat transfer modes with the time
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Figure 3.12 The ratios of heat exchange rates of two heat transfer modes with the time

Figures 3.11 and 3.12 show that heat transfer performance can be indeed improved if
groundwater flows through energy pile, and the advection effect is particularly
beneficial in the initial period on the assumption of constant velocity. For different ratios
of length to radius of energy pile, the advantages of groundwater seepage are not much
evident at first, but become gradually obvious over the time. Specifically, the larger the
ratio, the clearer the heat transfer superiority due to groundwater flow. As stated above,
the convection velocity is a critical factor affecting the heat transfer performance when
operating energy pile because groundwater carries away the surrounding heat
accumulation. Accordingly, at particular time, the influence of velocity is shown
following a similar analysis as those underlying in Figures 3.11 and 3.12. Then, the non-
dimensional temperatures’ ratios and heat exchange rates’ ratios if the time maintains
constant, can vary with the velocity, and the detailed curves are illustrated in Figures

3.13 and 3.14, respectively.
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Figure 3.13 The ratios of temperature responses of two heat transfer modes with the velocity
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Figure 3.14 The ratios of heat exchange rates of two heat transfer modes with the velocity

The heat transfer superiority is gradually manifested with the increase of groundwater

velocity and is also enhanced by a larger ratio of length to radius. The significance of
groundwater flow is depicted by the graphs above, the role of groundwater becomes
more obvious over a long enough period or if a large velocity exists. It is universally

acknowledged that groundwater is significant not only for academic researches but also
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for engineering projects, because more air-conditioning load can be undertaken by
energy piles due to the improved heat exchange performance induced by groundwater

flow.
3.6 Summary

The configuration features of an energy pile indicate that the line heat source and the
hollow cylindrical heat source models are not applicable. The solid cylindrical heat
source model is a significant help in investigating pile foundation GHEs due to its
suitability for simulation. In recent years, researches on the pure conduction of energy
pile have made progress, and the influences which groundwater advection exerts on
borehole GHEs have been well explored. However, there has been a regrettable lack of
theoretical models for the analysis of heat transfer for pile foundation in the presence of
groundwater advection. In view of this, the role of groundwater has not been studied. It
should be admitted that the required simulation models are hard to establish, and
groundwater advection, therefore, is often ignored. The solid cylindrical seepage models

analyzed above have clearly demonstrated the favorable effect of groundwater seepage.

Based on both pile conduction models and the combined heat transfer models of
borehole GHEs, a proposed methodology for the study of solid cylindrical heat source
seepage models including both the infinite and finite cases has been explored, and the
characteristics involved in it are theoretically investigated. The influence which every
parameter exerts on temperature response has been illuminated. Comparisons made
between pure conduction and combined heat transfer, highlighting the specific role of

groundwater seepage and proving its importance.
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Admittedly, the solid cylindrical model is not the most accurate one, but it does take
into account the heat transfer both inside and outside pile, and the basic configuration
characteristics of an energy pile have been embodied. The models explored above
represent positive progress towards understanding the effects of groundwater advection
on practical energy piles. The solid cylindrical heat source seepage models above can be
employed in circumstances where very accurate analysis is not required. The above
analyses for the solid cylindrical heat source seepage models provide a firm basis on

which to build more accurate models.
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CHAPTER 4 COMBINED THERMAL EXHANGE MODLS

WHILE GROUNDWATER FLOWS THROUGH RING-

COIL HEAT SOURCES

4.1 Introduction

Significant theoretical innovation resulted from the establishment of the solid heat
source seepage models described and analyzed in Chapter 3. These models, however, are
only approximate in that the spiral coils actually used are not expressed accurately. Heat
exchange pipes are placed along the z-axis and structured as a spiral line. Points located
at the coils have their own individual position angles. At least the pitch of coils should
be represented to express the arrangement of pipes (Ali and Zaidi, 1980). Unfortunately,
solid cylindrical models as in Chapter 3, only represents the spiral coils set at the interior
surface of pile as a continuous cylindrical heat source. This cylindrical model does not
take into account the discontinuity of the heat source in the longitudinal direction, and
thus the temperature differences along the length of pile are blurred. Solid cylindrical
model is useful if the requirement for calculation accuracy is not high because the

interval of coils is ignored.

As groundwater flows through the spiral coils inside the pile foundation GHE, it is
necessary to establish more approximate seepage models, as in Chapter 3, to represent
the advection role. Improvements are described in this chapter. Such improvements

better approximate the spiral coil, with the ring-coil model as shown in Figure 4.1. All
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coils buried in the pile are deemed to be a series of separated coils with the same central
axis, and a certain pitch between every two adjacent coils exists. The ring radius is

assumed equal to that of the pile to make full use of the interior pile space.

ground

h b/2

b

foundation pile

ring coils

g

i

;F
=

Figure 4.1 Schematic diagram of ring-coil heat source model

Figure 4.1 shows that the pile extends vertically from the staring position h; to the
end position h, and therefore the length is h,- hy. Spiral coils with the pitch of b run
vertically down the pile. The separated coils begin at the distance of b / 2 from h;.
Advanced from the solid cylindrical heat source model, all coils are not treated as a
whole uniform cylindrical heat source but assigned with interval on the surface. The
spiral angles are not represented in this model, but the pitch and temperature differences
of coils can be approximated. Thus, the ‘ring-coil’ model is more appropriate for
describing pile foundation GHEs because its configuration is closer to the profile of
spiral coils (Cui et al, 2011). The ring-coil model, will enable more accurate analysis of
the temperature distribution around energy pile with or without groundwater advection.
The pure conduction models described below, are only concerned with the thermal

response to the ring-coil heat source. The combined models emphasize the total
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influence exerted by both the heat diffusion of coils and groundwater advection. The
content of this chapter chiefly examines the effect of groundwater seepage to emphasize

the contribution of the ring-coil heat source seepage models.
4.2 Pure conduction of ring-coil models

4.2.1 The methodology adopted

Most of the preconditions are the same as those of section 3.4, but the pitch b is a new
fixed parameter. The spiral tube is represented by a series of separated coils with the
radius ro. The Green’s function is still the basis of obtaining the analytical solutions;
both the infinite and the finite models are studied in relation to ring-coil pure conduction.
For the infinite model, every spiral pipe is considered as an infinite number of coils set
along the z-axis in an infinite medium. For the finite case, the pile depth coordinate is set
from h; to hy along the z-axis in a semi-infinite medium and thus there are a limited
number of ring coils. Each ring source emits heat at the intensity of qb, therefore the
expression of temperature response of any point (X, y, z) in the infinite or the semi-
infinite medium except the heat source itself can be gained using the relevant integrals
based on the Green function; this is because one ring coil is the gather of an infinite
number of points, therefore the total thermal response can be obtained by the
superposition of all coils. There is no denying the fact that the finite ring-coil model

approximates the actual energy pile.

The Green’s function for an infinite homogeneous medium is the most essential and
most useful in the heat conduction theory and its expression in the Cartesian coordinates

is given by the Equation (4.1):
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G(x,y,z,7;x,y,2',7") = ;exp{— (x=x)"+(y=y)" + (2~ Z’)z} (4.2)
S[W]E da(r—1')

Any coil that contains z = z’ can be looked upon as a ring heat source with the heat
intensity of q\b, the corresponding conversion from Cartesian coordinates to cylindrical
coordinates are written as: X =r cose,y =rsing,z =z, X=rcose, y=rsing,z=2.
The excess temperature 6 = t—t, is used to define the temperature response of any point
in the medium except heat source itself. The value of 8 caused by ring coils continuously
releasing heat is obtained by integrating Green function, and the corresponding

expression is:

T 2z T 2 2 _ "2
ring=q'—bjdr'jed¢’:q'—b 1 —_ 4 +(Z. z') I{ n, }dr' (4.2)
2mpCy 8pCy |:7Z'a(T—T )] da(r-1) 2a(r—71)

4.2.2 Infinite ring-coil heat source model
In the infinite domain, the z coordinate of every coil is expressed as:
z’=%(n+0.5)b, n=0,1,23...... This distribution takes ground as the symmetrical

plane and countless coils exist in infinite space. The total temperature response produced

by all coils heating with a certain intensity is:

o T 2
0, =% > [de'[ G(z'=nb+0.5b)dg’
an:ﬂoo 0
b & | 2 41,2 +(z—-nb—0.5b)* (43)
_q 1 ox _r +1 +(Z n . ) | { re, }d ,
- . 3/2 p ' 0 ' T
80C v =% [ﬂ'a(f 7 )} da(r—1) 2a(r—17)

Equation (4.3) can be turned into relatively direct and short formula such as:
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g, —abjp 1 .[ s } {_L}
1 g0 fae— 0] | 28t 7)) | date- )
- _(z—nb-0.5b) _(z+nb+0.5b) ,
;{em{ da(r —17) er da(r —7) de

To simplify Equation (4.4), non-dimensional parameters are given: Fo =a t/re?, © =

(4.4)

k@laq,Z=z/ro,R=r/roand B=b/ ro. For this, Equation (4.4) is transformed into:

B Fo 1 [ R } |: R2 +1 :|

®p,r,i -y 32 Io ; exp| ———mmm— |-
8 ¢ [7(Fo-Fo)] 2(Fo—Fo) 4(Fo—Fo) (4.5)

< _(z-nB-0.5B)° _(Zz+nB+05B)° .

;{exp{ aFo—Fo) |"P| T aFo—Foy |[*°

4.2.3 Finite ring-coil heat source model

The semi-infinite domain consists of the homogenous medium with a ground surface
kept at a constant temperature; finite heat source emits heat at the invariable positive
heating rate of q,. In view of this, the virtual heat source method can be employed to
obtain the analytical solution of temperature response. That is to say, the virtual heat
sink with a negative heating rate —g, was set symmetrically to the heat source because
the ground boundary exists. The temperature of ground surface, t = to, iS necessary as
heat source and virtual sink are symmetrical. The thermal response of any point except
the heat source in the underground medium can be obtained by summing up the effects

of all heat sources and sinks. According to Figure 4.1, there are int [(h, —h;)/b] ring

coils heat sources. The corresponding thermal response is shown in Equation (4.6).
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_ qb f ' i r_ ' Sk r_ !
0, —?pc_([dr {;!e(z =h,+nb+0.50)dg —gle(z =—h,-nb-0.5b)d¢

:Lbj - Nt I{ it l-exp{— rz”oz, } (4.6)
8pcC s [ﬁa(f_r )J 2a(r—1) da(r—1)

vt | (z=h,—nb-05b)" | | (z+h,+nb+05b)° ||
;{exp[ 4a(r-7) P da(r-7) dr

The finite model is deemed as the focus objective since energy pile in practice has

finite depth. Most of dimensionless parameters are equal to those of the infinite model,
and the non-dimensional starting and end locations’ coordinates of coils along the z-axis
should be given as H; = hy / roand Hy = h, / rg, respectively. Thus, the non-dimensional
analytical solution of the temperature response of the finite ring-coil heat source seepage
model is obtained in Equation (4.7). The thermal response of any point except the heat
source itself in the semi-infinite underground space is the result of a limited number of

separated coils, and the virtual heat source method can be applied.

o . B FJ 1 | R exp| _ R2+1

Pt 82%2 4 (Fo—Fo)*? °| 2(Fo—Fo) | P| " a(Fo—Fo) | 4.7)
S exp| ~E=H=NB-05B)" | ] (Z+H, +nB+OSB) || e
pard P 4(Fo—Fo) P 4(Fo—-Fo)

4.2.4 The presentation for temperature responses
4.2.4.1 The trends of temperature responses with the time

The whole thermal transmission of energy pile can be described as consisting of
several steps; firstly, the heat is delivered by circulating fluid circulating in the spiral
tubes to the inner wall of the tubes by convection; secondly, conduction transmits heat to
the tubes’ outer wall; the heat is then conducted through grout material inside the pile

and arrives at the pile’s surface; finally, heat is further conducted to the surrounding
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underground medium (Li et al, 2011).

For pure conduction models, heat transfer is conducted in all radial directions to the
same degree while z is assumed constant. The underground medium receives
uninterrupted pulse thermal load from the ring-coil source; the temperature responses
around the energy pile show evident feedback especially in the initial period. The
infinite ring-coil model infinitely consists of a number of separated coils and every one
emits heat pulses continuously, with the result that temperature response cannot attain
the stable state. However, the constant temperature of ground boundary does limit the
temperature response to the finite ring-coil model, and all cases reach stable
temperatures after a long enough time. The temperature responses with the time of both
the infinite and the finite ring-coil models are shown in Figure 4.2. The parameter H is
the ratio of length to radius of heat source, that is, H = (h,- hy) / ro. It is clear that the
time of attaining stable state depends on the model’s dimensionless length, i.e. the ratios

of length to radius. The greater the ratio, the longer the time needed to reach stability.
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Figure 4.2 The temperature responses of ring-coil pure conduction models
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For pile foundation GHESs with a series of separated coils, the temperature response to
the infinite model is affirmatively higher than that to the finite model at all times if other
conditions are the same. Another conclusion to emphasize is that the temperature
response of the infinite model has no upper limit with the time because the constant

temperature of ground boundary is not taken into account.
4.2.4.2 Temperature distribution around the ring-coil heat source

The isothermals around coils can give expression to the thermal responses at different
positions. For the finite model, the case that is more reasonable to be used because of the
finite length of pile. The calculation and programming are conducted based on the
Equation (4.7) and the isothermals on the XOY and XOZ planes are shown in Figure 4.3.
The thermal responses are symmetrically about the central axis for this only pure
conduction exists.
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Figure 4.3 The isothermals of ring-coil pure conduction model
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The thermal responses near the ring-coil sources are clearly stronger than those

relatively further away from the heat sources at the same plane.
4.3 Combined thermal exchange of ring-coil models

4.3.1 The methodology adopted

The heat transfer of ring-coils when groundwater seepage exists is also complicated
and unsteady. Compared with those studies in the past, the heat transfer models are
proposed while groundwater flows through a series of separated coils, therefore the
investigation on ring-coil combined models is novel. The groundwater seepage has the
time scale of several months, even years. The groundwater velocity is the most
significant parameter defining the advection strength. Since the underground medium is
treated as the homogeneous porous medium to simplify the problem, the heat energy
equation of both conduction and convection in the porous medium can be described by

Equation (3.11), and the equivalent speed U = p,cy, U / pC.

The important idea can be derived from Equation (3.11), namely, a instantaneous
point heat source with stationary location when groundwater flows past it, can be
thought of as a moving instantaneous point heat source at (X, y, z) emitting heat at time
7, leading to a temperature response at any point (x, y, z) at time r except heat source
itself. Green’s function theory is employed again to solve the seepage problem and its
new expression including the groundwater factor is given by Equation (4.8) is defined

based on the existing knowledge (Zhang et al., 2014).

o 1 _[x—x'—U(r—r')2+(y—y’)2+(z—z')2
M(x,y,z,7;X,y', 2", 7") = 8[7za(r—z")]3/2 exp{ da(e—7) (4.8)
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Equation (4.8) and the prerequisites are almost the same as those appeared in chapter
3, as far as every coil with radius r,is concerned, because it begins to emit heat from z =

7 at a constant heat intensity qb. The energy equation and the corresponding conditions

are demonstrated as:

00 00 [ae 100 %J —qa(r—ro,z—z') forO<r<ow,—0<z<w,r>7

—+U— +—
or o(r COS(/)) or’ ror oz 271, pC
4.9

_gzo,forr:O,—oo<Z<oo,z'>z"
or

9=0,for0<r<oo,—0<z2<0,7=7

6=0,forr - ow,—0<z2<w0,7>7

where r, = \[xZ2+y? and r = /x@ +y?.

An alternative expression of the M function in cylindrical coordinate is:

M(r:(/)ler;ror(/’yyzynfy): 312 eXp -

[rcow—r0 cosp —U(r—r')J2 +('rsin p-T1,sing)’ +(z—z’)2} (4.10)
da(r-7)

S[ﬂa(r—r')}

The temperature response induced by a single coil which emits heat continuously is:

A2 M =g for -9 T {WX : C‘W)} fo)dg  (41D)

ring =~ 2 pC 5/2k 2a
where
) 1 % UZR? Jr UR R-Ur UR R+Ur
flp)== | exp| ¥’ -—d exp| — |erfc +exp| — lerfc . (4.12)
@) waﬁ ( 16a2w2] e 4R{ p[ 2aj (ZJEJ p(Za] [ZJEH

And here R :\/(x—rCOS(p')2 +(y=rsing)’ +(z-2)? :\Jlr2 +17=2rr,cos(p- ) +(2-2)?

4.3.2 Infinite ring-coil heat source model

As for the infinite model, there are an infinite number of ring coils with the z
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coordinates of z’=+(n+0.5), n=0,1, 2,3....... The heat transfer along z-direction is

ignored when groundwater passes these countless separated coils with a certain pitch.
The temperature response at any point except the heat source itself in the medium can be
obtained by summing up the functions of all coils and the detailed expression is given in

Equation (4.13).

o T 2z w 27 _ /
ea’r’izﬂZjdr'jM(z'=nb+0.5b)d¢’= 40 Zj exp{w}.f(ﬁ)dﬁ (4.13)

2mpC =0 b 4% = 0 2a

Because R is expressed as \/rz+r02—2rr0cos(¢—q)')+(z—nb—0.5b)2, Equation (4.13) can be

shown in a more detailed manner in case it is combined with Equation (4.12), and a

more detailed expression is:

J.” { (x— rcow)} Jrdp
Opri = 17 s/zkn ~J 2a 4\/r2+r2_2rr cos(p—¢)+(z—nb-0.5b)°
I U r2+1,2-2rr, cos(p—-¢ ) + (2—nb-0.5b)? \/r +17-2rm,cos(p—¢ )+ (z—nb—-0.5b)* - ]
x| - (4.14)
2a 2\ar
o U r—2mcosip—p)+ +(2-nb-050)" | \/r +1,7-2rr,c08(p— ) + (2~ nb—0.5b)* +Ur
2a 2\ar

Equation (4.14) is so complex that the necessity of adopting a dimensionless
approach is logical, reducing the number of parameters and showing the analytical
solutions concisely. The non-dimensionless parameters introduced in section 4.2 are
again employed, together with an additional one, i.e. dimensionless ground velocity S =
u ro/ a. The dimensionless analytical solution of temperature response induced by an

infinite ring-coil heat source seepage model is given by Equation (4.15).
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4.3.3 Finite ring-coil heat source model

The exploration of the infinite model implies that the two-dimensional (2-D)
combined heat transfer has preliminarily announced the influence of groundwater
advection. And that, the three-dimensional (3-D) one, i.e. the finite model, adds heat
transfer along the z-axis to the thermal transmission of the 2-D model. Because real
energy piles are of limited length, study of the 3-D model is more significant. The image
method is again suggested because of the boundary role of the ground surface, therefore
the temperature of ground boundary contains constant in the whole process and the finite

number of coils is int [(h, —h;)/b]. The temperature response of the finite ring-coil

model is provided by Equation (4.16), and the contributions of all heat sources and sinks

are comprehensively included in it.

gb 3% -, cos¢’—U(r—T')]2+(y—r05in¢')2}
Harf = 5/2 d¢ eXp ! .
o 16xY kz-[ I { 4a(r-17') (4.16)

ex {_(Z—hl—nb—o_sb) }—ex {_(Z+h1+nb+0_5b)2} dz’
p da(r—17") P 4a(r—1'") \E(r—z—’)s/z

The non-dimensional expression is obtained by means of transformation based on

Equation (4.16) and the new one is generated as:
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{exp{_(z “H, —nB—O.SB)Zi_eXp{_(Z FH,+ nB+O.SB)2}}( dFo

4(Fo-Fo') 4(Fo—Fo') Fo—Fo')"*

4.3.4 The presentation for temperature responses
4.3.4.1 The trends of temperature responses with the time

The impact of the pulse thermal load is lessened once groundwater seepage
influences the heat transfer because advection alleviates the heat build-up around heat
sources, therefore thermal response in the ground is weakened. The temperature
response of the combined heat transfer can reach steady state no matter whether the
model is infinite or finite because the underground medium accepts the synthetic actions
of two types of heat exchange. For the infinite model, heat accumulation and relief reach
balanced condition eventually and thus the temperature fluctuates little from that time.
For the finite model, temperature responses definitely attain stable states even when
there is only conduction, therefore the response trends must become finally stable in the
presence of groundwater advection. Since the isothermals around coils are not
symmetrical about the z-axis, the mean temperature response is acquired by integral
average method. The integration is executed around the pile perimeter to obtain the
average dimensionless temperature. For this, the average values of the infinite and the

finite models are respectively shown in Equation (4.18) and (4.19).
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(4.18)

(4.19)

Based on Equations (4.18) and (4.19), the corresponding calculations and

programming are conducted. The temperature responses with the time are shown in

Figure 4.4. When compared with Figure 4.2, it is evident that the combined models’

temperature responses are lower than those of the pure conduction models.
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Figure 4.4 The temperature responses of ring-coil combined heat transfer models

Also, the time required to attain stability is shortened and even the infinite model can

eventually achieve stability. The same summary applies for both the pure conduction
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and the combined models, that is, the infinite model give rises to the maximum response,
and the thermal responses vary from weak to strong with the increase of dimensionless

lengths if time and velocity are both constant.
4.3.4.2 The temperature distribution around ring-coil heat source

Any pile foundation GHE has limited length, thus the finite combined heat transfer
model is again employed to exhibit the temperature distribution around those separated
coils as groundwater flows past them. The corresponding isothermals on the XOY and
the XOZ planes are shown in Figure 4.5. Figure 4.5 illustrates that the temperature field
is asymmetry about the axis as groundwater seepage exists. Thermal responses of the
right side are higher than those of the left side because groundwater flows in the positive

direction of the X-axis.
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Figure 4.5 The isothermals of ring-coil combined heat transfer model

4.3.5 The characteristics of finite ring-coil seepage model

Now that the finite model approximates to the actual pile foundation GHEs with
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spiral coils, it is worth examining the characteristics revealed by the model. The impacts
of some factors such as groundwater velocity, coil pitch and so on should be explored to

reveal their roles.

4.3.5.1 The thermal responses at locations with different radial distances from ring-

coil heat source

In consideration of the asymmetric temperature profile, the integral average method is
employed to obtain the mean temperature response of any circle regarding z-axis as
central line at different XOY cross sections. The mid depth of the model along the z-axis
is chosen, i.e. Z = (H; + Hy) / 2. Taking the case of H =10 for example, there are three
values of R and the temperature responses with the time are given in Figure 4.6.
Constant values S = 0.5 and B = 1.0 are respectively set for velocity and coil pitch.
Figure 4.6 makes clear that response strength radially changes from strong to weak. The
excess temperature is zero at infinite distance from the ring-coil heat source, which

conforms with the prerequisites of combined models.
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Figure 4.6 The temperature responses of positions with different R values
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The groundwater velocity is assumed to flow along the forward direction of x-axis.
The upstream and downstream sides show different thermal responses because the
groundwater first makes contact with the position (¢ = n) and then flows through the
place (¢ = 0) of energy pile. From the perspective of alleviating heat accumulation, the
side ¢ = w is affected to a greater degree by groundwater advection and the heat
delivered by groundwater convection unfavorably influences the downstream thermal
transfer. However, the heat build-up around pile GHEs is mitigated by the groundwater
advection at last (Fan et al, 2007b). R values of 0.5, 1.0 and 1.5 are applied and the time
and the velocity are kept constant. The temperature profiles along the z-axis for cases of

¢ =0and ¢ = x are shown in Figure 4.7.

0.00 0.02 0.04 0.06 0.08 0.10 0.12

0 : : : : : 0 0.00 0.02 0.04 0.06 0.08 0.10

01 ; ; 0

21 S 2 12
—

4 < 4 14
Q= 0 <

6 — 6 d6
=

N 8 < {8 18
g

104 = 10 10

12 ——R=05 112 b ——R=05 112

—R=10 14 ——R=1.0 “

1 — 1 —R=15
16 . . T T : 16 16 T T . T 16
0.00 0.02 0.04 o 0.06 0.08 0.10 0.12 0.00 0.02 0.04 ® 0.06 0.08 0.10

Figure 4.7 Temperature profiles along z-axis when ¢ adopts 0 and & respectively

The oscillating curves prove that the coils arrangement does affect the temperature
distribution. The maximum values of temperature responses appear on those planes
which contain a ring-coil, and the wave valleys occur at the mid distance between coils.
The position is just right on the point of coils if the value of R is 1.0 at the horizontal

planes with coils, thus the corresponding temperature responses of these positions are
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infinite according to the Fourier law. What is more, the temperature responses of
positions where ¢ = = are significantly less than those with ¢ = 0 because of

groundwater flow.
4.3.5.2 The role of groundwater velocity

The critical factor of groundwater seepage is the velocity because its value
determines the degree of convection influence. Heat can be easily removed from the
surrounding of coils if the velocity attains a certain level. Groundwater then takes the
accumulated heat caused by ring-coil heat sources away to the far distances; this is
helpful to improve the heat transfer between heat sources and the surrounding medium.
However, groundwater advection cannot contribute superior function to whole heat
transfer if the velocity value is small or even close to zero. In such a situation, pure
conduction plays a dominant role and the heat build-up around pile becomes more and
more serious; this leads to poor heat exchange performance because the temperature
difference between pile GHEs and the surrounding underground medium is small and
continuous heat dissipation is slowed. The middle depth (H1+ Hy) /2 is still chosen as the
object when R = 1.0. The temperature responses with the time if velocity adopts
different values are given in Figure 4.8, meanwhile pile foundation GHEs have a fixed

length H and a fixed coils pitch.
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Figure 4.8 The temperature responses with the time when velocity adopts different values

Based on the Darcy’s law, the value of groundwater velocity in the porous medium
depends on the local underground hydraulic gradient and hydraulic conductivity (Wang,
1986). Three cases with corresponding velocities are compared and the temperature
responses are illustrated in Figure 4.8. Figure 4.8 indicates that the time needed for
arriving at steady state decreases and the ultimate temperature response is smaller if the
velocity is larger, that is, the thermal stability is easier reached when the seepage is
strong, therefore the heat exchange can be improved. Accordingly, it is vital to

understand the local hydraulic gradient before conducting calculation and analysis.
4.3.5.3 The effects of coil pitch

Spiral coils with a definite pitch are installed in an energy pile, and the temperature
responses induced by the coils are affected by the pitch when coils’ radius and depth are
confirmed. Pitch reflects the denseness of the coils arrangement along the z-axis,
defining the number of coil heat sources with the same heating rate. Coil pitch must has

a considerable effect on the temperature responses of the models.

The fluid passes by much pipeline if there is a dense arrangement occurs, thus the

102



heat transfer rate can be high. However, extra cost and the inconvenience in construction
and fabrication of energy pile are caused. Another problem is that thermal interferences
among coils are certainly serious, which is disadvantageous to the performance of
energy pile. In addition, the temperature responses in the surrounding medium are

enhanced quickly, thus reaching the steady state takes longer.

But, the tube surface area available for heat exchange becomes small when a sparse
arrangement appears if the pitch is large, causing the pile space inefficiently utilized.
Too big a pitch defeats the purpose of using a spiral tube, the significance of which is to
provide a large total surface area. As stated in chapter 1, the spiral tube has a higher heat

transfer coefficient because more area is available for heat exchange.

In fact, the choice of pitch for an energy pile should take account of the actual
situation. Taking H =10 for example, four different pitch values are set, i.e. B = 0.2, 1.0,
2.5, and 5.0 when groundwater velocity is constant. The corresponding numbers of ring
coils are 50, 10, 4 and 2, respectively. The temperature responses at mid depth when R =

1.0 are shown in Figure 4.9.
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Figure 4.9 The temperature responses with the time when coils pitch adopts different values
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Figure 4.9 indicates that temperature responses vary from high to low when B varies
from small to big. From another perspective, when H and R are still respectively 10 and
1.0, the temperature response changes with the velocity at any fixed time. Four values
are again set as 0.2, 1.0, 2.5, and 5.0 for B. The temperature responses are different as B
takes different values, but all decrease with the velocity, and the detailed information is

depicted in Figure 4.10.
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Figure 4.10 The temperature responses with the velocity when coil pitch adopts different values

4.3.5.4 Comparisons of temperature responses at different distances along z-axis

from ring-coils

The ring-coil models take approximate account of non-continuity of the heat source
along z-axis. The coil radius is assumed equal to that of the pile in order to maximize the
length of the heat exchange tube. At the time of R =1.0, temperature responses fluctuate
at all positions along the z-axis except at the coils themselves, due to the pulse thermal
load. These responses differ because every position (except the coils) is at a particular
distance from each coil, and the distances between any fixed coil and each position

except coil itself are all different.
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Figure 4.11 Two adjacent coils and different positions between them

For the example of H = 10 with 10 ring coils spaced along z-direction (B = 1.0), the
fifth and the sixth coils as well as their interval are displayed in Figure 4.11 showing five
different positions. The temperature response of each position with the time is indicated
in Figure 4.12 when the groundwater velocity keeps constant. The points 0.1 B and 0.9 B
show the strongest thermal responses because they are closest to the coils. In contrast,
the position 0.5 B has the least thermal response value because it is relatively far from
any of two coils. The temperature responses at 0.3 B and 0.7 B attain the intermediate

levels.

There are four coils above the fifth coil and another four below the sixth coil. The
fifth and the sixth coils and their interval are selected for detailed study because they are
situated near the mid depth of the pile. As the sum of distances from every coil to any
particular position in the medium remains constant and all coils provide the equal
thermal pulse load, the temperature response of any position between the fifth and the

sixth coils depends on the distance from the adjoining coil.
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Figure 4.12 The temperature responses of different positions between adjacent coils

4.3.5.5 The alternative method for simplifying calculation

As mentioned in section 4.2.4.2, isothermals distributions are not symmetrical owing
to the seepage influence and thus the mean temperature response at any horizontal cross
section should be obtained by the integral average method. However, this increases the
number of integrations, causing excessive complexity. The temperature response at the
energy pile’s external surface is a good judgment index to check the heat exchange
performance. For a constant value of z, the temperature responses of p =0 and ¢ = =
when R = 1.0 can be discussed. If the average value of these two cases is used to

substitute for result obtained by the integral average method, what would be the error? If

ER denotes the error rate (Huang et al, 2004), @4 and Oy are respectively the integral

mean value and the mean value of ¢ =0 and ¢ = =, then the expression of error rate can

be defined as:

ER = (ea\/e - @be) / @a\/e (420)

The middle depth (H;+ Hy) / 2 when R = 1.0 is selected as the object and three
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different values are used for H. For one thing, errors of temperature responses do
change with the time when coil pitch B and velocity L remain stable. For another,
groundwater velocity leads to the errors with different degrees if time Fo and coil pitch

B keep constant. Figure 4.13 shows the graphs corresponding to these two conditions.
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Figure 4.13 The errors of two calculation methods while H adopts different values

Another train of thought is to calculate errors of temperature response arising from
different values set for B. Firstly, the errors over the time can be deduced supposing that
both length H and velocity S are constant. Secondly, with respect to confirmed length H
and time Fo, the errors with the velocity S can be presented. The variation trends are

shown in Figure 4.14.
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Figure 4.14 The errors of two calculation methods when B takes different values

According to Figure 4.14, the error ranges are so minor that the average value of ¢ =
0 and ¢ = & can be utilized to substitute for that obtained by the integral average method.
The calculation process is considerably simplified by this approach especially when

accuracy requirements are not strict.
4.4 Comparisons between pure conduction and combined heat transfer

A ring-coil heat source with groundwater seepage produces a temperature field
different from that of the pure conduction model under the influence of advection.
Because the heat transfer efficiency of the combined ring-coil model is improved over
that of pure conduction, comparisons between the two models identify the significance
of studying ring-coil heat source seepage models. Fo represents the time scale over
which groundwater effects are realized and S represents the strength of seepage, and
these two critical parameters are the independent variables. The heat exchange between
ring coils and the surrounding medium expresses the performance characteristics of the

model. The ring-coil heat source behaves as if it “add flowers to embroidery” when
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groundwater flows through it. The diameter of the ring-coil is equal to that of the pile to
employ the most of the available space in providing heat exchange area. The mid depth
of the model is selected as a typical location for the comparisons. First of all, for the
different values of H, assuming that the seepage velocity is stable, the temperature
response ratios and the corresponding heat transfer rates’ ratios with the time are
indicated in Figure 4.15, where the subscripts 1 and 2 respectively denote the combined

heat transfer and pure conduction.
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Figure 4.15 The temperature responses ratios and heat transfer rates’ ratios with the time while

the velocity is constant

These two ratios can change with the groundwater velocity when the time is constant.
The corresponding curves are given in Figure 4.16, Figures 4.15 and 4.16 prove that the
role of groundwater flow is indeed important. The effect of seepage may be initially very
small, but its effect unfolds gradually over the time if the velocity is fixed, and the
impact is obvious after a long time. Similarly, the seepage effect on the ring-coil heat
source is becoming increasingly evident as velocity of groundwater flow increases at

any fixed time. The seepage influence is clearer for those ring-coil sources with larger
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ratios of length to radius. In summary, groundwater seepage strengthens heat transfer
rates and improves heat transfer performance of the ring-coil heat source. This
performance is encouraging regarding prospective ability to cope with a larger air-
conditioning load. Those regions with abundant groundwater resources and/or with
strong hydraulic head are important potential areas for improving heat transfer

performance of energy pile.
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Figure 4.16 The temperature responses ratios and heat transfer rates’ ratios with the velocity

while the time is constant

4.5 Summary

Explained and analyzed in the chapter are the ring-coil seepage models for pile
foundation GHE. Both the infinite (2-D) and the finite (3-D) models have been explored.
Because the pitch of the coils has been taken into consideration, a feature which
previously has never been focused is the discontinuity of the heat source down the pile.
The effects of this discontinuity on the temperature response in the surrounding medium
have been calculated and the potential bahaviour of energy piles are now better

understood. This understanding applies to the case of pure conduction when there is no
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groundwater seepage and also the case when there is flowing groundwater. The
mathematics underpinning the establishment of the seepage models is identified and the
equations were developed for various conditions. The characteristics of ring-coil seepage
models were explored, and performance comparisons between pure conduction and
combined heat transfer were made. The influence of groundwater advection on the ring-
coil heat source should be drawn attention especially when the time or the velocity
becomes sufficient to improve the heat transfer performance of energy pile. The ring-
coil seepage model is a theoretical research innovation and it lays a firm foundation for
the study of more complex models or even engineering projects. Since the groundwater
flows across the ring coils within the energy pile, the research on the whole heat transfer
process including conduction and groundwater advection is a new research area. The
novel components of this chapter are the modeling of the ring-coil heat source in an
underground medium with groundwater seepage. Account is taken of both conduction

and convection when groundwater flows through the energy piles.
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CHAPTER 5 SPIRAL HEAT SOURCE MODELS WITH

GROUNDWATER FLOW

5.1 Introduction

The investigations reported in Chapters 3 and 4 on the solid cylindrical and ring-coil
heat source seepage models brought forth novel theoretical simulations of the heat
transfer for the energy pile with groundwater advection. However, deficiencies still
exists in that the solid cylindrical model only assumes its surface as a whole
homogeneous heat source and there is no attempt to model the pitch of the actual coils.
The ring-coil model is a significant advance because the spiral tube is represented as a
series of separated coils, but spiral configuration of the heat source tube is still
simplified as there has no connection between adjacent coils. Thus, at this point, the
most accurate model has not yet been proposed. Further, improvements should be
explored and a model incorporating the genuine spiral heat source is examined and
reported in this chapter. The convection of groundwater flow will be included in the
simulations. The heat exchange tube, this time, is represented as a spiral line, thereby
ignoring the thickness dimension of tube for both pure conduction and combined one
involving conduction and groundwater advection. Since the spiral seepage model is
close to being realistic, the effects of groundwater advection should be more realistic. As
the same as previous chapters, the spiral line heat source seepage models are classified

into the infinite and the finite cases.

Strictly, the first step is to analyze the infinite-length model in an infinite
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homogenous medium to obtain the 2-D analytical solutions. Secondly, it is necessary to
include the effect of ground surface for the finite-length energy pile especially under the
condition of long-term performance of heat transfer. The heat transfer behaviour of the
finite-length spiral seepage model in a semi-infinite medium is regarded as the emphatic
research objective, and the corresponding characteristics will be studied. The schematic

diagram of the finite spiral heat source is shown in Figure 5.1.

Ground surface

ht- e
b
Spiral coils
s—Pile foundation
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2ro

Figure 5.1 The geometry of the spiral heat source inside the pile foundation GHE

Figure 5.1 illustrates the spiral coils installed in the pile. The radius of coil is the
same as that of the pile, and all coils are no longer separated ones but a successive spiral
lines with a certain pitch b. The grout or concrete is poured into the pile becoming
integral with spiral tube once it has hardened. Groundwater is assumed to flow through
the GHE for the purpose of mathematical modeling equations, which is a simplification,

since this would not be completely the real case for a hardened energy pile.

5.2 The spiral-coil models without considering groundwater seepage
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5.2.1 The research technique

As in chapters previously, Green’s function is employed to give the temperature
response induced by any instantaneous heat point source in the infinite homogeneous
medium. The spiral coil is deemed as a gathering of an infinite number of spirally
arranged points. Thus, the integral with respect to relevant variables, can be conducted
to obtain the total contribution of the whole spiral line (Zhang et al., 2013b). The
analytical solution of the temperature response at any point in the medium except heat
source in rectangular and cylindrical coordinates have been respectively listed in
Equations (3.1) and (3.3), where (x, y, z) and (X, y, z) are respectively the coordinates
of the point heat source and any other point in the medium; = and 7 respectively denote
the start time of emitting heat and any subsequent time. The conversion relationships
between the two coordinate systems are: x =rcosp,y =rsing,z =z and X = rcosg, y
= rsing, z = z, and the distance from the point heat source (x, y, z) to any point (x, Y, 2)

in the medium is given as:

R= \/(x—x')z +(y—y)+(z-2)Y =r*+r?=-2rr cos(p—¢p)+(z—2)* (5.2)

Green’s function is the fundamental tool for solving such unsteady heat conduction
problems. For the pile foundation GHE, the buried spiral tube is simplified as a series of
continuous coils with the pitch of b. The thickness dimension of the tube can be
neglected with a little loss of accuracy, (r, z, ¢ ) are the coordinates of points on the
spiral lines and the corresponding expressions are r=roand z = b ¢ /(2x) (Li., 2011).
To analyze the spiral line models, it is assumed that the underground medium is
homogeneous and its thermal properties are constant, and the GHE emits heat at the

intensity of gb per unit length from time =0, the initial temperature and temperatures at
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other times are expressed as t, and t, respectively. The excess temperature 6 = t— t, is the

temperature response at any point in the underground medium except heat source itself.
The preconditions or assumptions are almost the same as those listed in chapter 3 and 4.
The governing equation and the corresponding conditions for the infinite and the finite

transient heat conductions are shown in Equation (5.2):

00 %0 1060, 96(r-r,2-7,0-9)

—=a( =)+ for0<r<o, ¢ =272 Ib, —o0< 2 <+m,7 >0, (infinite model)

or art rar 271, pC (5.2)
2 :

00_o@0,100 0y W0-02-2020) 10\ oy a7 I, <7 <y e O, finite moc)

or ot rar o 271y pC

0=0,for0<r<ow,r=0

? =0,forr=0,z>0 ¢ (for infinite and finite models)
r

6=0,forr 00,720

5.2.2 Infinite spiral heat source model

A spiral line with unlimited length takes the place of the ring-coil tube in an infinite

medium. The cylindrical coordinates of the points on the spiral line are given

by r'=r and z’:b¢'/(27r). The solution of this two dimensional (2-D) problem

becomes:
T q|b tT 1
i 7 d' | G(z' =b¢'/27)d¢' = ——|d¢' | ——————=-
= Zﬁpc'[ '[o ) 16zpcy =, [ﬁa(r—r')]s/z (5.3)
. , )
exp _r2+r02—2rrocos(¢—¢?+(z—b¢/27r) dg
da(r—1)
Or
R

g ..= —-erfc dg’ 54
P 872'2k '[ R [ZEJ / 64)
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where R, = \/rz +1r2=2rr,cos(p—¢)+(z—be'/27) .

Corresponding non-dimensional parameters are introduced to reduce the number of
parameters and simplify the calculation as follows: Fo =a t/ r¢’, Opsi=ko/laq,z2=12/
ro, R=r/rpand B=b/ ry. The dimensionless temperature responses of the infinite spiral

pure conduction model are given in Equations (5.5) or (5.6).

B 77 1 % R? +1-2Rcos(p—¢)+(Z —Bg | 27x)? e
O, . = — - : dFodey (5.9)
proit 16ﬂ5’2£(F0—F0)3’2 Iwex'{ 4(Fo—Fo) 0de
B ¢ R ,
O  =—[erfc| —n—d (5.6)
p.s.i 8”2Rm:!:o |:2 '_FO} @

where R =\/R2 +1-2Rcos(p—@)+(Z—-Bg /27)* and erfc is the complementary
error function.
5.2.3 Finite spiral heat source model

A finite-length spiral line in a semi-infinite medium is next considered. The spiral
starts at z’ =h; or ¢'=27h, /b, and ends at z’=h, or ¢’ = 27h, /b.. Therefore, the solution

may be expressed as:

qb 27h2/b 2:h2/b
0,1 :'—J‘dr’{ I G(z' =bg'/2z)dg J‘G(Z':—bgo'/Zﬂ)d(p}
27pC 5 27h1/b 2710
T ’ 2 2
_ gb i dr - -exp[— rear } (5.7)
1670C 3 [,za(z-_z-)]B da(r—7)

zﬂfj.z/b o0 {WHEXP [_ M} —exp {— M}}d@

27h/b 43(7_7') 43.(1'—2") 48.(2'—2")

Or

116


http://www.iciba.com/complementary_error_function
http://www.iciba.com/complementary_error_function

p,s,f —

27h ,/b
qlb 1 ( j 1 [ RZ j '
-erfc ——-erfc| —2= | |d (5.8)
872k . hI /i 2Jar ) R, 2Jar ¢

where R, = \/rz +1Z —2rrcos(p— ) +(z—be' /27 )

R, = \/rz +12 —2rrycos(p— ) +(z+be'/27) .

The non-dimensional parameters of section 5.2.2 are again adopted, and another two
letters H; =h; / ro and Hy =h, / ry are respectively made use of to express the
dimensionless starting and end positions of the spiral line. In such a way, Equations (5.7)

and (5.8) can be changed into Equations (5.9) and (5.10), respectively.

Fo 2 27H,/B o
®psf = BS/Z J- 1 7 -exp _R—+ll . exp w .
=1 716772 ) (Fo—Fo) 4(Fo—F0) | ,.a 6 4(Fo—Fo) (5.9)
' 2 ' 2
exp _(2-Bg /27) —exp _(2+Bg /27) dpdFo
4(Fo—Fo) 4(Fo—-Fo)
B “¢®[ 1 [NRJ 1 (NR)
O, ;= -erfc |- -erfc 2 ' (5.10)
Pl gr? MLB NR, 2J/Fo 2/Fo

where NR, =/R? +1—2Rcos(p— @) +(Z —Bg'/27)

NR, =~/R? +1— 2Rcos(p— @) + (Z + Bo' /27 )

5.3 Heat transfer comparisons between pile foundation GHE and

borehole GHE

As the diameter of the pile is thicker than that of the borehole, the interior heat
capacity of the pile itself becomes significant and should be taken into consideration.

Spiral tubes possess better heat transmission ability than the single U-tube or the double
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U-tubes installed into the borehole, therefore a pile foundation GHE has a better heat
transfer performance. Comparisons between these two types of GHE are made below to
emphasize the heat transfer superiority of the energy pile; these comparisons show the
application of energy piles to be of a better class. The diameter of a borehole is from
130mm to 150mm while that of a pile is over 400mm. For comparison purposes below,
the borehole diameter is set as 150mm and piles 400mm, 600mm, 800mm and 1000mm.
The finite spiral model is studied and its analytical solution of temperature response
reveals the temperature variations aligned with the ground. The integral averaging
method with regard to the parameter Z is performed to obtain the mean temperature
response of the borehole’s or energy pile’s surface. Thereby, the corresponding
expressions of the line source and the spiral source are respectively expressed by

Equations (5.11) and (5.12):

erfc{“’Rer(Z_Zl)z} erfc{“RZJr(ZjLZ')z}
o -1, LTT 2P0 | 2(Fo zdz (5:11)
A Hy| Rz -z) JRE+(Z+2Z)

B 27 Fo RZ +1 27H,/B ZRCOS((ﬂ—(ﬁ)
®ave,p,s,f 1 1n 512 ’ H H 2_ .[ J .[ F F 3/2 4 F - F v J. exp W .
67 T : (Fo-Fo) (Fo-Fo) 22,18 (Fo-Fo) (5.12)

(Z-Bgp I27) (Z+Bg I27)° e
{exp {‘m} —exp {—m” dZdedgpdFo

where Equation (5.11) refers to the mean surface temperature responses of the borehole

GHE and Equation (5.12) refers to that of pile foundation GHE.

The running time of the GCHP system is usually from several hours to hundreds or

even thousands of hours. Accordingly, one month of simulated time, i.e.720 hours, is
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chosen for the simulation. Firstly, the temperature response ratios of the pile foundation
GHE with different diameters to the borehole GHE can be calculated based on Equations

(5.11) and (5.12). As shown in Figure 5.2, these ratios increase with the time.
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Figure 5.2 The temperature response ratios of pile foundation GHE to borehole GHE

Figure 5.2 shows clearly that the temperature response ratios reduce with the increase
of pile diameter, assuming that other preconditions are constant; this is because the
interior heat capacity is allowed for. The larger the diameter, the greater the heat
‘soaking’ ability of the energy pile and the smaller the temperature responses at the

outside surface of GHE.

The particular concern is the degree of heat exchange advantage. Thus, the heat
transfer rates’ ratios of pile foundation GHEs to the borehole GHE are revealed in
Figure 5.3. The heat transfer rate is gradually improved as the pile diameter becomes
large; the reason is that the spiral tubes are set along the interior surface of pile so its
diameter is nearly equal to that of the pile. The larger the pile diameter, the better the
heat transfer performance, at any constant time. Figure 5.3 explains that the energy
pile’s ability to cope with the air-conditioning load is initially particularly good. At first,

the heat transfer rate of a pile foundation GHE is equivalent to that of several meters
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borehole GHE, but the degree of equivalence reduces gradually with the running time of

the heat pump system.
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Figure 5.3 The heat transfer rates’ ratios of pile foundation GHE to borehole GHE

Figure 5.3 shows that the heat transfer superiority of the pile foundation GHE is
obvious especially for those with large diameters, and heat transfer ability is very
excellent in the initial running period. Theoretical research on the most accurate
mathematical model of energy pile is therefore vital. The influence of groundwater on
the energy pile can be investigated accurately as long as the simulation model is

sufficiently reasonable.
5.4 New models with groundwater seepage

5.4.1 The research technique

Groundwater seepage is a common phenomenon especially in the coastal areas or
others with rich groundwater sources. The underground medium can be regarded as a
homogeneous porous medium, in which the energy pile’s heat transfer process consists

of conduction by solid matrix and liquid (water) in its pores and convection by the
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moving groundwater. This is the first time to propose the simulation models describing
the influence that groundwater advection exerts on spiral line heat source, and these
contents are different with those appeared in the references. It is assumed that the
velocity u of groundwater flow is uniform over the whole domain and its direction is in
the x-coordinate positive direction. The energy equation and the new Green’s function
under the conditions of groundwater transfusion have been given in section 3.2.2 and
3.2.3. The advection problems can be formulated in the same manner as that of the
moving source problem. As a result, the analytical solutions may also be obtained by
means of the Green’s function when groundwater flows through spiral coils. For the
spiral seepage model, preconditions or assumptions except for the configuration of the
spiral coils, are the same as those described in Chapter 3 or 4. Accordingly, the energy

governing equation and the corresponding conditions are represented by Equation (5.13).

A 2 _ TS ‘ ‘ }

00,y 00 B0 100y WU 70 070) for0 e ot <t g =201 Ibr>0, (ifinite model)

Or  0O(rcosg) art ror 27IypC (5.13)
2 ) P . ‘ . '

YL L %+w,for0<r<w,¢:znz/b,m<z<h2,r>o, (finite model)

or  o(rcosp) ot ror oz 27ty pC

0=0,for0<r<m,r=0

? =0,forr=0,z>0 ¢(for infinite and finite models)

r

0=0,forr > 0,720

5.4.2 Infinite spiral heat source model

Coils are considered as a spiral line source in an infinite medium with groundwater

advection. The spiral source is regarded as a collection of an infinite number of point
sources with cylindrical coordinates of r'=r;, z’:b¢’/(27r). The length of the spiral

line is infinite and only heat transfer along x and y directions are considered. The

temperature response can also be written straightforwardly as:
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T @ ® U(x— ' , |
Havsvi:%J;dr'iM(r_ro,z_b¢/2ﬂ)d¢_ gb .[cexl{ (x ;(;cosﬁﬂ)}((p)d(p (5.14)

where R = \/rz +12 —2rr,cos(p—¢ ) + (2 — by [27r)? in the function f.

Equation (5.14) can be further transformed into Equation (5.15) to express the

temperature response in detail.

~ q o T ‘
a, s, i 2 _[0 '([8[72’& :|3/2

5.15
[x—rOCOSgo' —u(r—r')]2+(y—rosin(p' )2+(z—b(p'/27r)2 (519)

_ dr’
&P 4a(r—r') ’

Equation (5.15) is so long and tedious that non-dimensional expression is once again
utilized for simplification. The relevant dimensionless parameters consist of Fo =a t /
ro?, @asi=k@/q,Z=2/ro, R=r/ry, B=b/ roand S = u ry / a. Thus, Equation (5.15) is
transformed as follows.

B 1 % | [X-cosg-S(Fo-Fo)[ +(Y ~sing)*+(Z By /27)"
0,5 = 5/2J. ,3/2jexp— ‘
16777 5 (Fo-Fo)™ *, 4(Fo-Fo)

drody  (5.16)

5.4.3 Finite spiral heat source model

A finite-length spiral line in a semi-infinite medium is next considered. The spiral
line starts at z’=h; or ¢'=27h,/b, and ends at z’=h, or¢’=27h,/b. Two additional
non-dimensional parameters H; = hy/r, and H, = hy/roare used. Again the images are set
symmetrically about the ground boundary that keeps constant temperature, the depth of
spiral line is finite and therefore heat transfer along x, y and z directions are all thought

over, and the solution is obtained as:
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Opsi =o-—[d7| [ M(z'=bg//27)d¢'~ [M(z'=—bg'/27)d¢’

a,s,f

T 27pc 0 27h1b 271/b (5.17)
qb [U(x—r0 cos¢')
2a

T 27h2/b 27h2/b
qlb r|:

1f(R,¢')-f(R,, ¢ )de’
47[5/2k27zh1/b }[ (1,(P) (z(p)] ®»

R, =+/r? +12 —2rr, cos(p— ')+ (z—bg'/2z) and R, = Jr2 + 12 —2rr cos(p— ')+ (z +bg' /27 ) -

After corresponding transformation, Equation (5.17) can be changed into:

ab  F, [x—r,cosp' —u(z =)} +(y—r,sing'y
0, =92 Ty - :
s 167r5/2pc(-!1 (p'([exp[ da(r —17')

(o oo S e

There are a large number of parameters in Equation (5.18), making it seemed

(5.18)

complicated. In view of this, the non-dimensional equation is used for deriving
corresponding analytical solutions. The dimensionless parameters are almost the same as
those involved in the infinite spiral source, in addition, H; and H, are two additional
dimensionless parameters denoting denote dimensionless starting and end locations of
spiral line, respectively. Thus, the expression of temperature response of the finite spiral

source model with groundwater seepage is:

g Fo 1 27H,/B [X—COS(DI—S(FO—Fol):|2+(Y_Sin¢')2
O, = 512 I 32 eXp| = ' .
*1 167" (Fo-Fo0)*, 2 4(Fo-Fo) (5.19)
. 2 - 2
{exp {_ (Z-Bg I27) }—exp{—w}}dwldﬁ
4(Fo—Fo) 4(Fo-Fo)

5.5 Characteristics of spiral heat source seepage models

5.5.1 The regular pattern of temperature responses

5.5.1.1 The temperature responses with the time
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5.5.1.1.1 Pure conduction models

The infinite model, as explained in chapters above, has a temperature response that
continuously increases with the time. Whereas, the finite model, with a constant
temperature of ground boundary, raises the underground temperature until the maximum
stable values are reached. The trends of temperature responses can be expressed as the
differences between infinite and finite models (Man et al, 2013), and Figure 5.4 gives
the corresponding temperature responses with the time. The values of H are set as 2, 10

and 50 for the finite model.
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Figure 5.4 The temperature responses of spiral pure conduction models with the time
Notably, the basic regular patterns of temperature responses are all progressively
increase with the time, and the differences between infinite and finite models are shown
at last. Furthermore, an increase of H reinforces the temperature response for the same
time period. In addition, the differences of all temperature responses are a little initially

but then become more and more obvious with the time.

5.5.1.1.2 Heat transfer models with groundwater seepage
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For GHEs with different dimensions, the thermal responses of points on the same
horizontal circle, with the z-axis as center line, are different because of the configuration
of spiral heat source and the groundwater seepage, that is, the temperature distributions
around the z-axis on any horizontal plane when Z is not zero and R is constant are
dissimilar. It is necessary to understand the asymmetry of temperature distribution. For
the infinite model, another integral is conducted with respect to parameter ¢ to obtain the
mean temperature response value of the circle with the same R at any horizontal plane,

and the expression is shown as follows:

o

' W2 ' '
- Fo 2 Rcosp—cosg —S(Fo—Fo) | +(Rsing—-sing)? +(By /2x)? .
o2 1.3,2ijd¢jexp_[ p=c0sp ~S(Fo—Fo) [ +(Rsing—sing)"+(By /27) oo
167" Y (Fo-Fo)? 2z g 2 4(Fo-Fo) (5.20)

0 0

' W2 ' '
B Ff 1 TTeX _[Rcosw-cosq;—S(Fo—Fo)} +(Rsing-sing )2 +(By /27)?
327" 1 (Fo-Fo)*? 4(Fo-Fo)

0 0 —0

]dFOvd pde

For the finite model, the analytical solutions of the mean temperature response of the
circle located on any horizontal plane is achieved by integrating with respect to the

parameter ¢, i.e.

5 B FI 1 %% | [Reosp—cosg ~S(Fo-Fo)] +(Rsing—sing)’
as.f = ' EXp| - ' '
32" (Fo-Fo)" ¢ .0 4(Fo-Fo) (5.21)
! 2 ! 2
exp _(2-Bp I27) —exp _(Z+Bpl27) dpdpdFo
4(Fo-Fo) 4(Fo-Fo)

The temperature responses, when both the velocity and the coil pitch keep constant,
of both the infinite and the finite models with the time are shown in Figure 5.5. It is clear
that all responses finally reach stable states no matter whether the model is infinite or
finite as long as the groundwater flow exists. This new model confirms that the

temperature response can be stable when the heat accumulation induced by conduction
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and the heat alleviation produced by groundwater advection arrive at a heat balance.
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Figure 5.5 The temperature responses of spiral combined heat transfer models with the time

Figure 5.5 demonstrates that the thermal response of the infinite model is stronger
than those of the finite models. For the finite model, the response becomes strong

gradually with the increase of H.

The spiral combined model is more accurate compared with the solid cylindrical and
ring-coil combined models, and the differences of them can be obtained by means of the
corresponding temperature responses with the time or the velocity. For example, the
finite model is employed because any energy pile has the finite depth, the temperature
responses of three different models increase with the time while velocity is constant, and
these responses drops with the velocity if the time is constant; Figure 5.6 show the
detailed curves when the value of pitch B is 1.0. The relative errors from spiral to ring-
coil models and from spiral to solid cylindrical models are respectively is -8.5% and
11%. However, the values of errors decrease with the increase of groundwater velocity
because the convection occupies the absolute predominance gradually. It is suggested

that the value of pitch B should be less than 1.0 if solid and ring-coil models are
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employed for calculation.
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Figure 5.6 The temperature responses of different combined models with the time

and the velocity

5.5.1.2 The temperature distribution around spiral coils
5.5.1.2.1 Pure conduction models

The isothermals diagram giving temperature distribution around a spiral heat source
for an energy pile of limited length, assuming only pure conduction plays a role.
According to the calculation and analysis based on Equation.(5.9) or (5.10) when Fo and
B are fixed. The isothermals at vertical XOZ and horizontal XOY planes are both
presented in Figure 5.7. Since the heat exchange tube is a spiral line, the temperature
field is not symmetrical about the coordinate axis. Positions close to the heat source can
show stronger thermal responses as expected. With the constant thermal transmission, it
is inevitable that the heat accumulates in the medium and therefore the heat exchange
between the GHE and its surrounding medium is unfavourably affected, and the heat

transfer performance of the energy pile deteriorates.

127



0

0.01525
0.03050
0.04575

0.06100
B 6 07625
0.09150

0.01431
0.02863
0.04294
- 0.05725

0.07156
0.07872

- 0.1002

0.1073
0.1145

0.1068
0.1220

Figure 5.7 Isothermals induced by spiral pure conduction model

5.5.1.2.2 Heat transfer models with groundwater seepage

The isothermals of vertical and horizontal planes when calculation and analysis are

conducted based on Equation (5.19), are shown in Figure 5.8.
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Figure 5.8 Isothermals of the spiral combined heat transfer model

The intuitive temperature distributions are intuitively reflected in this case involving
groundwater transfusion. Most noticeable is that temperature responses at the right side

are larger than at the left side due to the groundwater flow. Because the groundwater
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flows along the positive direction of the x-axis and the corresponding heat dissipation
from the spiral coils heat source has a certain shifting to the right, leading to the result of

Figure 5.8.

5.5.2 The temperature responses of locations with different radial distances from

the heat source

The temperature responses differences of those points around the energy pile are
discussed below. Three conditions containing R = 1.0, R = 2.0 and R = 3.0 are assumed
for the case of H=10 and the position Z = (H;+H,) / 2 is selected for examination. The
calculation results based on Equation (5.21) appear in Figure 5.9, which further
demonstrates that the temperature responses are stable at any point in the underground

medium except for the heat source itself.
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Figure 5.9 The temperature responses with the time when R adopts different values

Figure 5.8 indicates that the temperature response reduces with the increase of the
radial distance from the spiral heat source. More specifically, the nearer to the heat

source, the more intensive the temperature response.
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5.5.3 The role of groundwater velocity

As stated in previous chapters, the velocity of groundwater transfusion is associated
with the local hydraulic gradient. This parameter determines the strength of advection.
Temperature responses tend to be stable when the heat dissipation by conduction and
heat alleviation by convection arrive at a balance. To assume a constant heat exchange
rate of a pile foundation GHE and a fixed configuration of the spiral coils, which means
the role of heat source must be immobile and the effect of groundwater advection must
relate to the groundwater velocity. If the velocity S becomes large, the time needed to
attain a steady state is reduced, and the opposite is true when the velocity is small.
Taking the case of H = 10 as a example when three values are set for S, the temperature

responses of the spiral seepage models with unchanged pitch B are shown in Figure 5.10.

As expected, the temperature responses drop with the rise of velocity, because the
stronger the groundwater seepage, the greater the ability to carry away heat. Thus, the
heat accumulation can be efficiently alleviated by convection, gradually lessening the

thermal responses.
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Figure 5.10 The temperature responses with the time while S adopts three different values
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Furthermore, the temperature field around the GHE shows clear variations for
different values of velocity S. Figure 5.11 illustrates the distribution change caused by

the increase of groundwater velocity.
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Figure 5.11 Temperature fields with different velocities of groundwater flow

Groundwater seepage makes the degree of asymmetry of the isothermals increasingly
evident because the role of groundwater becomes gradually pronounced with the

increase of velocity.
5.5.4 Influence of pitch B of spiral coils

As in chapter 4, where the effect of the ring-coil model’s pitch B was reported,
similar consideration was given to the spiral model’s pitch B denoting the density of the
coils along the z-axis (Mishra and Gupta, 1979). Given that the start-stop positions of
the coils are fixed, a small value of B represents a short distance between adjacent coils
and therefore there are more coils in total. The heat transfer capacity per meter GHE is
boosted, but the thermal interference occurring among coils unavoidably becomes worse.

The temperature responses of the surrounding underground medium rise rapidly, adverse
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to continuous heat transfer. Another shortcoming is that difficulties in engineering
construction are increased. In contrast, a large value of B reduces the heat transfer
capacity, leading to undesirable heat transfer effects and the reduction in the GHE
capacity to meet the heating or cooling load. Briefly, in the design, it is important to
weigh the advantages and the disadvantages and therefore, on this basis, the pitch of
spiral coils should be chosen to fit the need of the actual situation. The temperature

responses with the time are shown in Figure 5.12 for different values of pitch B.
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Figure 5.12 The temperature responses with the time while B adopts different values

The isothermals distributions for B =1.0, B = 2.0 and B = 3.0 are displayed in Figure

5.13.
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Figure 5.13 The temperature fields when B adopts different values

5.5.5 The alternative simplified calculation method

The finite spiral model can approximately represent the actual energy pile, and is
therefore more appropriate than the solid and the ring-coil models. It can be employed to
show the temperature responses of energy pile’s surface during the process of heat
dissipation. Equation (5.19) contains double integrals giving the analytical solution of
the temperature response. By adding an additional integral is added to Equation (5.19),
the mean temperature response can be obtained at the energy pile’s surface at any
horizontal plane along the z-axis. The new expression is given by Equation (5.21) with R
set as 1.0. A further integral, with respect to z, can be added to Equation (5.21) making a
total of four integrals, to generate the total mean temperature response, not only around
the circumference of the pile but also along the depth direction. The expression of mean

average temperature response is obtained as follows:
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B g M g [Rcow—cow'—S(Fo—Fo’)T+(Rsin(/>—sin o)
a,s, f =32ﬂ_7l2 J‘(FO—FOI)SIZ ,[ dz.[ J. &Xp| -~ 4(FO—FO.) . (5 22)
0 H, 0 27H,/B .
! 2 ! 2
exp _(2-Bpl2r) /27.7) —exp _(2+Bpl2r) /27.7) dp'dpdFo
4(Fo-Fo) 4(Fo-Fo)

However, this calculation will be more complicated. To simplify the calculation, five
different points along the z-axis are selected with the aim of obtaining the mean
temperature response when R is 1.0, and the comparisons between the results
respectively obtained by two different methods can be made. The mean values with the
time and the velocity are both shown in Figure 5.14, and the most accurate result
obtained by the quadruple integrals approach is compared with the mean of temperature

responses of five different selected positions.
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Figure 5.14 The temperature responses of two calculation methods with the time and with the

velocity respectively

The relative errors of the simplified approach increase with the time and with the
velocity. In the case of a very long time or a very large velocity, the error can reach 10%,
which means the error, in general, is not great. Therefore, the method by way of five
different positions” mean can be used especially for some engineering projects, because
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the requirement for the computational accuracy is not too high.
5.5.6 Comparison between the temperature responsesofp =0and ¢ ==

Groundwater flows along the positive direction of the x-axis, and first contacts the
left side of the GHE where ¢ = n and alleviates the heat emitted from the spiral coils.
Afterwards, groundwater continues to flow and then passes the position ¢ = 0, i.e. the
right side. Despite the fact that groundwater advection relieves thermal response no
matter for ¢ = x or for ¢ = 0 finally, the benefits of them are achieved in the order, or
even one side is disadvantageously influenced by another one in a given period. To be
more specific, the heat is removed when the groundwater goes through the position ¢ =
n. This heat, however, is carried across with unfavorable effects to the position ¢ = 0
during a time interval; there is no doubt that the heat around ¢ = and ¢ = 0 can both be
removed at last. In order to compare the responses of these two sides of the pile surface,
an integration is performed along the z-axis based on Equation (5.19). The temperature
responses at ¢ = 0 and ¢ = © when R is 1.0 are given by Equations (5.23) and (5.24)

respectively.
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The results are plotted in Figure 5.15, and it is apparent that the response value at the

side of ¢ = 0 is stronger than that of the side ¢ = .
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Figure 5.15 The temperature responses of the sidesp =0and ¢ ==

5.5.7 The influence which groundwater seepage exerts on a pile group

The temperature responses caused by a single spiral heat source in the presence of
groundwater seepage and the corresponding analytical solutions have become
understood. Any engineering project would have an array of energy piles supporting the
whole building. The temperature response at any point except the heat sources
themselves is the sum of contributions mad by each energy pile. Equation (5.19) gives
the expression produced by one spiral heat sources while groundwater flows through it,
and the total result taking account of all piles and their coordinates under the condition

of groundwater seepage is expressed by Equation (5.25).

. W2 '
" B F 1 s X =X, ~cosp ~S(Fo-Fo) | +(Y -Y,~sing)’
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where Xjand Y;are respectively the X and Y coordinates of the axis center of every

energy pile at the horizontal plane.

The depths of all piles are assumed the same and the tops and bottoms of all spiral
heat sources are at the same levels, and the geometry of the energy piles with the

corresponding spiral heat sources is identical.

For example, an engineering project with a total of 15 energy piles is employed as the
reference object. The piles are arrayed in the form of a 3X5 matrix, and a plane of the

pile group array is shown in Figure 5.16.
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Figure 5.16 The distribution pattern of pile group

The temperature distribution of the whole energy pile group can be realized with the
aid of Equation (5.25), and is shown in Figure 5.17. In the event of groundwater seepage
which is along the positive direction of X, the temperature responses of the left area of
pile group are lower than those on the right. The closer to the left boundary, the weaker
the temperature response, making obvious the degree of influence that groundwater
seepage exerts. In contrast, the temperature responses rise gradually when the distance to

the right boundary of pile group becomes increasingly short.
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Figure 5.17 The temperature distribution of pile group with groundwater advection

In addition, temperature responses near pile 1# and 10 # are depicted in Figure 5.18,
and the difference is shown clearly. Pile 1# is located at the position which is least to the
left when passed by groundwater, therefore experiencing the severest cooling impact,
and the thermal disturbances from other energy piles are the weakest case. Accordingly,
the heat transfer performance of this pile and its near area is improved with the most
favorable degree. However, the heat taken away to the right by the groundwater has an
adverse impact on the heat transfer performance of pile 10 # and its surrounding medium
in a certain period. For this reason, the largest temperature responses can be found in

the locations near pile 10 # .
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Figure 5.18 The temperature responses of places near pile 1# and pile 10#
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The above confirms the evidence of previous chapters in showing that groundwater
seepage advantageously improves the heat transfer performance energy piles with spiral
coils. Thus, the whole underground heat accumulation over the area of pile group can be
alleviated in this way. It should be admitted that the investigations on influence which
groundwater advection exerts on not only single energy pile but also a group of energy

piles are novel and original.

5.6 Comparisons between models without and with groundwater
seepage

The spiral heat transfer models for pure conduction and combined conduction and
advection are compared to highlight the role of groundwater seepage. The readers are
reminded that the finite model is the one to be considered for this purpose whether pure
conduction or combined heat transfer is considered because of the limited length of
actual pile foundation GHEs. Equation (5.22) gives the whole mean temperature
response of the finite spiral seepage model; in addition, the corresponding expression for

the pure conduction model is represented by Equation (5.26).

H, 27 27H,/B

== B 1 1% 1 R%+1 2Rcos(p— @)
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There is a striking contrast in Figure 5.19 which displays the comparisons. Firstly, the

temperature responses with the time are provided when seepage velocity is constant.
Secondly, the temperature responses change with the groundwater velocity given that

the time is fixed. Obviously, temperature response of the model with groundwater
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transfusion is lower than without groundwater transfusion, and the differences of
temperature responses become larger and larger with the time or with the velocity. It is

increasingly clear that groundwater flow is a significant contributor to energy pile

effectiveness, after some time has elapsed or if the flow velocity is sufficiently large.
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Figure 5.19 The temperature responses of pure conduction and combined heat transfer

Qp and Q, are the heat transfer rates of spiral pure conduction and combined heat
transfer, respectively. The most important significance of groundwater transfusion is the
enhancement of the heat transfer ability. Figure 5.20 shows how the ratios of heat
transfer rates change with the velocity and with the time. It can be seen that the heat
transfer ability gradually improves with the velocity or with the time. This proves the
importance of the existence of groundwater transfusion, a phenomenon which should be
exploited especially when the velocity is large or the time is sufficiently long.
Groundwater transfusion improves the performance of pile foundation GHEs by
strengthening the heat exchange quantity, enabling pile foundation GHEs to meet more
heating load or cooling load. By embedding the heat exchange tubes within the piles,

holes for which have in any case to be drilled, the expense of drilling boreholes
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dedicated to solely to the GHE is decreased, which means the initial cost of the
engineering projects can be reduced. Basically the pile is conducting two jobs at the

same time: 1. supporting the building and 2.acting as part of the building cooling or

heating.
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Figure 5.20 The heat transfer rates’ ratios of two heat transfer modes with the time and with the

velocity

5.7 Summary

Explored in this chapter is the spiral heat source seepage models first including
conduction aspect and then the added effects of groundwater advection for pile
foundation GHEs. Both the infinite and the finite models are formulated and discussed,
and the corresponding analytical solutions are obtained. The spiral model is more
representative of the actual spiral heat exchange tube, and the shortcomings of existing
models such as solid cylindrical and ring-coil models can be improved. The finite model
constitutes the research focus because real pile foundation GHE must be limited in

length. The influences exerted by many parameters on temperature response have been
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studied to better demonstrate the versatility and power of analytical solutions. For an
engineering project in practice, the initial cost can be dropped if the energy pile
technology is employed because the expense on drilling boreholes GHESs can be reduced.
Furthermore, the heat transfer ability of an energy pile has been shown to be very
marked when comparing borehole GHEs with energy piles. The simulations for spiral
heat source seepage model show that groundwater flow has a beneficial influence on the
heat transfer performance of the pile foundation GHE; the greater the transfusion, the
more effective the heat transfer. Thus, a bigger heating or cooling load can be coped
with if using the pile foundation GHEs, and the initial investment can be further reduced.
This exploration about spiral models with groundwater transfusion provides sufficient
theoretical guidance for engineering projects, and potentially boosts the continuous

development of energy pile technology.
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CHAPTER 6 THERMAL TRANSMISSION EXPERIMENTS

OF ENERGY PILES

6.1 Introduction

The most accurate models of pile foundation GHE with groundwater advection have
been proposed in chapter 5. The seepage models can be indirectly verified if the
corresponding pure conduction models are validated by on-site experiments. It is
unfortunate that there are no test rigs on which to conduct groundwater advection
experiments. Groundwater velocity is so small that the experimental simulation is
extremely difficult. In addition, the period needed for observing any obvious effect of
groundwater advection is too long. For these reasons, the pure thermal transmission
experiments of energy pile can be firstly tried and this can provide reliable basis for

seepage test rigs in the future.

The pile foundations of an office building have spiral coils installed, enabling the
energy piles to transmit heat to the surrounding underground medium. Some parameters
including temperatures, flow rate of circulating liquid, power of equipments and so on
were recorded over time. The significant findings could be obtained based on these
parameters recorded during the experiments. Theoretical models are then employed
using some data and geometric parameters of GHE to calculate the results. Finally,
comparisons between experimental data and theoretical results indicate the degree of

reliability of the mathematical model. Thus, the seepage model can be indirectly
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certified provided that the pure conduction model is proven to be correct.

6.2 Presentation on energy piles of building employing the GCHP

system

6.2.1 Characteristics of pile foundation GHE

The engineering project is located in Jinan, Shandong of China, the office building of
new energy develop center of Shandong Coalfield Geology Bureau. Both pile
foundation and borehole GHEs are employed for GCHP system. Some piles are used to
bury spiral heat exchange tubes for taking on a certain proportion of air conditioning

load, this helps to reduce the initial cost of drilling boreholes.

All pile foundations of the building lie in the place 1m below the ground boundary.
There are totally 52 piles acting as the energy piles. Because spiral coils are installed in
the pile, the diameter of which is a little larger than that of coils. For this project, the pile
and spiral coil diameters are 800mm and 750mm, respectively; the pile length is
approximately 26m and the spiral coils length nearly 25m as the pile must be a little
longer to hold the spiral tube. The coil pitch is 200mm and the material is high-density
polyethylene (HDPE), which has high thermal conductivity and good corrosion
resistance (WIKIPEDIA, 2014). The heat transfer coefficient of a spiral tube is higher
than that of a straight tube. The spiral tube is fixed into a precast hollow steel cage and
the assembly is then lowered into the pile. Afterwards concrete is poured to fill the hole

to form the complete energy pile as shown in Figure 6.1.
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Figure 6.1 Schematic diagram of on-site energy pile

The parameters hy, h, and hg are various distances of parts of the energy pile from the
ground as shown 1m, 26m and 27m respectively; and b is the coils pitch. h,- h; is the
spiral coil length of 25m, hs- h; is the pile depth at 26m. Circulating liquid flows through

the spiral coils to transfer heat to the surrounding underground medium.
6.2.2 The local underground thermal properties

Because some underground parameters are included in the mathematical model, their
values must be measured to achieve the calculation accuracy. A rock and soil
thermophysical tester developed by Shandong Jianzhu University is employed to
measure the local ground thermal properties. The underground medium, thermal
conductivity, volume specific heat and initial temperature were all obtained by testing
(IGSHP SHJU, 2012). The detailed information is shown in Table 6.1 and a photograph
of the testing machine is shown in Figure 6.2. The tests must be made in advance of

construction because the design size of the GHEs depends on knowing the parameters’
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values.

Table 6.1 Introduction of underground medium

Underground medium Thermal Volume specific heat  Initial temperature
conductivity

Red mud and rock layer 1.301w/(m <C) 1.945x10%J/(m® -C) 14.9 C

Figure 6.2 The photo of thermophysical tester

6.3 Description and analysis about experiments

6.3.1 Experimental procedures

The thermal exchange consists of the heat release from the circulating liquid and
therefore it is unnecessary to consider the freezing problem (Michopoulos et al., 2007),
the pure water without anti-freeze fluid is employed to transmit heat to the underground
medium. Two equipments, with constant heating powers, are employed for heating the
circulating water and measuring temperatures and flow rate at time interval, they were
self-developed by Shandong Coalfield Geology Bureau. Each equipment consists of
circulating pump, electric heater, flow meter and thermal resistor (Zhang, 2010). The
inlet and outlet temperatures of the circulating water were recorded on entering and

leaving each instrument over time, and the power supplied for heating and the flow rate
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of circulating liquid were continuously kept at regular interval.

In addition, PT1000 thermal resistors were installed at the mid depth of the spiral
tubes, because their precisions are high (HMIL, 2009). The underground original
temperature is known and the temperature response at the mid depth of pile over time is
recorded by these experimental resistors. A schematic diagram of the heat transfer

experiments is shown in Figure 6.3.

No.1 test equipment No.2 test equipment
resistor resistor 2 resistor e gistor
Il 0 — e} @ 0 0 ——
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cirulating electric heater flovr me ter cire ulating electric heater flowr meter
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pile founda tion

Ho2
pile foundation)

therraal resistor] O thenmal resistor

Figure 6.3 Schematic diagram of heat transfer experiment of pile foundation GHEs

There are two groups of experiments involving two energy piles. For the first
experiment, only one equipment is used and another one is closed. Circulating liquid
flows only through the spiral tube of No.1 pile, and all relevant data with the time are
recorded. Both equipments are next employed to enhance the heating power because
they are connected in series, but on this occasion, only No.2 pile receives the circulating
water in accordance with the experimental design as the temperature field around No.1

pile has been disturbed in the first experiment. The sizes of No.1 and No.2, their layouts
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and spiral tubes are identical no matter whether inside or outside the piles.

Specifically, No.1 equipment and No.1 pile were utilized in the first experiment, and
at that time valves 1, 5, 6 and 7 are closed and valves 2, 4, 6 and 8 open. After that, No.1
and No.2 equipments were connected in series while No.2 pile and not No.1 pile was
included in the circuit according to the experimental design. During the second
experiment, valves 2, 3, 4 and 8 were closed while valves 1, 5, 6 and 7 were opened.
The flow rate and temperatures of the circulating water were doubly checked as each
equipment has its own flow meter and thermal resistors. Figure 6.4 shows some on-site

photographs of the experiments.

Figure 6.4 The on-site photos of heat transfer experiments of energy piles
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6.3.2 The analysis on recorded data
6.3.2.1 The first experiment

The heating powers of the two equipments are unequal. One set has low power and
one high. The No.1 equipment with low power was first used to heat the circulating
liquid, and the inlet and outlet temperatures increased gradually with the time, and the
corresponding data is shown in Figure 6.5. It took about 70 hours to finish the first
experiment, the temperature difference between inlet and outlet temperatures of
circulating water rises sharply at first before quickly becoming approximate stable

within the range of from 2.5 C to 3.0 C.
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Figure 6.5 The inlet and outlet temperatures of the circulating liquid in the first experiment

The flow rate fluctuated slightly as shown in Figure 6.6, the unit is liters per minute

and the value is from 11.5L/min to 12.5L/min..
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Figure 6.6 The flow rate of the circulating liquid in the first experiment

To calculate the heat transfer rate of an energy pile, one method is to use the formula

q = Cp X (tour tin) Xmy;i / hg (Jalaluddin and Miyara, 2012) , where C, is the specific

heat capacity of circulating liquid (4.2 kJ / (kg. “C)) since it is pure water; to,: and tj,are
respectively outlet temperature and inlet temperature, mjjand hg respectively denote the
volume flow and the length of the spiral tube. The values of temperatures and volume
flow were recorded over time, and hg is 25m as in section 6.2. Another method is to
make use of the heating power of No.1 equipment, because the circulating water is
heated by equipment’s electric heater to raise its temperature before it flows through
spiral tube to release heat to the surrounding underground medium. The power is
denoted by P and the heat transfer rate is given by g = P / hg. The value of P is shown
in Figure 6.7. The power, P, remained stable during the nearly 70 hours of the first
experiment, although some slight degree of fluctuations was apparent. The mean value

can be selected when calculating g.
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Figure 6.7 The heating power of the No.1 instrument in the first experiment

As a rule, the heat transfer rates obtained by two different methods should be equal,
but the local environment and other interference lead to some data deviations. Figure 6.8
describes the heat transfer rates obtained by the two methods. On the whole, the results
are similar but the values deduced from the inlet and the outlet temperatures are higher
than those derived based on heating power. This is because some heat is also indirectly
provided by instruments such as water pumps during the experiment. The method based
on the inlet and the outlet temperatures is more accurate and this approach should be
adopted for calculating the heat exchange rate of the energy pile.
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Figure 6.8 The heat transfer rates according to two different methods in the first experiment
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The mean output of the whole experiment was nearly 75.91W/m, and this value can
be used when validating the mathematical model. Because the thermal resistors were set
at fixed locations inside the piles, the temperature response can be recorded at regular
time interval. As a consequence, the experimental data can be compared with the

mathematical results to check the performance of the simulation models.
6.3.2.2 The second experiment

As the heat transfer rate of the energy pile is small in the first experiment, the thermal
response was not intense enough. To better check the temperature responses induced by
an energy pile when heat transfer between the GHE and the underground medium occurs,
the second experiment was conducted, and this time the high heating power was
supplied. For the second experiment, two equipments were connected in series to
increase the heating power; accordingly the heat transfer capability was strengthened.
The circulating water first flows though the No.1 equipment and is heated by the low
power electric heater, and then flows through the No.2 one with high heating power. The
No.1 pile had been used in the first experiment and thus the original temperature around
the pile was disturbed to a certain degree, therefore the temperatures were now not in
accordance with the preconditions of the mathematical model and the comparisons
between the experimental data and the calculated results will lose meaning. Thus, the
No.2 pile was substituted for the No.1 pile. In the same way, the inlet and the outlet

temperatures of the circulating water are given as follows:
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Figure 6.9 The inlet and outlet temperatures of the circulating liquid in the second experiment

It is obvious that the temperature difference between inlet and outlet temperatures is
larger than that of the first experiment, because the heat transfer quantity is greater in
view of the enhanced heating power. The heat transfer ability becomes more evident due
to the stronger temperature response, the experimental effect is clearer. Therefore, the
experimental time was shortened to 55 hours at which time the inlet and outlet

temperatures difference was nearly stable.

The flow rate of the circulating water with the time is shown in Figure 6.10, with
values between 13.5L/min and 14L/min.
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Figure 6.10 The flow rate of the circulating liquid in the second experiment
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The total heating power of the two equipments with the time is depicted in Figure

6.11 and clearly larger than that of only one equipment, and almost twice that of the first

experiment.
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Figure 6.11 The total heating power of the No.1 and the No.2 instruments in the second

experiment

The two different methods used in the first experiment, for assessing heat supply to

the fluid, are applied again to calculate the value of g, and the corresponding values are

provided in Figure 6.12,
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Figure 6.12 The heat transfer rates according to two different methods in the second experiment
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The result obtained by the first method remains higher than that with the help of the
second method, thus the mean value of heat transfer rate during the experimental period

was around 206.52W/m.
6.4 The comparisons between mathematical model results and
experimental findings

The equations of the analytical solution for the temperature response induced by the
energy pile, require the values of the experimental parameters to be incorporated.

Equation (6.1) is the expression of the finite spiral heat source model of pile foundation

GHE.

27hy /b 27hy /b

zﬂpcjd{ [ 6(z=bg/2r)dg - | G(z’:—b¢'/27r)d¢':l

2zhy /b 27ty /b
_gb | dr’ p{— r2+r? } (6.1)
167pc [ﬂ'a(l’ r )]3/2 da(r 1)

ZIZ]‘Z/b eXp{erO cos(¢f¢ )Hexp {_ (z _b¢l/27.r)2 } —exp{— (z+ b¢'/2?,)z ]}d¢/

27y /b da(r-7) 4a(r—7) da(r—17)

The diameter of spiral coils is 750mm and therefore the radius rois 750mm / 2 =

375mm, and the spiral coil’s pitch b is 200mm.

Thermal resistors continuously measured temperatures at their locations at all times
and the initial temperature is known, therefore the temperature response & can be
acquired; and the corresponding thermal properties were obtained using the approximate
tests. As a consequence, the formula ® =k 6/ g, was applied to obtain the experimental
non-dimensional temperature response. To obtain the simulation model’s results,

dimensionless parameters were introduced as: Fo=at/r’>, ® =k @/ qR=r/ro, Z=2
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I ro, Hy = hy/ ro, Ho = ho/ rpand B = b / ro. The thermal resistors were set at the locations
of r = rpand thus R is 1.0. The actual parameters and the corresponding dimensionless

values are given in Table 6.2.

Table 6.2 The actual parameters and corresponding dimensionless values

b, B 200mm, 0.54
hy, Hy 1.0m ,2.67
h, , H 26.0 m, 69.33
h, H 25.0m, 66.67
r, R 375mm, 1.0

Based on Equation (6.1), the non-dimensional expression is given.

16772 3 (Fo—Fo )2 4(Fo—Fo) 27H/B 4(Fo-Fo) (6.2)
— I 2 I 2 ' ‘
exp _M —exp _M d@dFO
4(Fo—Fo) 4(Fo—-Fo)

The location of thermal resistor was at z = 13.5 so the value of the corresponding
dimensionless value Z is 36. The comparisons between the calculated results of the
mathematical model and the findings of the first experiment are described in Figure 6.13.
To clearly show the process of experiment, the horizontal coordinate represents the
actual time i.e. the unit is hour, and the vertical coordinate is non-dimensionless
temperature. It is seen that two curves are very similar in shape and only a small

difference exists between them at all times.
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Figure 6.13 Comparisons between calculated results and experimental findings of the first

experiment

The next step was to check the temperature response of the second experiment
against the mathematical model. In this experiment, the heat supplied to the circulating
fluid was much greater to enhance the heat transfer ability of energy pile. The

temperature responses with the time are shown in Figure 6.14.
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Figure 6.14 Comparisons between calculated results and experimental findings of the second

experiment

According to Figures 6.13 and 6.14, in the first experiment, the experimental
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temperature responses were slightly greater than those calculated by the model; but the
opposite was the case for the second one. Thus, the degree of boosting temperature
response in the second experiment was less than the degree of boosting the heat supplied
to the circulating fluid. The comparisons do show that the temperature responses of both
model and experiments are very similar and the differences between them are quite
minor. It can justifiably be claimed that the spiral mathematical model of pile foundation
GHE has been validated by the experiments, and this model can be applied to analyze
thermal responses in other cases, no matter for academic research or for when designing

a real engineering scheme.
6.5 Summary

The spiral heat source is the most accurate model for describing the behaviour of a
pile foundation GHE, and can be employed for the design or thermal analysis of an
energy pile because its validity has been checked against the heat exchange experiments
of energy piles. Two heat transfer experiments were conducted to check the rationality
and logicality of the model, and the theoretical research underpinning the model has
been vindicated in practice. Comparisons between experimental and calculated results

were made under both low heat transfer rate and large heat transfer rate conditions.

It is difficult to establish an experiment rig to measure the impacts of groundwater
seepage on energy piles. It is argued, however, that the combined model of pure
conduction and groundwater advection is fundamentally the same problem as evidenced
by the mathematical expressions, since the experiments confirmed the mathematical
model in the case of pure conduction, there is no good reason to suppose that the model

would not be confirmed in the case of conduction with groundwater advection.
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The fundamental principles of pure conduction and combined heat transfer are the
same, and Green’s function is made full use of to analyze the temperature response
induced by the heat source if both conduction and advection exists. The static heat
source, in the latter advection case, can be regarded as a moving heat source while
groundwater flows through energy pile, thereby the groundwater seepage models are

obtained exactly according to the corresponding conduction models.

In conclusion, given that the heat transfer model has been experimentally verified
when there is no groundwater, the models which also allow for groundwater advection
can be said to have been indirectly confirmed. Accordingly, the experiments described

in this chapter are particular valuable.
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CHAPTER 7 BACK CALCULATION METHOD BASED
ON THE LINE HEAT SOURCE SEEPAGE MODELS TO

OBTAIN GROUNDWATER VELOCITY

7.1 Introduction

According to all investigations in previous chapters, the groundwater advection is
important especially when the seepage intensity is large enough. The influence that
groundwater exerts on the heat transfer process cannot always be ignored. For the most
frequently used borehole GHEs, the heat transfer performance and economic efficiency
can both be improved if groundwater seepage is taken into account. It is important to
know approximately what the velocity might be before conducting studies on
groundwater influence. Figure 7.1 provides the schematic diagram of the groundwater

that passes borehole GHE.

ground
groundwater groundwater
— J —
borehole
_—

Figure 7.1 The groundwater flowing through borehole GHE
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The value and the orientation of groundwater velocity vary with the locations as
hydraulic gradients are never constant. If the velocity, only is well understood then the
influence of groundwater seepage can be controlled. However, it is difficult to obtain an
accurate velocity without special measures because groundwater is obviously below
ground. At present, engineering projects simply ignore groundwater to simplify
calculations. This will inevitably lead to errors especially when groundwater seepage is
at a high level. Sometimes there have been attempts to measure groundwater velocity,
but the work involved is troublesome and difficulties arise in achieving a accurate
measure as the order of magnitude of seepage velocity is too small and the underground
geological structure is usually complex (Ni et al, 2009). Consequently to this day, there
is no solution to assessing groundwater velocity at a given location in any simple
practical manner. The object of this chapter is to explore a methodology based on the

line heat source seepage models for obtaining the groundwater velocity.

As a rule, pile foundation GHEs cannot cope with the heating or cooling load for the
whole building. Energy piles and borehole GHEs together function as the elements
responsible for releasing and extracting underground heat. As described above, the
geometry of a borehole is simpler than that of a pile and therefore a borehole GHE is
usually fitted with a line heat source. Accordingly, the line heat source seepage models
are employed to ‘back analyze’ the local groundwater velocity. After that, the
groundwater influence on pile foundation GHEs can be investigated. Because analytical
solutions for the borehole GHE under the influence of groundwater are ready-made
expressions, the velocity can be deduced with the help of the inverse algorithm if on-site

temperature responses at chosen locations have been recorded. Details of the back
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calculation method and the necessary supporting measures are demonstrated step by step

in this chapter.
7.2 The influence that groundwater seepage exerts on a borehole GHE

It is necessary to stress the advantageous role played by groundwater prior to the
introduction of the back calculation method, because the significance for obtaining the

groundwater velocity can be emphasized by this way.

7.2.1 The analytical solutions of line heat source models with groundwater

advection

The expressions of line heat source seepage models were given in section 3.3, but
these analytical solutions for both infinite and finite models are repeated to remind their

reliabilities.
7.2.1.1 Infinite line heat source seepage model

The analytical solution for the infinite line heat source seepage model is given in

Equation (7.1) where ¢, denotes the heat transfer rate of borehole GHE.

_ij- [I’COS,B—UCOS(p(T—T')]Z+[I’Sin,3—usin(0(z'—z")]2 4 (7.1)
m e sa(r—7) o

where §i=t-1t, tandt, are respectively transient temperature and initial temperature.
is the intersection angle from the x-axis’s positive direction to the point location in

question, r is the radial radius of the point from the borehole center.

To reduce the number of parameters and simplify the expression, non-dimensional

parameters are introduced such as: ®; =k 6/ q, S=ur/a, Fo=ar/r’ Then the
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dimensionless form is displayed as:

1 [cos,B—SCOS(p(Fo—Fo')T+[sin,B—Ssin(p(Fo—Fo')J2 (7.2
=g [ (Fo_Fo) P~ 4(Fo-Fo) e

0

7.2.1.2 Finite line heat source seepage model

The temperature response of the finite heat source model while groundwater seepage

exists is given in Equation (7.3).

T ' _ L 2 . B . . )
0, ;= a I dT’ ,exp{_[rcosﬂ ucosp(z—z")]" +[rsin S—usinp(zr —7")]
0

4a(r—7) } (7.3)
erfc _z=h —erfc 20 —erfc _ 240 +erfc _z+h
ZQQa(r—r’) 2/a(z-7") ZQfa(z'—T’) 2Ja(r-7")

where r and £ respectively have the same meanings as those of the infinite model, the

line stretches from the ground boundary to the depth h. Equation (7.3) is converted as

follows:

1?0 dFo [ [cos p—S cosp(Fo—Fo) | +[sin g~ Ssingp(Fo-Fo)
.eXp —
8r 0

Oati=5r 4(Fo-Fo) ] (74)
erfc{Z_H}—z*erfc{z}+erfc{z+H}}
2y/Fo-Fo 2y/Fo-Fo 2\/Fo-Fo
where H =h/ r , the dimensionless depth of the line heat source.

7.2.2 Comparisons between temperature responses of with and without

groundwater seepage

The value of velocity S gives expression to the advection strength. An increase of S,
causes the groundwater seepage’s contribution to the whole heat transfer process to

become increasingly outstanding, resulting in smaller and smaller temperature response.
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The temperature responses of the finite line source with the time and with the velocity
are both illustrated in Figure 7.2, where the temperature responses of the seepage model
are the mean values. Pure conduction leads to larger temperature response than that of
combined heat transfer at the time of constant S, proving that seepage indeed improves
the heat transfer performance of a borehole GHE. There is no velocity for the pure
conduction model, and the final temperature response remains constant when the time is
fixed. However, the temperature response drops with seepage strength if groundwater

advection is included in the heat transfer model.

0.5 - —— without groundwater advection 0.5 —— without groundwater advection
with  groundwater advection with  groundwater advection
0.4+ 0.4
0.3 4 03
® ®

0.2 4 02

0.1 0.1

0.0 T . . . . 0.0 T T T T T T T T T 1
0 20 40 60 80 100 00 05 10 15 20 25 30 35 40 45 50

Fo S

Figure 7.2 Temperature responses of with and without groundwater seepage

7.2.3 The temperature field while groundwater seepage exists
7.2.3.1 The influence of seepage angles

The orientation of groundwater seepage is also from -180° to 180° and the temperature
field around a borehole GHE is determined by the seepage direction if velocity value is
constant. The following figures give a brief picture of the differences in temperature

fields as orientation of flow changes. For the three orientations: 0°, 45° and 90°, the
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diagrams and the corresponding temperature distributions are respectively listed in

Figures 7.3 and 7.4.

orientation 0° orientation 45° orientation 90°

Figure 7.3 The diagram of different groundwater orientations

— o orientation 45° ) ientation 90°
24 . orientation 0 N _ 2] 017ﬁ\

Figure 7.4 The temperature fields when groundwater orientation takes different angles

According to Figures 7.3 and 7.4, the temperature distribution around the borehole
GHE does varies with seepage directions, proving the importance of groundwater

orientation.
7.2.3.2 The influences of seepage’s intensity and time

Based on analyses in section 7.2.2, the seepage’s intensity and duration can bring
about different thermal responses. A borehole GHE is regarded as a line heat source with
the constant heating rate q;; and the surrounding medium experiences changing

temperature distributions with velocity value or time if groundwater seepage exists. The
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temperature distribution is shown when the orientation is 0°, which means groundwater
flows along the positive direction of the X-axis at this time. Isothermals can be plotted as
Fo and S change. Firstly, the temperature field varies with the velocity value while Fo is

kept fixed. The graphs are shown below:

0.14

0N
] 0.082
y Lﬁ/

Figure 7.5 The isothermals with the increase of S

There is a delicate asymmetry of temperature distribution when S is small, because it
seems that pure conduction plays the predominant role in the heat exchange process. The
seepage effect, however, becomes more obvious as S increases. Isothermals depict the
advection role and the gradually more noticeable temperature asymmetry with the
velocity value S. Figure 7.6 shows that temperature responses of both sides of Z-axis
present different distributions with the time when S is constant, illustrating how the

seepage effect is affected by time.
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Figure 7.6 The isothermals with the increase of Fo

7.2.3.3 The change regulation of mean temperature

A hydraulic gradient’s direction differs between regions or areas; the intersection
angle between the positive x-axis direction and the seepage direction varies from -180°
to 180°. If the velocity value is constant, that is, seepage intensity maintains stable,
therefore the temperature response at the same location changes with the seepage
directions. However, the mean calculated temperature responses explain that they are all
nearly equal. Equations (7.2) and (7.4) are analytical solutions of temperature responses
respectively induced by infinite and finite models. Since the seepage orientation is
usually two-dimensional, the integral average method can be utilized to acquire the
mean temperature responses for every model. With another integral, added to Equations
(7.2) and (7.4), the respective expressions become as shown in Equations (7.5) and (7.6),
both of which are double integrals.

1 127 1 [cosﬂ—s~c05go(Fo—Fo')T+[sinﬂ—S~singo(Fo—Fo')T
ave'a"":Z'Eu(Fo-Fo') 4(Fo-Fo)

0 drodp  (7.9)
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Fo-Fo | 4(Fo-Fo)

avealf_

iiﬁ d dFo [cos,B—s~003(p(F0—Fo')T{sin,B_s.sin(/,(po_pd)}2
87 277 ¢ -

erfc _ZH -2*erfc Z +erfc Z+H
{ [Nﬁ} [2\/F0—Fol lzJFo—Fo']}

Regarding intersection angles, some typical cases were chosen for study. Exploring
whether the mean temperature response of medium surrounding the borehole GHE is
related to the groundwater velocity or not. Mean temperature responses with the time are
obtained using the finite heat source seepage model. Figure 7.7 provides a clear

explanation of the corresponding information. Results were calculated for many angles

with very little impact on the mean temperature response.

0.25 1 ——-180°
——-150°
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Figure 7.7 The mean temperature responses with the time when ¢ adopts different angles
Another case is the relationship between groundwater velocity value and mean
temperature response. Figure 7.8 shows that no matter what the velocity value is, the
mean temperature responses when seepage orientation employs different angles are

nearly equal if S keeps constant. The large the S, the smaller the temperature responses.
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Figure 7.8 The mean temperature responses with S when ¢ adopts different values

7.3 Description of the back calculation method

7.3.1 The arrangement of test points on the horizontal plane

As stated in section 7.1, to estimate the velocity of seepage is a difficult problem with
which engineers and scholars have to deal. This is a subject of research in its own right.
Novel methods are needed for a breakthrough. With limited trial temperature data and a
borehole GHE, however, a methodology entitled “back calculation” based on the line
heat source seepage models is proposed. Both the value and the orientation of the
groundwater velocity influencing the temperature responses can be deduced with the

help of reverse reasoning algorithm.

Flowing orientation is determined by the hydraulic gradient’s direction, and the
greater the gradient, the larger the velocity intensity. Groundwater can sometimes flow
in a three-dimensional fashion or even in a rough-and-tumble manner, but in general the

flow is approximately planar or two-dimensional (Zhang et al, 2007), so that two-
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dimensional seepage is assumed in this analysis. To fulfill the reverse-reasoning, at least
three points with the same radius r regarding the borehole center as circle center are
distributed around a borehole GHE, and the 120-degree intersection angle between every
two adjacent points is defined to ensure an even-distribution. Admittedly, the reverse
reasoning effect would be more accurate if there are more than three well-distributed
points around the borehole, but calculation complexity is increased and the temperature
response difference between adjacent points would be small. Accordingly, the procedure
can be demonstrated with only three points to check the reverse-calculation effect.

Figure 7.9 depicts the basis for the back calculation demonstration.

point no.2
. _n(r cos (-7/3), tsin (-7/3) )

poult no3 }.;.)orehole \
(r,0 . — A Y
- X
fé’pa
o point no.1

(rcos (@3), rsin (w3))

\/
y

Figure 7.9 The schematic diagram of three evenly-distributed points around borehole GHE

Figure 7.9 displays one mode of distributing the three points; some other examples are

depicted as:
YA YA
: O No2
o (gr,o.g) *Q\(r sinl5°, r cos157)
. % borehole 5
‘{, X
: X NEI.S /
) . . (-r cosl5’, rsin(-15%))
No3 8 ' O Noi g Mol
(rcosd5”, rsin(-45%))

(- cos30°, r sin(-30%) : (r cos30°, rsin(-30%)
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Figure 7.10 Some other distributing modes for three points around borehole GHE

In addition, Figure 7.11 shows the examples where there are four, five and six evenly-

distributed points.

A
YA 77 No3
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o3 O No.2 No.4 No.2
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. 3, { borehole | gc
3 > (I / & X
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ceD B S ~ . 4 /
X ) o
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: No.l (- cos30", - T sin30"7) (rcos30°, - rsin30°)
o o o (r cos36, -rsin36") u]
No.4 No.l No5 No6
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Figure 7.11 The distributing diagram while there are different numbers of points

The calculation difficulty is unavoidably increased though added points can improve
the back calculation effect. For this reason, the mode employing three evenly-distributed
points is preferentially taken into account, only if the calculated result using three points

is deemed unsatisfactory would it be desirable to test a larger number of points.
7.3.2 The depth location of distributed points

If the infinite line heat source seepage model is employed for the reverse reasoning
algorithm, the depth of the three points would be irrelevantly but the depth must the

decided upon in case of the finite model.
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The graphs in section 7.3.1 only describe the horizontal distribution of points at a
particular depth. The differences of the temperature responses of different depths are
evident. The mean temperature responses based on Equation (7.6) are calculated for
different values of Z, and the corresponding temperature responses in the Z-axis
direction or the depth direction for different values of S are shown in Figure 7.12. It is
evident that the temperature responses, higher up and lower down are weaker than those
at intermediate depths with the middle positions showing the highest temperature

response. Accordingly, the set points are positioned at mid height of borehole GHE.
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Figure 7.12 The mean temperature responses of the finite model along Z-axis

7.3.3 The principles of back calculation
7.3.3.1 The objective function

The temperature responses with the time can be recorded after setting points (Gehlin
and Hellstrom, 2003). Because the specific velocity is unknown, the velocity ranges
need to be chosen for value and orientation. For example, the velocity range is usually
set from 10°m /s to 10 m /s according to the local geological information. The angle

can be defined from -180° to 180°, the complete range of possibilities, in the absence of
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any local physical information. As the test data are recorded at regular intervals, the
continuous iterations across the value and orientation ranges are performed in the
process of back calculation. Given that the differences between test findings and
calculated results are at the minimum, when the calculated temperature responses equal
the measured data, the corresponding value and orientation must be the actual
groundwater parameters (Yu and Fang, 2002). The objective function is expressed in

Equation (7.7).

T :Zn:(®cal,j _®rec,j)2 (77)
=

where Oca, jand O (¢, j denote the non-dimensional temperatures obtained respectively by
models and by recorded data. Because ® e, j= K&/ q = k (t - ) / i, the non-
dimensional value can be acquired if the transient temperature, the initial temperature,
thermal conductivity and heat transfer rate are all measured in advance. The initial
temperature can be noted before operating the GHESs, and the transient temperature can
be recorded at regular time intervals. Obviously, there are many groups of three values
for the three points concerned. Thermal conductivity k and g, are respectively obtained

by thermal test equipment and by calculated results.

Three points are set around the borehole and thereby three objective functions should
be established. In the case when all three achieve the minimum, the corresponding value
and orientation are the actual cases. To be more specific, every point has own objective
function, the value and orientation cannot be determined if only one function achieves
the minimum. It could happen that all meet their minimum requirements but at slightly

different values and orientations in each case. When the velocity ranges between the
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three are acceptably small, the intersection of the three ranges can produce the chosen

single velocity estimate.

In addition to the objective function shown in Equation (7.7), another way is to
establish the total sum of the squared deviations between calculated and measured

values, i.e. Equation (7.8).

n
T= Z(®Cal,j,1 _®rec,j,l)2 + (®cal,j,2 _®rec,j,2)2 + (®cal,j,3 _®rec,j,3)2 (78)
j=1

However, only one function is displayed in Equation (7.8), thus the possibility of
producing error may be higher than that in the case of three functions above.
Furthermore, the ranges of three points can help to verify each other if functions are
respectively established. Thus, the intersection is more accurate than the result would be
for only one function. For this reason, it is suggested that three functions should be

established.

The flow chart of the iteration process is shown in Figure 7.13, the corresponding

calculations and programmes are conducted according to this illustration.
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Figure 7.13 The flow chart of the iteration process for obtaining groundwater velocity

7.3.3.2 The partial derivatives

Section 7.3.3.1 has demonstrated that the actual S and ¢ can be confirmed if all
objective functions achieve the minimum. No matter whether the infinite or the finite
model is considered, the analytical solutions of temperature responses are binary
functions with two independent variables S and ¢. In case T makes the first order partial
derivatives respectively with respect to parameters S and ¢, the corresponding signs can
be indicated respectively by T>*and T, and the necessary conditions for realizing the
minimum of T are concluded as (Ye and Shen, 2006):

A,S
{T =0 (7.9)
TA? =0

Because both S and ¢ are discrete variables rather than continuous variables, it cannot

be guaranteed that the values of T>®and T must be zero. However, the minor values
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which are next to zero can be endowed respectively to T*°and T**, and the values can
be adjusted according to the calculation process to respectively limit S and ¢ into a
smaller and smaller range, and the best findings are that a single S and a single ¢ can be

determined at last.
7.3.3.2.1 Derivative formulas of infinite line heat source seepage model

Velocities fulfilling Equation (7.9) are named as stationary points (Xu, 1999). The
stationary points which simultaneously satisfy the Equation (7.9) of three object
functions maybe the unique one or may cover a small range. The detailed expressions

for T and T are respectively demonstrated in Equation (7.10) and (7.11).

TAS 9 AS 9y = —€X ,
Z aal,j~ reCJ caIJ Z 47[0(F0j_F0 4(F0j_F0)

i=1

nf 1y [X—S(:OS(p(Foj—Fo‘)T{Y—Ssin(p(Foj—Fo')}2 ‘
D 0-0,,,
) rec, j

1 T L [X—SCOS(p(Foj—Fo‘)}2+[Y—Ssin¢(Foj—Fo’)T. (7.10)
4 ¢ (Fo,~Fo) 4(Foj-Fo')
2-[X—Scosw(Foj—Fo')]COSg/)(Foj—Fo‘)+2-[Y—Ssin(p(Foj—Fo')]sin(p(Foj—Fo')dFO,

4(Fo,~Fo

o 12 . W2
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5|47 ¢ (Fo,-Fo) 4(Fo,-Fo) '
i? [X—Scosw(Foj—Fo’)T+[Y—Ssin¢(Foj—Fo‘)]2 . (7.11)
47 1 (Fo-Fo) 4(Fo,-Fo)

0
-2 [X Scosp(Fo, - Fo) } Ssinqa(Foj—Fo‘)+2-[Y—Ssin¢(Foj—Fo‘)J-SCOS(p(Foj—Fo‘)

4(Fo,-Fo) o

7.3.3.2.2 Derivative formulae for finite line heat source seepage model

Detailed expressions of the first order partial derivatives can be expressed, firstly the

formula of T** is given by Equation (7.12).
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Secondly, the formula for T is shown as:
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7.3.3.2.3 Determine the velocity after us

ing partial derivatives

(7.12)

(7.13)

For each objective function, the values of T°and T** are zeros or nearly zeros, that

means two limitations are set for achieving the minimum for each function. Totally,

there are six conditions to be satisfied while the three functions simultaneously fulfill the

requirements of the minimum. Normally, the number of conditions is the reason for

setting three points rather than only one. Although if an accurate velocity cannot be
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determined in such a way, the six conditions can only be met by a small range of
velocities, those remaining velocities will then be put into Equation (7.7) one by one for
comparison. In this way, the single velocity can be discovered because this velocity

Equation (7.7) can find the minimum.

7.4 Characteristics involved in the infinite line heat source seepage

model

7.4.1 The relationship between points’ radius and velocity value

The distance from the points to the borehole center is worth discussing because this
parameter needs to be employed during the back calculation. How to determine the
radial radius to the borehole center line depends on the velocity. For example, studies of
this relationship can be conducted while the three points are distributed as in Figure 7.8.
Because the angle of groundwater seepage is from -180° to 180°, some angles within this
range are picked for investigation. A 15° interval was set and therefore the angles such
as -180°, -165° and so on were employed. A significant finding is that the value of
dimensionless velocity should be from 0.1 to 3.0 according to the analysis. With regard
to the non-dimensional velocity S = ur / a, the product of actual velocity value and radial

radius of the point is within the range 0.1a to 3a.

On the one hand, the differences of three points’ temperature responses maybe very
small when S is less than 0.1, which is unfavourable for the back calculation. On the
other hand, the temperature response may be too weak if S is greater than 3.0. This range
is proven suitable for all directions of groundwater seepage if only the corresponding

angle is from -180° to 180°. Thereby, this relationship is not only applicable for all
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layouts of Figure 7.9 and 7.10, but also feasible for other distributions of three points

which are evenly-distributed around the borehole GHE.

To show the temperature responses with time, two extreme values of S, i.e. 0.1 and
3.0, are picked to depict the corresponding curves shown in Figure 7.14. The correct
circumstances are certainly between these two conditions while S adopts other values.
Emphasizing again, the relationship between point’s radial distance and velocity value is

that their product must lie in the range 0.1a to 3.0a.
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Figure 7.14 The temperature responses of three points when S adopts two extreme values

7.4.2 The research on inflection points of the temperature response curves

Figure 7.14 illustrates that the temperature responses curves of three points first
possess an increasing slope and then a continuously decreasing slop until the stable
states are reached. The inflection points are significant, as they mark the change from
one stage to the other. From the mathematical standpoint, the so-called inflection point is
the concave-convex transition point on function curves (TUDM, 2007). If the second
derivative of a function with respect to an independent variable is positive, the curve is

concave in shape and if negative, it is convex. The location at which the second order
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derivative equal to zero is known as an inflection point. Equation (7.2) takes into
account the relationship between the inflection point and its corresponding time of
occurrence. The parameter Fo is an independent variable and © ¢y j the corresponding
function value. The first derivative with respect to Fo is calculated using the

corresponding formula:

. - 2
6 ,-A'F":i*i*exp _(COSﬂ—S*COS(D*FO)Z+(Slnﬂ—S*Sln¢*FO) (7.14)
e 4z Fo 4Fo

After that, the second derivative is found from Equation (7.15) based on Equation

(7.14).
0 MYFO__iieX (cos(?—S-cosw-Fo)2+(sim9—S-sin<o~Fo)2 iiex _[cosﬁ—S-C()Sgo-F0]2+[sin€—8-sin<p-Fo]2
i T R T 4Fo r Fo 4Fo (7.15)
{28-COSq)-Fo-(cose—ScosaFo)+(cos€—S<cosaFo)z+2U-sin(p-Fo»(sinH—S-sin¢-Fo)+(sin0—S-sin¢-Fo)zl
Fo’ Fo?

Sometimes Fo cannot fulfill the zero value of the second derivative. In this case, the
method of bisection is utilized at the positive and negative boundaries of the second
derivative, thereby acquiring an approximate Fo. Exploration on the time of arriving at
the inflection points of three points was conducted. The Fo coordinate of inflection point
is only related to the velocity value S and is hardly affected by the seepage angle ¢. This
conclusion is the same no matter which of the three points around the borehole is used
for analysis. Figure 7.15 demonstrates that the time Fo when the inflection point is
reached changes with the velocity value S. To conveniently and clearly reveal the
correlation between Fo and S, Lg( S) is used for the horizontal coordinate and Fo for the

longitudinal coordinate. The Fo of the inflection point remains nearly constant at low
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velocities and drops rapidly as S becomes larger.
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Figure 7.15 The changing trend that Fo is along with Lg ( S)

For the inflection point, another significant correlation is that L, the product of the S
and Fo, can vary with the velocity value S, as shown in Figure 7.16. L increases with S
until the stable state is reached. The slope firstly increases and then decreases until L is
stable. Thereby, Fo of the inflection point is inversely proportional to S when the

groundwater velocity attains enough intensity of flow.
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Figure 7.16 The curve which product of S and Fo changes with Lg (S)
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7.4.3 The relationship between the time needed for reaching half of the stable

temperature response and the velocity value

The groundwater seepage causes convection and the temperature response reaches a
stable state eventually. When the stable state is reached, the corresponding temperature
responses values depend on the velocity strength. According to the curves, temperature
response increases gradually in the early period at an increasing rate and the
corresponding change of temperature response at set internal are evident. For this reason,
the data of this stage is more useful than the later for conducting the back calculation.
The clearer the differences of the data recorded at different times for any point, the

better the back calculation effect.

On the whole, the half value of stable temperature response can be selected to observe
the corresponding time, because the data recorded up the half maximum temperature
point is more valuable for the reverse reasoning purpose. The time needed to halfway
attain the stable temperature response is far less than that required to achieve the
remaining half. Figure 7.17 describes the relationship between time of arriving at the

half of stable values and the corresponding velocity value.

The calculations and explorations for three points when different seepage angles are
assigned to the groundwater have all been conducted, it should be noted that halfway Fo
is related only with velocity value and is hardly affected by the seepage angles or points’

locations.
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Figure 7.17 The change trend of Fo of reaching the half stable temperature response with S

7.4.4 Preliminary judgment on orientation of groundwater flow

Before conducting a reverse reasoning algorithm, it is necessary to make a brief
judgment on the range of orientations although the accurate angles are not known at that
time. Since there are three points distributed around the borehole, the differences in the
temperature responses are sufficiently employed to allow a rough estimate of the
orientation. The three temperature responses vary as groundwater orientation changes,
because the influence of groundwater advection at each point also changes if the
orientation is adjusted. Figure 7.18 reveals the temperature difference between every two

points when the flow takes different orientations.
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Figure 7.18 The influence that groundwater orientation exerts on temperature difference of

every two points

According to Figure 7.18, differences in temperature responses are determined to
some extent by the orientation of groundwater seepage; this effect becomes increasingly
obvious with the increase of velocity value. In this way, the range of orientations can be

preliminarily judged, helping the back calculation process.

7.4.5 The estimation of velocity value based on the ratio of the maximal response to

the minimal response

The orientation and the value of groundwater velocity have obvious impacts on the
temperature response of every point. Thus, the differences of three points’ temperature
responses depend on the velocity. The difference between the maximum and the
minimum responses reflects the seepage intensity in the case of a constant orientation.
Thus, the ratio of the maximum to the minimum is a significant parameter for estimating
the velocity value. After detailed calculation, the ratio is hardly influenced by the
variation of seepage angles, but it does increase with the enhancing of velocity intensity.

The curves indicating the relationship between the ratios and the velocity values are
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shown in Figure 7.19.
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Figure 7.19 The ratios of the maximum to the minimal responses with S

The three points are fixed in the corresponding positions and the orientation ranges
between -180° and 180°, therefore the ranges -180° to 0° and 0° to 180° are symmetrical
in terms of their influences on the three points’ temperature responses. Accordingly, the
analysis based on the range 0° and 180° can sufficiently prove the problem. Angles such
as 0°, 30°, 45° and so on were chosen. A clear fitting formula, i.e. Equation (7.16), is

summarized to report the relationship between ratio and S, where Pr means the ratio.
Pr=0.31776 + 0.87555S + 1.06117 S ? + 0.58003 S* + 0.11425 S* (7.16)
7.5 Characteristics involved in the finite line heat source seepage

model

7.5.1 The influence that orientation exerts on the comparisons of three points’

temperature responses

The first arrangement of three points in Figure 7.10 is randomly selected for analysis;

the same research ideas apply even if other arrangements are adopted. The temperature
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responses of three points rise with time when S and ¢ are given confirmed values, and

one example is shown in Figure 7.20.
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Figure 7.20 The temperature responses of three points with the time

Groundwater seepage incites the temperature responses at points, and the influence
degrees are certainly determined by the velocity. All temperature responses reduce with
the increase of S. As investigated above, in the case of the infinite heat source seepage
model, the seepage orientation plays a significant role in affecting the temperature
responses at three points. What is the reaction of the finite model if seepage orientation
changes? Studies were conducted and a similar summary to that of the infinite model
was obtained. Carefully noted, the temperature response at every point fluctuates
ceaselessly with the seepage orientation when time and velocity value are constant. The
temperature responses rather than their differences are directly given in Figure 7.21. It is
clear that the relative sizes of the three temperature responses vary with the seepage

orientation.
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Figure 7.21 The temperature responses of three points with the seepage orientation

7.5.2 The slopes of the temperature responses with the time

Figure 7.20 interprets that the temperature responses increase with the time until they
achieve the stable states. The complete trends are the same as those of the infinite model,
whereby temperature responses first go through a stage of continuous increase in slope,
followed by a period of slope that keeps decreased, and finally all the curves can arrive

at stable states.

Equation (7.4) represents the temperature response of any point except heat source
itself, thereby the slope of temperature response with time can be calculated using the

first order derivative of ® with respect to Fo. The alternate variable m is introduced,

where m=Fo—Fo . Equation (7.4) is transformed into:

Fo 2 H H 2
® 1 Id_m_exp{_(cosﬂ—s m-cos@)“ +(sin f—S -m-sin @) }

a'f'|_87z0 m 4m

Z-H Z Z+H/2
erfc| ———= |- 2erfc| ————= |+ erfCc| ————=
2\ Fo-Fo 2+\/Fo—-Fo 2\Fo—-Fo

And the first order derivative of ® with respect to Fo is given by Equation (7.18).

(7.17)
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The curves applying to the three points’ slopes with the time while S and ¢ remain

(7.18)

constant are displayed in Figure 7.22.
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Figure 7.22 The variation trends of slopes of three points while S and ¢ remain changeless

Figure 7.22 illustrates that when the slopes applying to the three points stop rising,
they begin to decrease at nearly equal times. Because the changing trends of slopes of all
points present the same regular pattern and the corresponding times are nearly equal, any
one point can be chosen to explore the slope trends when orientation and value of
groundwater velocity change. Meanwhile, the influence of the velocity intensity on the
slope trend of any one point can be studied if the orientation is fixed. Figure 7.23

describes the corresponding conclusions.
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Figure 7.23 The slopes with the time when orientation and velocity value respectively change

Figure 7.23 shows that the change of orientation slightly alters the slope but has no
effect on the slope’s regular pattern. The time when the slops start to decrease does not
change with the orientation. In addition, an increase of velocity value gives rise to
variation of slope curves in terms of not only the extent but also the pattern. The slope
reduces with enhancement of velocity, and the time when the curve peaks becomes

earlier and earlier.

7.6 The trials of back calculation

The principles of back calculation for obtaining groundwater velocity are summarized.
There are no actual experimental data, but those simulated for the three points’
temperature responses can be used to validate the back calculation procedure. If S and ¢
are known beforehand, their values can be put into theoretical model Equation (7.2) or
(7.4) and the temperature responses can then be obtained by calculation. As a rule, the
use of actual experimental data will result in some deviations from the model results.
Accordingly, random disturbances can be added to the model results to simulate the

experimental data.

189



7.6.1 Trials based on the infinite line heat source seepage model

S and ¢ were first respectively set randomly as 0.1 and 45°; the temperature responses
of three points with time could then be obtained. Based on the results obtained using
Equation (7.2), the random errors are added to the theoretical values. The theoretical and

simulated experimental temperature responses of the three points are shown in Figure
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Figure 7.24 The theoretical temperature responses versus simulated experimental data
(S=0.1,¢ =45")

The different discrete times were put into Equation (7.2) and therefore the theoretical
results could be achieved by use of this analytical solution. Given that software
produced random errors were then imposed on the theoretical temperature responses of
the three points, the discrete scattergrams of three points denoting the simulated
experimental data could be obtained as shown in Figure 7. 24. There are no actual
experimental data as stated above, but these simulated discrete data are similar in form
and values to the real experimental data with time, which means this is a valid approach

to the testing of the reverse reasoning algorithm. As long as the simulated experimental
time is long enough for the real data to be representative, the accuracy of back
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calculation method is satisfied. According to this reverse reasoning analysis, Equation
(7.7) achieves the minimum when S = 0.1 and ¢ = 42°, 43°,44°, 45° and 46°. The exact
orientation cannot be determined but an accurate value of velocity is acquired.
Nevertheless, the orientation range is determined by the procedure within a narrow range
of possibilities, which means the error is only small. The median should be selected to
diminish the estimation error when a unique orientation angle cannot be confirmed; thus

the value of 44° is defined as the actual orientation.

A further example, based on 0.5 and 60° respectively set or S and ¢, produced the
results shown in Figure 7.25.
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Figure 7.25 The temperature responses of theoretical results and simulated experimental data
(S=05,9 =60°)

Figure 7.25 reveals larger derivations induced by random error and this simulation is
closer to the actual experiment. This example indicates that the accurate unique value
can be achieved after making full use of back calculation procedures, which means the
results are S=0.5 and ¢ =60°. These trials can prove the validity and the practicality of
the back calculation method, providing a sufficient theoretical basis for predicting

groundwater velocity given measured temperatures over a sufficiently long time period
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at three well chosen points in the ground at the same radial distance from the pile centre.
Thus, back calculation can be used in support of the design of engineering projects of

pile foundation GHEs.
7.6.2 Trials based on the finite line heat source seepage model

Similar trials to those above based on the infinite model were also conducted.
Specifically, errors were set randomly and then added to the model results to generate

simulated experimental data.

Firstly, both the model results and the simulated experimental data of three points are
all illustrated in Figure 7.26. S and ¢ were set respectively as 0.2 and 60° in this

example.
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Figure 7.26 The temperature responses of theoretical results and simulated experimental data
(S=0.2, p = 60°)
Having used the back calculation procedure as above, the accurate velocity value S

and orientation ¢ can be determined.

S = 1.0 and ¢ = 30° were then set and the final effect again shows that the back
calculation method is convincing for obtaining groundwater velocity. The corresponding

figures are shown in Figure 7.27.
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Figure 7.27 The temperature responses of theoretical results and simulated experimental data
(S=1.0,¢ =30°)

It is explicit that the random errors are larger than those of the first example. In such a
way, a reverse reasoning algorithm was further validated and several results finally
obtained. There are five suitable matches for S and ¢, namely, (5=1.0, »=30°), (S=1.01,
»=29°), (5=1.01, ¢=30°), (5=1.01, p=31") and (S=1.02, »=29°). Single values of S and ¢
cannot be confirmed, but the differences in the five matches are minor, therefore the
accurate velocity can be basically determined. The median values of S and of ¢ are
respectively 1.01 and 30°. It follows that the outcomes of the back calculation are nearly

equal to the actual values.
7.7 Summary

This chapter gives a detailed reverse reasoning algorithm methodology for obtaining
the groundwater velocity. It is suggested that three or more points at which temperature
responses are measured, are evenly-distributed around a borehole GHE. According to
the line heat source seepage model, which describes the temperature response to a
borehole GHE under conditions of groundwater seepage, objective functions of every

point can be established and then combined with the extremum method of a multivariate
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function. The partial derivatives are used in seeking the accurate velocity, and the
corresponding characteristics of groundwater water seepage are investigated based on
the temperature responses of three points. The differences in temperature responses of

three points due to the influences of velocity and direction are explored in detail.

Ranges in the directions and the values of groundwater velocity can be initially
confirmed on a preliminary base, which is helpful to further discussion; and to some
extent the validity of the reverse-reasoning process can be checked. More suitably
distributed points around the borehole can produce better calculation results, but many
such points would not only increase the effort in their physical establishments in actual
engineering projects, but also leads to a more complex calculation procedure. Trials
were employed to verify the back calculation method, and successive attempts using
different examples were made. No matter for the infinite or for the finite model, the

reverse reasoning algorithm was proved feasible when S and ¢ values were set.

Three points proved enough to ensure the validity of the back calculation method if
they are evenly-distributed around the borehole GHE. Appropriate random errors, to
simulate the randomness expected of real experiment data, were imposed on the
theoretically calculated results. It is noted that no actual experiment was made and that
such work must follow. The content of this chapter provides a theoretical basis for future
experiment. It is worth obtaining the values of S and ¢ of the groundwater velocity, so
that the way in which groundwater seepage influences the heat transfer performance of

GHE can be understood.
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CHAPTER 8 CONCLUSIONS AND RECOMMENDATIONS

FOR FUTURE WORK

The study has investigated the heat transfer of pile foundation GHE with groundwater
advection. This process is more complex than that of pure conduction because thermal
exchange consists of conduction and convection. Based on the existing research related
to both combined heat transfer of borehole GHEs and pure conduction of energy piles,
this works focused on the development of novel simulation models for pile foundation
GHE with groundwater advection, and the proposed models ranged from simple to
complicated. The pure conduction experiments of pile foundation GHEs were conducted
to check the heat transfer ability and then to be used to verify the corresponding models.
The groundwater seepage experiments have not been actualized, but the analytical
solutions of the combined heat transfer models were derived from those of pure
conduction. Therefore, it is certain that seepage models can be verified indirectly in case
pure conduction models are validated by actual experiments. Making use of the
experimental data to prove the reasonability of simulation model is a significant progress

in the study of energy pile technology.

In addition, groundwater velocity containing orientation and value is determined by
local hydraulic gradient. Because velocity gives expression to the essence and strength
of groundwater seepage, how to obtain the velocity is the vital precondition of
investigating groundwater advection’s influence. In view of the complexity of

underground structure, it is hard to achieve the velocity by means of direct test. An
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important methodology entitled “back calculation” was proposed and then taken
advantage of to obtain the groundwater velocity, and this is favorable to explore the

impact of groundwater flow. The detailed conclusions are as the following descriptions.
8.1 The existing research work

Borehole GHE has also been the main research area because it is most widely used in
conventional GCHP system, the corresponding mathematical models and experiments
have been conducted, such as the line heat source models and numerical simulations,
and heat transfer experiments with and without groundwater advection. These contents
were summarized in chapter 2, this thesis focuses on the analytical solutions of models
and therefore the corresponding characteristics involved in the line heat sources’

analytical solutions were laid emphasis.

Due to the high initial cost caused by borehole GHEs, the exploration on new kind of
GHE to reduce expense is an inexorable trend. The application of energy pile technology
drives scholars or experts to propose theoretical knowledge or to implement experiments.
It is reported that the pure conduction research for pile foundation GHEs have made
obvious progress, and this can advocate the application of pile foundation GHEs. Since
the diameter of pile is large meanwhile the depth is not as long as that of borehole, line
heat source or hollow cylindrical heat source are not suitable for it. Therefore, solid
cylindrical heat source model and other models with corresponding analytical solutions
were suggested. Much research has been conducted to investigate groundwater impact
on borehole GHEs, however, heat transfer models for pile foundation GHE with
groundwater flow have not been investigated. In this regard, and based on the new form

of Green function and the energy pile’s pure conduction models, the corresponding
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seepage models were explored.

8.2 The simulation models of pile foundation GHE with groundwater

advection

To show the geometry of pile foundation and the influence of groundwater seepage,
simulation models embodying heat dissipation with groundwater advection were
introduced one by one, and the ensuing combined heat transfer exhibited a greater
degree of accuracy. Each type of simulation model includes both infinite and finite
models, the significant difference between them concerns whether or not the ground

boundary is taken into account.

Solid cylindrical heat source seepage models were firstly proposed, and further
simplifications were adopted to conveniently depict the circumstance of energy pile with
groundwater flow. The whole surface was regarded as a cylindrical heat source with a
uniform heating rate, however, the pitch of spiral coils was not considered. The interior
heat capacity of the pile was not ignored and the internal space of the pile is backfilled
with the material identical to that of outside the pile. The solid cylindrical heat source
emits heat as the groundwater flows through it. The models and the corresponding
conditions were thus established and thereafter analytical solutions of infinite and finite
models were obtained. The corresponding demonstrations were given in chapter 3,
showing that this model is obviously progressive compared with line and hollow heat

source seepage models.

The ring-coil heat source seepage models were then studied to express the

configuration of spiral coils. In this model, the spiral heat exchange tube inside the pile
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is not a continuous cylindrical source but a series of separated coils, arranged along the
depth direction of the pile, which means the pitch impact was paid attention. This model
is not the most accurate type but its proposal is a landmark. Simulation models and the
expressions of temperature responses as well as the corresponding characteristics were

all investigated, as shown in chapter 4.

Lastly, as regards the spiral heat source models with groundwater advection, the
corresponding research was conducted in chapter 5. All coils are considered as a spiral
line rather than separated coils. Therefore, spiral coils inside the pile under the impact of
groundwater were illustrated by spiral line with groundwater flow. Chapter 5 describes
the detailed information related to the establishment of the models together with
analytical solutions were given. The characteristics different from those of other models
were discussed. It is concluded that this model is the most accurate type for simulating

the heat transfer of pile foundation GHE with groundwater advection.

The spiral heat source seepage model is the optimal choice from the perspective of
academic research, but the corresponding calculation and analysis is very complicated.
Even though the research process is relatively effortless in the study of the other models,
the calculation precision is lower than that required for the spiral seepage model. It can
be concluded that the choice of model should be in line with the practical situation being
considered. As a rule, the most accurate model is always employed in academic research
and theoretical analysis, whereas the simple models can be put to use for engineering
projects to reduce the calculation difficulty, because the requirements for engineering
projects are not so high or strict as those involved are not interested in further

developing the models, but in using them for practical purpose.
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8.3 The heat transfer experiments of pile foundation GHESs

It is of great value to employ energy piles for conducting heat transfer experiments
because the heat exchange ability can be observed. In addition, pure conduction models
can be verified by means of comparisons with experimental data and model results.
Energy piles were part of the existing engineering project, heat transfer quantity,
temperature response of certain locations and other parameters were timely recorded.
The on-site operations of heat transfer experiments, aided by the assistance of on-site
construction personnel, were described in chapter 6. The effects of the experiments
were shown to be satisfactory. To some extent, the experiments can be regarded as
simulations of the actual working state of pile foundation GHEs. The most accurate
model was found to be the spiral heat source, and the corresponding seepage model’s
analytical solutions were deduced based on those of the pure conduction models.
Thereby, the spiral heat source seepage model can be indirectly proven if the

corresponding pure conduction model is verified by experiments.
8.4 The back calculation method for obtaining groundwater velocity

By way of setting points around borehole GHE and establishing corresponding
objective functions, the groundwater velocity including orientation and value can be
obtained by reverse reasoning algorithm; the whole procedures of achieving this aim
were summarized in chapter 7; the characteristics involved in the back calculation were
studied. Infinite and finite heat source seepage models were respectively employed to
check their corresponding methodologies, the actual velocity can be realized according

to the reverse deduction. Some examples were attempted to verify the rationality of this
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methodology, and it is certain that the methodology is a novel investigation which
provides the necessary basis for the study of the influence exerted by groundwater

advection on pile foundation GHE.

8.5 Recommendations for future work

The seepage models of pile foundation GHEs are novel and favorable for the
exploration of the combined heat transfer including conduction and groundwater
advection. Because groundwater movement can alleviate heat accumulation around
GHEs and further promote heat transfer, the significance of studying the impact of
groundwater advection is evident. It should be noted that although the results of the
presented research outlined in this thesis is affirmative, some defects and deficiencies

still exist and the future work is recommended.

This study focuses on a single pile foundation GHE and a pile group with matrix
arrangement, but, quite obviously, there are different arrangements for piles of buildings.
For this reason, it is necessary to investigate the influence that groundwater exerts on a
pile group with different arrangements. Then, the influence of groundwater on energy
piles should be discussed when the seepage direction varies rather than only assuming it

to be along the positive direction of x-axis.

The thermal properties of underground mediums inside and outside the pile are
assumed identical in the process of studying the combined heat transfer of energy piles.
The next stage in the work is to conduct a novel investigation on the influence of
groundwater advection given that the thermal property of inside the pile differs from that

of outside the pile.
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Additionally, in this study, the pure conduction experiments were conducted to check
the heat transfer ability and to verify the simulation model of pile foundation GHE.
Although the seepage model can be indirectly validated, this is not the ultimate research
goal. Therefore, the experiment rig will be established to enable the heat transfer

experiments of pile foundation GHE passed which by groundwater.

In further summary, the research about groundwater flow has attracted more and
more attentions due to the favorable effect of advection. The valid combination of
energy piles and groundwater seepage is a novel research area, and this can promote
further investigation about GHEs to a new research peak and advocate the further

development of GSHP technology.
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