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A comprehensive spectral element formulation for nonhomogeneous heat flow in a shallow geothermal
system consisting of a borehole heat exchanger embedded in a multilayer soil mass is introduced. The
spectral element method is utilized to solve the governing heat equations in the borehole heat exchanger
and the soil mass simultaneously using the fast Fourier transform, the eigenfunction expansion, the
Fourier Bessel series and the complex Fourier series, together with the finite element method. Only
one spectral element is necessary to describe heat flow in a homogeneous domain. For a nonhomoge-

Keywords: neous multilayer system, the number of spectral elements is equal to the number of layers. The proposed
Borehole heat exchanger . . . .

GHP spectral element model combines the exactness of the analytical methods with an important extent of
GSHP generality in describing the geometry and boundary conditions of the numerical methods. Verification
Spectral element method examples illustrating the model accuracy, and numerical examples illustrating its capability to simulate
FFT multilayer systems are given. Despite the apparent rigor of the proposed model, it is robust, computation-

Nonhomogeneous heat flow ally efficient and easy to implement in computer codes.

© 2017 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY license (http://

creativecommons.org/licenses/by/4.0/).

1. Introduction

Heat flow in nonhomogeneous domains consisting of compo-
nents with different physical properties is central among numer-
ous engineering applications. Heat flow in pipes, heat
exchangers, solids and layered domains are only few examples of
such applications. Solution of the involved heat equations vary
between analytical, semi-analytical and numerical, depending on
the complexity of the problem. In this publication, we present a
semi-analytical methodology for solving transient conductive-
convective heat flow in nonhomogeneous domains, which might
consist of multiple components with different geometrical and
physical properties. The proposed methodology is applicable to a
wide range of engineering applications, but the focus here is on
shallow geothermal systems.

A shallow geothermal system, known as geothermal heat pump
(GHP) or ground source heat pump (GSHP), is a source of renew-
able energy that utilizes the earth heat energy from shallow depths
for heating and cooling of buildings. It works by circulating a fluid
(refrigerant), mostly water with antifreeze solution, through a
closed loop of polyethylene U-tube pipe that is inserted in a
borehole in a soil mass. The borehole is filled with grout to fix
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the polyethylene pipe and to ensure a good thermal interaction
with the soil.

The borehole heat exchanger is a slender heat pipe with dimen-
sions of the order of 30 mm in diameter for the U-tube, and
150 mm in diameter and 100 m in length for the borehole. The cir-
culating fluid in the U-tube collects heat from the surrounding soil
mass via convection-conduction heat flow mechanisms. Physically,
the heat flow mechanism in such a system is well understood, but
computationally, and in spite of the bulk of existing models, still
creeping due to the combination of the slenderness of the bore-
holes heat exchangers and the involved thermal convection. This
combination of geometry and physics constitutes the main source
of computational challenges in this field. Consequently, several
geometrical and physical simplifications have been introduced in
order to circumvent this problem and obtain feasible solutions.
All known solution techniques, such as analytical, semi-analytical
and numerical, have been utilized for this purpose. Nevertheless,
in spite of the versatility of the numerical methods, analytical
and semi-analytical solutions are yet preferable because of their
comparatively little demands on computational power and ease
of use in engineering practice.

Most of the current analytical and semi-analytical models for
heat flow in geothermal heat pumps are based on the work of Cars-
law and Jaeger [1] for modeling heat flow in finite, semi-infinite
and infinite domains subjected to point, line, plane and cylindrical
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http://crossmark.crossref.org/dialog/?doi=10.1016/j.ijheatmasstransfer.2016.08.055&domain=pdf
http://dx.doi.org/10.1016/j.ijheatmasstransfer.2016.08.055
mailto:n.h.n.bnilam@tudelft.nl
mailto:noori.alnoori@gmail.com
http://dx.doi.org/10.1016/j.ijheatmasstransfer.2016.08.055
http://www.sciencedirect.com/science/journal/00179310
http://www.elsevier.com/locate/ijhmt

704 N. BniLam, R. Al-Khoury / International Journal of Heat and Mass Transfer 104 (2017) 703-717

heat sources. In these models, the BHE detailed composition and
heat transfer mechanisms are totally ignored and considered as a
constant heat source. Gu and O’Neal [2] introduced an analytical
model simulating transient heat flow in a composite domain sub-
jected to a constant heat source, resembling U-tubes surrounded
by grout, and a soil mass bounded by a far field boundary. They uti-
lized the eigenfunction expansion to solve the governing partial
differential equation. Based on Gu and O’Neal’s approach,
Lamarche and Beauchamp [3] solved the composite domain prob-
lem using Laplace transform. They solved both forward and inverse
Laplace transforms analytically. Bandyopadhyay et al. [4] solved
the same problem using dimensionless equations, and employed
the Gaver-Stehfest numerical algorithm for solving the inverse
Laplace transform.

Eskilson and Claesson [5] diverged from the Carslaw and Jaeger
solutions and introduced a semi-analytical model for ground
source heat pumps that approximates heat flow in the borehole
heat exchangers by two interacting channels conveying a circulat-
ing fluid in the vertical axis and embedded in an axisymmetric soil
mass. Heat flow in the channels is assumed steady state convec-
tive, and in the soil, transient conductive. They utilized Laplace
transform to solve the heat equations of the channels, and the
explicit forward difference method to solve the heat equations of
the soil mass. Zeng et al. [6] solved the same problem but using
dimensionless heat equations for the channels.

Marcotte and Pasquier [7] introduced a semi-analytical model
for a transient pseudo convection using the fast Fourier transform
for discretizing the time domain, and the cubic spline for interpo-
lating results obtained at selected spatial samples. They utilized
the principle of superposition to simulate the response to multiple
heat fluxes. Javed and Claesson [8] solved Gu and O’Neal’s problem
using a similar pseudo convective approach.

Recently, notable attempts have been introduced to account for
the inevitable presence of multiple soil layers in shallow geother-
mal systems. Raymond and Lamarche [9] analyzed the effect of
multiple layers in determining the thermal parameters from the
thermal response test (TRT) results. They adopted an analytical
computer code for transient well flow in layered aquifer systems
to describe conductive heat transfer in shallow geothermal sys-
tems constituting multiple layers and subjected to a variable heat
injection rate. The Laplace transform is utilized to solve the system
of partial differential equations describing heat flow in the layered
system. Abdelaziz et al. [10] extended the finite line heat source
solution to a multiple segment finite line heat source resembling
a layered soil profile. The temperature of the heterogeneous
domain is obtained by summing up the temperature of the typical
homogeneous domain with that obtained due to the presence of
other layers. The latter is calculated by assuming a composite sys-
tem constituting smeared thermal parameters, described as a func-
tion of the relative distances of the layers from the point of
interest.

Despite the appeal of these endeavors, current analytical and
semi-analytical models are in general limited in describing the
geometry and physics of heat flow in shallow geothermal systems.
The main shortcomings are twofold: (1) Not all the details of heat
transfer mechanisms in the BHE are taken into consideration. The
BHE is considered as a line or cylindrical heat source, ignoring
the heat flow in its components and their thermal interactions.
(2) The soil mass is in general considered infinite or semi-
infinite. Even if a multilayer system is adopted, the BHE is assumed
a line or a cylindrical heat source with a constant or a variable heat
flux. Here, these two shortcomings are treated.

In a previous work, Al-Khoury [11,12] introduced a semi-
analytical model for transient conductive-convective heat flow in
shallow geothermal systems based on the spectral analysis. The
model is valid for a semi-infinite domain, where the system can

extend to infinity in the vertical and the radial directions. No soil
layers with different physical parameters are permitted. However,
it is likely that the soil mass surrounding the BHE consists of sev-
eral layers with different thermal interaction effects. To tackle this,
here, the spectral element method is utilized to formulate a semi-
analytical model for shallow geothermal systems consisting of a
single U-tube borehole heat exchanger embedded in a layered soil
mass.

The spectral element method (SEM) is a semi-numerical (semi-
analytical) technique which combines the spectral analysis
method, basically the discrete Fourier transform, with the finite
element method. In the literature, the spectral element method
corresponds to two different techniques. The first corresponds to
the work introduced by Patera [13], and the second corresponds
to the work introduced by Doyle [14]. Patera’s spectral element
method deals mainly with spectral formulations in the spatial
domain. In this, the domain is discretized into a number of ele-
ments, and the field variable in each element is represented by a
high-order Lagrangian interpolation through Chebyshev colloca-
tion points. It is thus a finite element method with high degree
piecewise polynomial basis functions capable of producing high
order accuracy.

Doyle’s spectral element method, on the other hand, deals
mainly with a spectral formulation in the temporal domain. It is
a combination of the spectral analysis method, the dynamic stiff-
ness method and the finite element method. In this work, we adopt
the temporal SEM of Doyle. For more account of the historical and
theoretical background of the spectral element method, see Lee
[15].

The spectral element method is an elegant technique used
mainly for solving wave propagation problems. One of the impor-
tant features of this method is that its formulation leads to a set of
equations, similar to that of the conventional finite element
method. The fundamental difference, however, is that the spectral
element stiffness matrix is exact and frequency dependent. Due to
the exact formulation of the system, one element is sufficient to
describe a whole homogenous domain. For a nonhomogeneous
domain consisting of several layers or members, the number of
the spectral elements is equal to the number of the involved layers
or members. This feature significantly reduces the size of the prob-
lem, and rendering this method computationally very efficient.

The spectral element method discretizes a space-time field
variable into a frequency domain and an eigenmode domain. The
discretization of the time domain to the frequency domain is done
using the fast Fourier transform (FFT) algorithm, and the dis-
cretization of the spatial domain to the eigenmode domain is done
using the eigenfunction expansion. The general solution of the sys-
tem can be obtained by summing over all significant frequencies
and eigenvalues.

In this paper, we formulate a two-node spectral element for
transient conduction-convection heat flow in a single U-tube bore-
hole heat exchanger embedded in a layered soil mass. A detailed
modeling approach is given hereafter.

2. Modeling approach

A shallow geothermal system, particularly a geothermal heat
pump, consists basically of two thermally interacting domains:
the borehole heat exchanger and the soil mass.

Upon operating the geothermal heat pump, the temperature in
the soil mass arises as a result of the thermal interaction with the
borehole heat exchanger. The temperature in borehole heat
exchanger, on the other hand, arises from an inlet fluid tempera-
ture coming from a heat pump, and the thermal interaction with
the soil mass.
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For a geothermal system consisting of one borehole heat
exchanger embedded in a soil mass, the geometry can be described
by an axial-symmetric coordinate system. We assume that the
borehole heat exchanger is one-dimensional with its axis coincides
on the vertical z-axis. This assumption is valid because of the
extreme slenderness of the borehole that makes the temperature
gradient in the radial direction minimal. The vertical axis of the
borehole heat exchanger coincides with the axis of symmetry of
the soil mass, as shown in Fig. 1-a [12].

The borehole heat exchanger is modeled as a single U-tube, rep-
resenting pipe-in and pipe-out, surrounded by a grout and a thin
film of soil, Fig. 1-b. This thin soil film is added to the borehole heat
exchanger model for two reasons: (1) to accurately model the ther-
mal interaction between the BHE and soil mass, and (2) as it will be
apparent later, to formulate one spectral element describing heat
flow in the BHE and its surrounding soil layer simultaneously.
The computed thin soil film temperature within the BHE model
acts as an amplitude to the radial soil mass temperature.

The soil mass is modeled as an axial-symmetric domain, where
the axis of symmetry coincides with the centerline of the borehole
heat exchanger. The soil mass is in thermal contact with the BHE
thin soil film. It can consist of many layers with different physical
properties, such as different thermal conductivity, mass density
and specific heat capacity. This entails that different parts of the
soil mass can have different effects on the borehole heat
exchanger.

Solving heat flow in a such nonhomogeneous geometry typi-
cally requires the use of a numerical solution method, such as
the finite element, the finite volume or the finite difference. How-
ever, these methods, and due to the above described complicated
geometry and physical processes, require significant CPU time
and capacity. To avoid this, here, the spectral element method is
utilized. A new spectral element for heat flow in an axial-
symmetric domain consisting of a borehole heat exchanger and a
soil layer is formulated. The spectral element is designed to calcu-
late a propagating heat flow in the vertical z-direction, along the
borehole heat exchanger, and a diffusive heat flow in the radial
r-direction, through the soil layer. Temperature distributions in
all shallow geothermal components: pipe-in, pipe-out, grout and
soil, are calculated simultaneously.

3. Governing equations
Heat flow in a single U-tube borehole heat exchanger, consist-

ing of four components (pipe-in, pipe-out, grout, and a thin soil
film) in contact with a soil mass can be described as

7,

soil

(b)

Fig. 1. (a) A schematic representation of an axial symmetric shallow geothermal system. (b) A schematic representation of a single U-tube BHE and its surrounding soil mass.

Pipe-in

T; az T,

dV, ——dVi + pcu—dV, + big(T; — T4)dSig = 0 (1)
Pipe—out

2
pc—OdV 7;0 T"dV ,ocua oV, 4 b (T, TS =0 (2)

Grout
aT, T,
P ng — g 57 ——£dV, + big(Ty — Ti)dSig
+bog( g — To)dSog + bys(Tg — Ts)dSgs = 0 3)
Soil film
P 2
pscsda—T;dV f)»sa Tsdv + bgs(Ts — Tg)dSgs
+ bss (Ts - Tsoil‘r:o)dss =0 (4)
Soil mass
1 ()Tsml a TSOI] 1 aTSOII aszoil -0 (5)
o ot o2 r or 072

where the subscripts g and s represent the grout and the soil film,
respectively; and T;=Ti(z), T, =To(z), To=Te(2), Tg=T,(2),
Ts = Ts(z) and Ty = Teoi(r,2); are the temperatures in pipe-in,
pipe-out, grout, soil film and soil mass respectively; 4, 2,, and J
(W/m-K) are the thermal conductivity of the circulating fluid, grout
and soil film, respectively; u (m/s) is the circulating fluid velocity;
big, bog, bgs, bss (W/mZ»I() are the reciprocal of the thermal resistance
between pipe-in-grout, pipe-out-grout, grout-soil film, and soil
film-soil mass, respectively; pc (J/m>K) is the volume heat capacity,
with ¢ (J/kg-K) the specific heat and p (kg/m?) the mass density; dV;,
dV,, dV, and dV; (m?) are the partial volume of pipe-in, pipe-out,
grout and soil film, respectively; dSj, dS,g, dSgs, dSs (m?) are the par-
tial surface area of pipe-in, pipe-out, grout and soil film, respec-
tively; and o (m?/s) is the thermal diffusivity of the soil, described as

s

o= 6
psCS ( )
The associated initial and boundary conditions are:
Ti(z,0) = To(z,0) = Tg(z,0) = Ts(2,0) = Tsii(r, 2,0) (7)
Ti(0,t) = Tin(t) (8)
Ti(L,t) = To(L,t) 9)
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Tsoil|r:0 =T; (10)

Tsoii(R,z,t) =0 (11)

where, initially, the temperature distribution in the BHE compo-
nents is equal to that of the steady state condition of the soil mass
before heating/cooling operation starts; T;, is the fluid temperature
at z=0, coming from the heat pump. At the bottom of the BHE,
(z=L) the fluid temperature in pipe-in is equal to that in pipe-out,
neglecting the elbow part since it is too small compared to the
BHE length. Eq. (10) implies that the temperature of the soil film
acts as the amplitude of the soil mass temperature in the radial
direction. In Eq. (11), we utilized the concept of region-of-interest
[11,12], where R represents a fictitious homogeneous boundary,
far away from the borehole heat exchanger, where it is known, intu-
itively or analytically, that heat flux from the BHE vanishes. This
choice, as it will be apparent later, results to an algebraic summa-
tion over Fourier-Bessel series, alleviating the need to solve semi-
infinite integrals of oscillatory transcendental functions.

The thermal interaction coefficients between the borehole com-
ponents, and between the borehole and the soil mass are calcu-
lated using the Y-configuration analogy to Ohm'’s law [12]. The
thermal interaction coefficients of the BHE components are given
in Appendix A.

4. Two-node spectral element formulation

The spectral element method is utilized to formulate an axial-
symmetric spectral element for heat flow in a coupled borehole
heat exchanger and a soil mass. The element consists of two nodes
located at its boundaries, and denoting two parallel circular planes
within which the heat is constrained to flow, Fig. 2. In the vertical
z-direction, the element extends to cover a whole layer depth, h,
and in the radial direction, the element is assumed to extend to a
fictitious finite boundary, R, where the BHE heat flux is known a
priori to vanish. The response at any point within the element is
described as a superposition of an incident flux from one boundary
node and a reflected flux, if occurs, from the other boundary node.

The procedure for formulating a spectral element starts by the
Fourier transform of the governing partial differential equations,
to convert them from the time domain to the frequency domain.
Then, an eigenfunction expansion is employed on the homoge-
neous part of the equations, to obtain the eigenvalues. This is fol-
lowed by discretizing the resulting equations into the nodal
values, to formulate an algebraic spectral element equation, similar
to that of the force-displacement finite element method. This
equation is complex and frequency dependent.

——
-

- T34, To1, Tg1, Tsa Iy
L
\s~~‘~~ 1 6 - % X
------------------- r.
.);
el Ti2, Toat Tg2, Tsz T
¥ \
¢
e 2 o
z

Fig. 2. Two-node spectral element.

Egs. (1)-(4) are functions of z only, and act as a source to the soil
mass. While Eq. (5) is a function of r and z, and acts as a source to
the borehole heat exchanger. These equations are solved simulta-
neously, using the eigenfunction expansion, to solve Egs. (1)-(4);
and the separation of variables and the Fourier-Bessel series
expansion, to solve Eq. (5). Eq. (4) is nonhomogeneous due to the
presence of T,;. To make it homogeneous, Ts,; needs to be given
in terms of Ts.

In the following, we first solve the soil heat equation, Eq. (5),
followed by solving Eqgs. (1)-(4) for the borehole heat exchanger.
Then, a two-node spectral element is formulated. But first, a brief
description of the spectral analysis is given.

4.1. Spectral analysis

Using the discrete Fourier transform, the temperature, which is
a function of time and space, can be discretized as

T(z,tm) ZTzw elontn  T(z,w,) = Zth

in which N is the number of the discrete samples, where, in the fast
Fourier transform, it is usually made N =27 =2,4,8,...,2048,...
For a real signal, such as the one treated in this work, the transform
is symmetric about a middle frequency, referred to as the Nyquist
frequency. This means that N real points are transformed into N/2
complex points.

The spectral representation of the time derivative is given by

aT o PO
T _ T, iopt
ot ot 2. Tne
and of the spatial derivative is given by

T 0" =i ot =0"Tn giont T

a7 = o 2T = m ¢ = g (14

For clarity of notation, the summation, the exponential term
and the subscripts are ignored and the transform is represented

asT < T.

—m),, tm (1 2)

=Y iw, et = iof (13)

4.2. Solution of soil heat equation

Fourier transform of Eq. (5), gives
QT o 82T5011 _1 8Tsoil _ azfsoil
o ol T2 r o or 072

The general solution of the soil heat equations in the frequency
domain can be expressed as [11,12]

=0 (15)

5011 T Z, (L) ZATYJO kmz (16)
where
1/2
{n = (7K2 ém) !
K= /iw/o (17)
B
ém = %ﬂ

in which B, is the roots of the Bessel function of the first kind, J,.
Note that the solution of Eq. (15) in the radial direction is the Bessel
functions J, and Y, of the first and second kind of order zero. Since
the temperature at the origin, r = 0, is finite, and since Y is infinite
at this point, the Y, solution is discarded [11,12].

Relating the soil mass temperature, T, to the soil film temper-
ature, Ts, in Eq. (4) can be done by substituting Eq. (16) into Eq.
(10), giving

> Anen® =T, (18)
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This equation is a typical complex Fourier series, and its coeffi-
cient can be expressed as

1 .
-+ /0 T,etn2dz (19)

where h is the height of the element. Solving for the integral, it
yields

(et )Ty
An = (20)
Substituting Eq. (20) into Eq. (16), gives
Tsoil = TSZArrJO(imr) (21)
m
where
_ e*ith -1
A, == (22)

—i{h

It can be noticed that the exponential term over z in Eq. (16) has dis-
appeared in Eq. (21), because it is included in T, as it is apparent in
Eq. (28), given below.

At the boundary between the soil film and the soil mass, Eq.
(21) yields
=T ZA," (23)

5011

4.3. Solution of BHE heat equation
Applying Eq. (12) to Egs. (1)-(4), and substituting Eq. (23) into
Eq. (4), gives

27
d IdV +pcuLdV + (iwpcdV; + bigdSig)Ti — bigTydS; = 0

(24)
dzTo dT; R R
d22 dV; — pcu—— e AV, + (iwpcdVy + bogdSeg) Ty — bogTedSey = 0
(25)
- d’T, . )
— g ?dvg + (iwPyCedVy + biglSig + bogSog + bysSss) T
Z
— bigdSigTi — bogdSsg Ty — besdSgsTs = 0 (26)
dz T _ N
Bl = dVs + (iwpscsdvs + bydSes + bisdSs <1 - ZAm> > T
Z m
— bgedSgs T, = 0 (27)

which forms a homogeneous set of equations that can be solved
using the eigenfunction expansion.

The utilization of the spectral analysis has reduced the partial
differential equations, Egs. (1)-(4), into ordinary differential equa-
tions, Egs. (24)-(27). However, the resulting equations are fre-
quency dependent and need to be solved for every frequency w,.

4.3.1. Eigenfunction expansion
The solution of the primary variables in Egs. (24)-(27) can be
given by:

—Ae ™M T,=Ae ™ T,=Ae™ T,=Ae™ (28)

in which A;,A,,A; and A are the integral constants, which are

related to Ti, To, Tg and T, respectively; and k denotes the system
eigenvalues, which need to be determined.

Substituting Eq. (28) into Egs. (24)-(27), gives

I 2dViAie ™ — ikpcudViAie ™ + (iwpcdV; + bigdSi)Ae ™
— bydSgAge ™ — 0 (29)

I 7dViAye ™ + ikpcudV,Aie ™ + (ipcdVy + bogdSeg)Ase ™
— bogdSpeAge ™ = 0 (30)

k? 74dV Age ™ + (iwp,CgdVy + bigdSig + boglSog + bgsSgs)Age ™
— bigdSizAie ™ — bygdSsgAse ™ — bysdSeAse ™ = 0 (31)

K2 .dV Ase~ 1 (icopscsdvs + bgsdSgs + bedS; (1 - ZAm) )Ase?""Z

— bgsdSg:Ace ™ = 0 32)

Dividing Egs. (29)-(32) by e, rearranging and putting it in a
matrix form, gives

a; 0 a3 O A;
0 ap a 0 A
22 O3 ol o (33)
a3; A3y (33 (d3g Ag

0 0 a43 Q44 AS
where
an = K2 2dV; — ikpcudV; + iwpcdV; + bigdS
—bydS;g
Az = k*2dV, + ikpcudV, + impcdVy + bogdSeg
ay3 = 7bggd50g
asy = —bigdSig
a3 = _bagdsog

a3 =

a33 = K 1gdVy + imp,CgdVy + bigdSig + bogdSog + bgsSes
a3g = —bgstgs
Q43 = *bgsdsgs

ag = K254V + i0p,C:dVs + bgsdSgs + bssdS; (1 - ZAm>

Since T;, T,, T, and T; are coupled, the constants, A;, Ay, A; and A
are related to each other. Using Eqs. (29)-(33), the following rela-
tionships exist:

Pipe in-grout

A = YA,
B bidSi (34)
K*2dV; F ikpcudV; + impcdV; + bigdS;g

Pipe out-grout
Ao = Y%A,
Yug — bogdSOg (35)
K7V, + ikpcudV, + iwpcdV, + bogdSsg

Soil film-grout

As = YA,

Ysg — b 8s ngS

(36)
K 25dVs + i p €5V + bysdSys + bssdS; (1 - ZAm>

For each k there is a corresponding Y, Y° and Y%, i.e. there are
Y% Y%, Y% for ky, etc. [16].
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The + signs in Eqs. (34) and (35) refer to the fluid velocity direc-
tion at the nod. The fluid velocity in pipe-in at nod 1 is (—), while it
is (+) at nod 2. For pipe-out, the signs are opposite.

Non-trivial solution of Eq. (33) can only be obtained by letting
the determinate equal to zero, giving a complex eight degree poly-
nomial of the form:

agk® + a7k’ + agh® + ask® + ask* + ask®> + a,k* + a1k + @y = 0
(37)

This polynomial represents the eigenfunction of the single U-
tube BHE system with k denoting its set of eigenvalues, which
can be obtained by solving for the roots of Eq. (37). Only for this
set of eigenvalues do the eigenfunction exist that satisfy the
boundary conditions of the problem. Eight eigenvalues in two
groups of four, differ in sign, are obtained from Eq. (37). The first
group is related to the positive fluid velocity, and the second to
the negative fluid velocity. The exact forms of the coefficients of
Eq. (37) are given in Appendix B. They are obtained using MAPLE
software [17].

4.3.2. Spectral element formulation in z-direction
Consider a one-dimensional heat flow in an element of length h
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Tn = Ag Yi{g +Bg1 Yizg +Cq Ygg + Dyt Yif +Ag2yi5ge—ik5h
+ By, YEe kel 4 CprYBe ki 4 Dy, Yo kst
=AY + B Y + Ca Y+ D1 YE + Agzygge—ik5h
+ By Y¥e ksh 1 CprYBe ka4 D, Y3 iksh
=Ag1 + Bg1 + Co1 + Dg1 -i—AgZe*iksh +Bg2e’”‘6" T nge—ik7h +Dgze’”‘8"
= Ag Y 4 By Y 4 Cr Y 4 Dy Y + Ay YiEeiksh
+ By YEe ol 1 Cpp Y 7M1 Dy, YiBeksh
(42)

At node 2, z = h, and similarly, upon substituting Egs. (34)-(36) into
Egs.(38), (39) and (41), the nodal temperatures become

Ty = Agi Yehh | B, YBe-ikeh | C, Y ¥e ik | D, YBe-iki
+AnYE + By YE 4+ CpyYE 4+ D, YE
T = AnY¥elah 1 B Y¥e el 1 C, VB sl 1D,y YoEehan
+ApYSE + B YEE + CoaYF + Do Y
Ty =Age ™" 4 Byye ™ 4 Cye™h 4 Dyye ™t 4 Agy + Byy + Cga + Dy
T =Ag YEe ™l L B YEe kol 1 C, YBeilah 4 D, YBeikah
+AnYE + By YE + CoaY¥ + Dy Y

bounded by two nodes: node 1 and node 2, Fig. 2. At each node, (43)
there are four degrees of freedom, representing the temperatures .
in pipe-in, pipe-out, grout and soil film. Using Eq. (28), the temper- In a matrix form, Eqs. (42) and (43) can be presented as
Ty Y 1% YE YE  YBeriksh yBeiksh yieioh ylEe-ith\ /A,
’1:0] Y‘;g ygg Ygg Yig Ygge—lks h Ygge—zksh Ygge—zlwh Ygge—zksh Bg]
To 1 1 1 1 e-iksh e-iksh e-iksh e-iksh Cer
T _ Y Y Y 16+ Y¥e-iksh y¥e-iksh yBe-ih yBe-iksh Dy as)
Ti Yieslah ySe-ich y¥e-iksh ySe-ikh yE Ye Y¥ Y§ Agp
ng y;’ge—xkl h Ygge—zkzh Ygge—lkgh yzge—1k4h Ygg Ygg Ygg ygg Bgz
TUZ e—ikih e—ikeh e—iksh e—ikah 1 1 1 1 ng
T, Y-ty e-ieh  yEe-iksh  yBe-ikh yE 16 Y Y Dy,

atures at any point along the element are calculated by the super-
position of an incident flux, from node 1, and a reflective flux, from
node 2, as

_ An e—iklz + Bi] e—ikzz + Ci] e—ikgz + Dil e—ilqz +Aize—ik5(h—z)
+ Bize—ik6(h—z) + Cize—ilq(h—z) + Dize—ikg(h—z)

(38)

o :Aol e—ik]z 4 Bol e—ikzz 4 Cale—ikgz + Dol e—ik4z +Aoze—ik5(h—z)
+ Boze—iks(h—z) + Coze—ik7(h—z) + Doze—ikg(h—z)

(39)

Tg _ Agl e—ikiz + Bg‘l eikez + Cg] eiksz + Dgl e—ikaz +Agze—ik5(h—z)

+ Bgze—iks(h—z) + nge—ik7(h—z) + Dgze—iks(h—z)

(40)

_ Asl e—ilqz + le e—ikgz + Csle—ikgz + Dsl e—il<4z +Asze—ik5(h—z)
+ Bsze—iks(h—z) + Csze—iky(h—z) + Dsze—iks(h—z)

(41)

As for the finite element method, the governing equations are

solved in terms of the nodal values.

At node 1, z = 0, substituting Eqgs. (34)-(36) into Egs. (38), (39)

and (41), the nodal temperatures become

which indicates that the temperatures of pipe-in, pipe-out and soil
film are represented in terms of the grout coefficients. This equa-
tion can be written as

Toode = H(k, w,)A (45)
Solving for A, gives
A = H(k, ;) ' Thoge (46)

The next step is to relate the heat flux to the temperature at the
nodes. The heat fluxes for the BHE components are

N _ . aT;
qi:‘F/LEdAi
G =+ 02 dA,
: -
‘jg:jtﬂgafzgdAg
. aT
qs —+/LsaizsdAs

where dA;, dA, , dA; and dA; are the cross sectional areas of pipe-in,
pip-out, grout and soil film respectively. The + sign refers to the
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direction of the heat flux: the heat flux at node 1 is (-) while at
node 2, it is (+). Substituting Eqs. (34)-(36) and Eqgs.(38)-(41) into
Eq. (47) gives

(A]i =+ ;vdAi<—ik1Ag] Yi]gefiklz — iszg] Yggefikzz — ik3Cg] Yggefik3Z

—il(4Dg1 Yilgeiik"z + ik5Ag2 YggeiikS(hiz) + il(ngz Y?eiikﬁ(hil)

+iky Cp YiEer(h—2) 4 ingng;ge”"‘B(“’Z)) (48)
E]o =+ ;udAo(—iklAg1 Y‘ljgefikﬂ - ikZBgl Yggefikzz — ik3Cg1 Yggefikgz
—ikaDg1 YEe ™% 4 iksAgy Y@ 52 4 iksB,, Y% ks (h—2)
+ikyCgr Yo %10 1 kg Dy, Ygfe s 2) 49
8247 8278

Gy = T 1Ay (—ikiAge ™17 — ikyBye o7 — ikyCye o7 — ikyDye o2

-‘rl.ksAgzefikS(h*Z) + ikGBgze’"‘G(h*Z) + il{7 ngefilq (h—z)

Gin = —AdAi(—ikiAg Y — ikyBg1 Y — iksCy1 Y — ikyDg Y

+iksAg YEe ™ 1 iksBy, YEe o 4 ik, CorY¥e ™M + iksDyp Y€ haM)
Gor = —2dAo(—ikiAg Y — ikyBy1 Y — iksCa1 Y — ikaDgr YE

+iksAg Ysie ™ +ikeBy, Yefe " 4 ik; Cp Yo e ™" 4 ikg Dy, YeFe ")
(g1 = —AgdAg(—ikiAg — ikyBg — iksCy — ikyDy + iksAgye "

+ iksBgae sh 1 ik; Cgre 7 4 ikgDgye ks
Gs1 = —AsdAs(—ik1Ag1 Y — ikoBg1 Y — ik3Co1 Y¥ — ikaDg1 Y

+iksAg Yi¥e s 1 iksBy, Y¥e kol 1 ik, Cor Y¥e ™M 1 ikgDy, YiSe ksl

(52)
At node 2, z=h:

(i = JdAi(—ikyAg Y e Mt — ikyByy Y el — ks Cyp Yol

— ikyDgy Yl 1 iks A, YE 4 ikeBgo Y + ik Cyy Y% + ikgDgp YE)
oz = A, (—ikiAg1 Y¥e ™l — ikyByy YEe kel — jky Cyy YiEe ksl

— ikgDg1 Y ka1 iksAg YO8 + ikeBgr YO8 + iky Con Y + ikgDgr YE¥)
Qg2 = 2g0Ag (—ikiAge™ ™ — ik, B e~ ol k3 C e sh — jkyDye~keh

+ iksAgy + iksBga + ik7Cyy + ikgDg2)

; —ikg (h—2) N . ) . : . )
+iksDgze ) (50) 52 = AsAAs(—ikiAgr YEe ™ ik, By  Y¥e kel — jky Cyq Ve N
~ _ . i . i . i — lk4D 1Y5geiik4h + iksA ZYsg + ikgB zysg + lk7C 2Ysg + ing zysg
Qs = T /5dA (—ikiAg Y e ™17 — ik By Y e %22 — iksCyy Y 0% elha 875 &6 807 € : 583))
—ik4Dg1 nge—ik‘;z + iksAgz Yggeiiks (h-2) + ikGBgz YssgefikG(hfz) . i £
. i . i n a matrix form:
+ik,Cor Y %12  jkg Dy Yie hs(1-2)) (51)
Onode = M(k, 0,)A 54
At the element nodes, Eq. (48)-(51) becomes: Anode (k, n) (>4
At node 1, z=0: where the matrix components are given in Appendix C.
Temperature (°C)
5 10 15 20 25
20 _ o 1 1 J
&——u=1m/s
u=.1m/s —>
€5 | <—u=.1m/s
< -
g S
e &
g £ 50 -
& B
g 10 =S
[
5 T !
0 4000 8000 1100 -
Time (s)
FiveSE = - — SingleSE = = = van Genuchten FiveSE = . — SingleSE = = =van Genuchten
(a) (b)
Fig. 3. Spectral element model vs. van Genuchten and Alves solution: (a) with time at z =100 m, (b) along the pipe at time =500 s.
Table 1
Material and geometrical parameters.
Parameter Value Parameter Value
Borehole: Grout:
Borehole length 100 m Density, p, 1420 kg/m?
Borehole diameter 0.12m Specific thermal capacity, ¢g 1197 J/(kg-K)
Pipe external diameter 0.026 m Thermal conductivity, /g 0.62 W/(m-K)
Pipe roughness 3 E-6 Soil:
Pipe thermal conductivity, 2, 0.42 W/(m-K) Film thickness 0.5cm
Fluid: density, p, 1680 kg/m>
Density, p 1000 kg/m> Specific thermal capacity, cs 400 J/(kg-K)
Specific thermal capacity, ¢ 4186 J/(kg-K) Thermal conductivity, /s at z > —50 m 2.5 W/(m-K)
Thermal conductivity, 4 0.56 W/(m-K) Thermal conductivity, Zs at z < —50 m 5 W/(m-K)
Dynamic viscosity, u 0.001 Pa-s
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Fig. 4. A schematic representation of a semi-infinite solid subjected to a constant
heat source.

Substituting Eq. (46) into Eq. (54), yields

‘inode = K(k7 Wn )Tnode (55)
in which K(k, w,) = M(k, w,)H"' (k, ,), representing the spectral
element stiffness matrix, in resemblance to that of the finite ele-
ment method. However, the spectral element matrix is exact and
frequency-dependent.

4.3.3. General solution BHR heat equations

Having determined the eigenvalues and the integration con-
stants, the general solution of the single U-tube BHE system of
equations can then be obtained by summing over all eigenfunc-
tions (corresponding to ki, ko, ..., ks) and frequencies, as

10
g /———
2
=
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=
£
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[
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T(Z, l') _ Z(Al e—ik]z + B] e—ikzz + C] e—ik3z + D1 e—ik4z + Aze—iks(L—z)
n

+B2 e—iks (L-2) + Cze—ik7 (L-2) + D2 e—ikg (L-2) ) eiwnt (56)

where T(z, t) represents T;, T,, T, and Ts.

5. Spectral element mesh assembly and solution

Egs. (21) and (56) solve the temperature distributions in all BHE
components and the surrounding soil layer. For a multilayer sys-
tem, assembly of the global system of equations is necessary. For
this, the finite element techniques for element numbering, node
numbering and mesh assembly are utilized [18]. The solution of
the global system of equations is conducted using the IMSL math-
ematical library subroutine, lin_sol_gen, which solves a general sys-
tem of linear equations Ax = b, [19]. Eq. (37) is solved using the
IMSL subroutine, DZPOCC, which solves for the roots of a polyno-
mial with complex coefficients. The reconstruction of the time
domain is carried out using the inverse FFT algorithm.

6. Model verification

Exact solution describing heat flow in a single U-tube BHE
embedded in a multilayer soil mass has not been introduced
before. Accordingly, verification of the proposed model is done
by comparing its computational results with those obtained from
analytical solutions of simplified cases. The BHE model is verified
against the van Genuchten and Alves [20] solution of a one-
dimensional advective-dispersive solute transport equation. The
soil mass model is verified against the Carslaw and Jaeger [1] solu-
tion of an infinite line source embedded in a semi-infinite solid.
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Fig. 5. SE model vs. ILS model. (a) 5 days, (b) 25 days, (c) 50 days, (d) 100 days.
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Fig. 6. A schematic representation of a 5 layers shallow geothermal system.

6.1. Verification against van Genuchten and Alves solution

van Genuchten and Alves provided an analytical solution to a
one-dimension advective-diffusive partial differential equation of
the form:

R%—D%—H’a +uc—y=20 (57)
The initial and boundary conditions are:
c(z,0) =A(z) = % + (Cint — %)e“{;)z
CGh O<t<t
C(O’t):{on t>t, 0 (58)
-

where R,D,F, u and y are constants, and u = F,/1 +4FL2D. The initial
value, A(z) in Eq. (58), is determined by solving the steady state con-
dition of Eq. (57).

Their solution is:

c(z,t):A(z)+1(Cm—Cim) e Zerfc Re— Utl +e%zef Rz +ut
2 2(DRt)? 2(DRt)?

,lcm emerfc szu(t—t,,)l + e 7erfc Re+u(t— to)]

2 2(DR(t—t,)) 2(DR( tfto) )2

t>to

The van Genuchten and Alves model and the proposed spectral
element model are employed to solve heat flow in a heat pipe
embedded in a constant temperature environment. The geometry
and material parameters are:

Pipe length = 100 m

Pipe radius, r; =0.016 m

Fluid pc = 4.1298E6 J/m3.K
Fluid /. =0.56 W/m-K

Fluid velocity, u=0.1 and 1 m/s
big = 12 W/m?.K

The initial steady state temperature, and the temperature at the
pipe inlet are:
Tq(t=0,2)=10°C

20°C 0 <t <4000s 61

Tin(t,z=0) = (61)
0°C 4000 < t < oos

In the spectral element model, T, is equal to T + AT;,, where,
in this case, ATy, =10 °C.

To compare between the two models, the van Genuchten and
Alves parameters need to be adjusted to match the physical

parameters of the spectral element model. Comparing Eq. (1) with
Eq. (57), yields:

R = pcdV;

D = dV;

F = pcudV;

U= bigdS;g (62)
y=0

Cint = Tst

Cin = Tin

Also, and as the proposed model is general and applicable to a
multiple component domain, the following adjustments are
necessary:

C(Z,t) = AZ) 4~ (Cin — Cine) <e‘2n")1erfc {RZ ”t} +eltzerf | Re+Ut )
2 2(DRt)? 2(DRt)2 a. The thermal interaction coefficient, by, is made relatively
0<t<t, (59) small (0.01 W/m?2.K) to insure insulation, such that there is
and no heat flow between pipe-in and pipe-out.
Table 2
Material and geometrical parameters.
Parameter Value Parameter Value
Borehole: Soil:
Borehole length 100 m Film thickness 0.5 cm
Borehole diameter 0.126 m Density, p, 1680 kg/m>
Pipe external diameter 0.032 m Specific thermal capacity, c; 400 J/(kgK)
Pipe roughness 3 E-6
Pipe thermal conductivity 0.42 W/(m-K) 0>z>-20m
Fluid: Thermal conductivity, s 2.5 W/(m-K)
Density, p 1000 kg/m> —20>z>-40m
Specific thermal capacity, ¢ 4186 J/(kg-K) Thermal conductivity, /s 1 W/(m-K)
Thermal conductivity, 4 0.56 W/(m-K) -40 >z > -60m
Dynamic viscosity, 0.001 Pa's Thermal conductivity, /g 4 W/(m-K)
Velocity, u 0.5 m/s —60 >z > -80m
Grout: Thermal conductivity, /s 0.5 W/(m-K)
Density, p, 1420 kg/m? -80>2z>-100m
Specific thermal capacity, cg 0.62 W/(m-K) Thermal conductivity, /s 3 W/(m-K)

Thermal conductivity, /g 1197 J/(kg-K)
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Fig. 7. T;, T,, Tg and T; at (a) z=0m, (b) z= 50 m, (c) z= 100 m.

b. The thermal interaction coefficients of the grout-soil film
and the soil film-soil mass are made relatively high
(bgs = bss = 1000 W/m?.K) so insure a full contact.

c. The soil mass temperature is made constant, by setting A,, in
Eq. (22), equal to zero.

Using the spectral element model, two analyses were con-
ducted: one using one spectral element only, with element length
equal to 100 m; and another using 5 elements, with an element
length equal to 20 m. Two fluid velocities were analyzed: 0.1 m/s
and 1 m/s.

The input temperature time histories of T;, and Ty were trans-
formed to the frequency domain using the forward FFT. 16,384

samples, with a sample rate of 1 s, were used, giving a time win-
dow of 16384 s.

Fig. 3-a, shows the temperature distributions versus time at
z =100 m, obtained from the van Genuchten and Alves solution
and the spectral element model, for both mesh sizes and fluid
velocities. Fig. 3-b, shows the temperature distributions along the
depth of the BHE, at time t = 500 s, obtained from both models.
Apparently, the computational results are nearly identical.

6.2. Verification against Carslaw and Jaeger infinite line source (ILS)
model

Carslaw and Jaeger [1] provided an analytical solution to heat
flow in a semi-infinite solid, subjected to a constant heat flow from
an infinite line source. In such a domain, only radial heat flow
exists, and the temperature distribution is described as

2

T—T +i/m e 45 (63)
ot T2ma ), B
in which
r A
=——, and o=-— 64
g 2ot pc (&4)

with r the radial distance from the source, t the time, 4 the soil heat
conductivity, p the mass density, c the heat capacity, T the initial
soil temperature, and g heat flux per meter length of the line source
(pipe).

Solution for this semi-infinite upper limit integral is available in
exact form for g < 0.2, and in tables, for larger values of g. For
B < 0.2, the solution to the integrand of Eq. (63) is:

1. B
1(B) 7lnﬁ+7—§—0.2886 (65)

The tabulated values 8 < 3.1 are available in Ingersoll et al. [21].

In such a domain, it is assumed that there is a full contact
between the heat source and the medium. To simulate such a
domain, the temperature along the pipe must be constant. This
can be done by assuming a high flow rate, generated by the
refrigerant.

The ILS model and the proposed spectral element model are
employed to solve heat flow in a soil mass consisting of two layers,
and subjected to a constant line heat source equal to 0 °C. The ini-
tial temperature, Ty, is assumed 10 °C. The material and geometri-
cal parameter of the system are shown in Table 1, and illustrated in
Fig. 4.

The ILS model does not recognize the layers, and hence the tem-
perature distributions are obtained for each layer, regardless of the
other layer. In the spectral element model, however, this is possi-
ble, but requires two spectral elements.

In the spectral model, the inlet temperature, Ty,, is equal to 0 °C,
and the fluid velocity, u, is equal to 5 m/s, a relatively high velocity
to insure a constant 0 °C along the whole length of the BHE. The
thermal interaction coefficients, b, bog, bgs and by, are calculated
using Eqs. (A1)-(A8). The homogeneous fictitious boundary of
the soil layer, R, is calculated by:

R = V6at (66)

where « is the thermal diffusivity of the soil and t is the time when
the temperature at point R reaches its maximum [1].

The number of FFT samples is 16,384, with a sample rate of 1 h,
giving a time window of 16,384 h. The number of the Fourier-Bes-
sel series terms is 500. Four calculations with different transient
times of 5 days, 25 days, 50 days and 100 days were conducted.

Fig. 5, shows the computational results at z =49 m (top layer)
and at z = 51 m (bottom layer), along the radial direction, obtained
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from both models. The radial distances from the line heat source
are chosen such that they are solvable by Eq. (65), or available in
the Carslaw and Jaeger tables. Apparently, the two results are
nearly identical.

Note that as the ILS model adopts a Neumann boundary condi-
tion with constant heat flux and our model adopts a time-
dependent Dirichlet boundary condition, we compared the results
by first running our model with a prescribed T;, at the inlet of pipe-
in. Then we calculate the resulting heat flux at a certain time and
depth along the BHE as a post processing. This heat flux is applied
to the ILS model to calculate the soil temperature.

7. Numerical examples

To illustrate the model computational capabilities, a numerical
example illustrating the behavior of a shallow geothermal system
subjected to a varying temperature signal is introduced. A 100 m
single U-tube BHE embedded in a soil mass consisting of 5 layers
with different physical properties, Fig. 6, is studied. The material
and geometrical properties are given in Table 2. Relatively short
and long terms were studied.

For the short term, the initial and boundary conditions are:

T¢ =10 t=0
20 t<5h
10 5h<t<7h
18 7h<t<12h (67)
Tin =
10 12h<t<14h
16 14h <t<1%h
10 19h <t
Temperature (°C)
10 12 14 16 18 20
o 1 1 1 1 1
B
< -50 -
2,
=
-100 -
—Ts Tg To Ti
(a)
Temperature (°C)
10 15 20
o 1 1
B
<
2,
250 -
-100 -
—Ts Tg To Ti

(©)

where it can be seen that the BHE has a 2 h off after every 5 h of
operation.

The frequency discretization of Ty, was conducted using 16,384
(2'%) FFT samples with a sample rate of 10 s, giving a time window
of approximately 45.5 h. The thermal coefficients bjg, beg, bgs and by,
are determined using Egs. (A1)-(A8). The domain is discretized
using 5 spectral elements, one for each layer.

Fig. 7 shows the temperature distributions versus time for pipe-
in (T;), pipe-out (T,), grout (T,) and soil film (T,) at different
depths: z= 0,50 and 100 m. The figure shows that, although not
verified quantitatively, the response signals are smooth and exhibit
thermal dissipation with distance.

For the relatively long term, the inlet temperature varies as

20 t < 15000 hours
in = { (68)

10 15000 hours < t

The frequency discretization of T;, was conducted using 32,768
(2'°) FFT samples with a sample rate of 1 h, giving a time window
of approximately 3.5 years.

Fig. 8 shows the temperature distributions along the BHE in z
direction for pipe-in (T;), pipe-out (T,), grout (T,) and soil film tem-
perature (Ts) at different times: 1 h, 1 day, 1 month and 1 year. It
can be seen that at the first hour, the effect of the different thermal
parameters of the surrounding soil layers was not apparent, but
became significant with increasing time.

This example shows that the model is capable of calculating
heat flow in a relatively complicated geometry, consisting of mul-
tiple layers, and subjected to a complicated boundary conditions
consisting of multiple pulses. The CPU time of conducting this
example was on average less than 1 min for 100 output values in
z domain, and 30 output values in r domain, in a normal Intel PC.
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Fig. 8. T;, T,, Ty and T, along the BHE at (a) 1 h, (b) 1 day, (c) 1 month, (d) 1 year.
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8. Conclusion

In this publication, a spectral element model for the simulation
of transient conduction-convection heat flow in an axisymmetric
shallow geothermal system consisting of a single U-tube borehole
heat exchanger embedded in a layered soil mass is introduced. A
new two-node spectral element is formulated. For a homogeneous
domain, the heat equations are solved analytically. For a multiple
nonhomogeneous domain with different physical properties, the
finite element technique is utilized to assemble an algebraic sys-
tem of linear equations, Ax = b, which can be solved using standard
solvers. One element is sufficient to describe heat flow in all BHE
components and its surrounding soil layer. For a multilayer system,
the number of elements is equal to the number of layers, making
the model highly efficient.

Despite the apparent rigor of the model, it is relatively easy to
implement in computer codes. Standard MAPLE commands and
IMSL subroutines can be utilized to solve the eigenfunction and
the global system of equations. As a result of the model accuracy
and computationally efficiency, it can be utilized directly for for-
ward analysis, or in an iterative scheme for parameter identifica-
tion of system thermal parameters. Also, it is generic and can be
utilized for modeling a wide range of engineering mechanics appli-
cations involving linear heat flow or other diffusive-advective pro-
cesses occurring in relatively complicated geometries.

Appendix A.

The thermal interaction coefficients between the borehole com-
ponents, and between the borehole and the soil mass are calcu-
lated using the Y-configuration analogy to Ohm’s law [12],
Fig. Al. Following this configuration, the thermal interaction coef-
ficient for pipe-in - grout is described as

big = o (A1)

where

1 N 1o In(r,/17)
TO/Tifl jvp

(A2)

Rig = Rcunvection + Rpipe material =

in which r; and r, are the inner and outer radius of pipe-in, respec-
tively; 2, is the thermal conductivity of pipe-in material; and
h =Nus/D is the convective heat transfer coefficient, where D is
the inner diameter of the pipe and Nu is the Nusselt Number of
the circulating fluid. A similar formulation is valid for pipe-out-
grout, Rog.

Tsoil

Tson

Fig. A1. BHE-soil Y-configuration thermal circuit.

The thermal resistivity for the grout -soil film can be expressed

as
1 1
R, — — (A3)
® " RigllRog + Rg &—R,’Q’fg—i-Rg
where
Rg — rg ln()rg/req) (A4)
'g

in which r; is the radius of the grout (borehole), and

Teq = 24/1% + 12, with i, is pipe-in inner radius and roy is pipe-
out inner radius. The thermal interaction coefficient of the grout-
soil is described as

1
bgs = R_gs (A5)

The thermal resistivity for the soil film-soil mass can be
expressed as

1

Rss = m (AG)

where

R, — [s10(1s/Ts) (A7)
As

in which rg is the radius of the soil film. The thermal interaction
coefficient of the soil film-soil mass is then described as

1

bss R, (A8)

It is worth mentioning that the use of an equivalent area of the
grout might be a shortcoming of using the Y-configuration thermal
circuit. However, the error introduced by this assumption is minor.
In principle, the thermal resistance must be determined experi-
mentally. But to avoid this relatively expensive experiment, engi-
neers usually utilize mathematical models to describe the BHE
thermal resistance. So far, there is not yet a consensus among
geothermal engineers on a unique model, which has so far proved
to be an ideal representation of the real BHE thermal resistance.
However, the proposed spectral element model is generic and
can incorporate any constitutive relationship, provided that it is
physically accurate.

Appendix B.

The coefficients of the eight-degree polynomial of the single U-
tube eigenfunction are:

ag = Ashg A2 dV,dV,dV,dV;

a; =0

a5 = —bssdSsig22dVedV,dV; 3" Ay + Jslgp?udV,dVdV,dV;
+bgsdSgs 25 12dVodV,dV; + 2impcisigdVedVsdV,2dV;
+/5g bigdSigdVodVEAVS + /575 2bogdSegdV gdVdV;
+ipyCsdVedV)g72dV,dV; + 457 bogdSoedVdV,dV;
+bssdSsdV 742 dV,dV; + bigdSidVi)s12dV,dV;

+bgsdSgsdVi s> dVodVi + ip,cgdV,dViwisi>dV,dV;

a5 = ipCUAAgbigdS;iedV VAV, — ipCUlsAgbogdSeedV AV dVi
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a4 = —2?bigdSighssdSsdV,dV: 5" Ay — /2bogdSeghssdSsdV,odV; S A

—72bgASgsbsdSsdV oAV 5" A + 45 AbogdSeg bigdSigdVdV,
+g2bssdSsbigdSigdVedV o + JgibssdSsbogdSoedV dV
+5/gbogdSoghigdSigdVgdV + g /bgsdSgsbigdSigdVdV,

+ /g AbgsASgsbogdSegdV AV + s bgsdSgsbigdSigdVdV,

+/5/Dgs S gsDog ASogAV AV + 15 AbigdSighogdSegdVdV;

HiW P,y sAbigdSigdVdVdV, 4 i, €y s bogSozdV,dVsdV
+HiwPCs g 2bigdSigdVedVdV, +iw P Cig AbogdSegsdVdVdV;
+2iWPCAsbgsdSgdVdV,dVi+ 2ipcwis ibigdSiydVsdV,dV;
+2ipC g AbgsdSgsdV g dVodV; — ip,Cy07* bssdS,dV o dVodV; Y- Ap

+2ipCmbogUSegdV 25 2dV AV + 2ipceig AbssdSsdV AV oAV

+ipc?u? p,csgdV,dVdV,dVi+ip?c®u? p, c,isdVgdVsdV,dV;

—2ipCigibedS,dVydVodV; S A +ip,Cyi° bysdSgsdVodVodV;
+ipCg 7 bssdSsdVgdV o dV;+ip Co07° bysdSgsdVdV,dV
+ip,Cs 2 bigdSigdVdV oAV +ip €577 bogdSegdVdVodV;
—p2CPUPbysdS; g dVedV,dVi Y- Ay — pyCepCs?22dVydVidVodV
—2pcpgcgw2zszldvgdvsdvodvi —2pcp csw? A idVgdVsdVodVi
+ipCisighigdSigdVodVdVo +ipcwisAgbogdS,edV dVdV;

+bgs D5 dSgs S, 7% AV oAV + bgsbogASesdSeg 27 AV odV;
+bighssdSigdS > AV oAV + bogbssdSogdSs 7 AV odV
+bgsbigdSgsdSig /2 AV odVi + p2c2u? AsbogdSeg dVdV,dV;

+p2ctu? AgbssdS;dVdV,dVi — p2 2 ? A5 AgdV gdVdV,dV;
—bssASsbigdSig 2 2dVyAV o> A — bssdSsbogdSog 7 2V 4 AV S Apy
+ 022U bgs S5 1y dV AV odV i + p? C2U bgsdSgs AsdVsdV o dV

+bigdSigdVs s pctu?dV,dV;

(3 = ipCU by Sy big dSigAVdV,y — ipCUJghesASbog ASog VoV

+ipCUisbogdSegbigdSigdVsdV, +ipculgbgsdSesbigdSiydVydV,
+PCsPCUADogdSegdVidVedV —ipcuishigdSighogdS,edVdV;
+ipCUAEDssASsbogdSegdV g dV; S A — ipCUlghssdSsbigdSidVdV, S Ap,
+ipCUghssASshigdSigdV AV, + peuup,CgsbogdSegdV,dVsdV
—pCUpCsighigdSigdV,dVsdV, —ipcuisbesdSgsbogdSegdVsdV;

fpcupgcga)zsb,-gdS,-ngngsclV(J —1pCU/gbgsdSesbogdSeedVdV;

1y = bigASigbss1Ssbog S g AV + bysSysbogdSogigdSig 2V,

+bgs @Sy ssASsbigSig 1AV + bogdSogbssdS,bigdSig 7V,
+hosS,DogdSogbigdSig 1AV + DyslSgshog 1S o bigdSig i1V g

+ bS5 bogUSog bigASig 250V + bysUSgsbigASighog dSog 2V

+ bgs@Sgebes@ScbogASog 2V + 2ipC2bogdS e dS, AV, dVi
+ipC/sbgsASgsbigdSigdVdV o +ipCAsbgsASgsbogdSeg AV dVi
+ipCisbogdSogbigdSigdV oAV +ip,Cs02gbogdSogbigdSigdV AV
+ipCwighssdSsbigdSigdVodV , +1p € AbgsdSgsbigdSigdVdV,
+i0yCgWsbogdSogbigdSigdVedVs +ip Cs0AbogdSegbigdSigdVsdV,
+ipcsbigdSighogdSegdVidVs —Ip,cg p* 2 0 A5dV,dVdV,dV;
—ip,Csp? 23 igdVodVdV,dV; + 2ipcibgsdSesbigdSigdV,dV;
+2ipC/bgsdSgsbogdSegdV oAV +2ipcibgsdSgsbssdSsdV ,,dV;
+2ipcbigdSighsdSdV,dV; +ipc dgbgsdSesbigdSigdV,dV,
+iP,Cs/bgsASgsbogdSog AV AV +1pCs0AbigdSighogdSos AV AV

10 C 0 bgs 0S5 bogdSog@VgdV +ip,Cy0bssS,bogdSogdVgdVi
+1pCighssdSsbogdSogdV AV +ipCAgbgsdSgsbogdSog AV dV;
+ipgcgwlbgsdsgsbigdsigdvgdvo + ipgcgAwbssdssbigdsigdvgdvo
+ip?CPU? PyCsbogdSegdVsAV oAV —ipyCeibssdSshogdSeg AV, dV; S An
—iWpPClghssdSsbigdSigdVedVy S A — 2iwpCibigdSighssdSsdV,dV: S Ap
—2iwPCAbogdSogbssdSsdVodV: S~ A — i PCighssASshogdSogdVedV; S An
—2i0PCibgsdSgshssdScdVodVi Y- Ap — 1Py Ce ibssSsbigdSigdV e dV, S A
F202 PCpyCeabdS,dVedVodVi Y- Ap +iwp?cPui? p,CobysdSgdV,edV,dV;
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+iwp?cu? p,CebssdSsdVdVodVi— w? p2c2u? p, pCoCsdV (dVdV,dV;
1% P?C? 1ghssdS;dVgdVodV; 3" Am — p?C2UPbysdS,shssdSsdV,dVi Y An
—p2C2UlbigdSighsdS;dVodV; Y- Ay — boghssdSogdSs p?c?u?dV,dV; S Ay
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a1 =1pCUbgbogdSgsUSegbigdSigdV, —ipCUbgsdSgsbssdSsbog dS,gdV
+OPCUP,CebssdSshigdSidVydVo Y Am + 0 pCUP CgsSgshogdSoe dVdV;
+0pcupCsbigdSighogdSogdVsdVi +ipcubygdSogbssdSsbigdSigdV,
+ipCUbgsASgsbssdSsbigdSigAVy — ipCUbgsdSgsbigdSighog ASog AV
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Appendix C.

The matrix components of Eq. (54) are

gin bin bz bizs b bis bis b1z bis\ [An
Got bt bz bas bas bas bas bay bas || Ba
Ggi bsi bz b3z bsa bss by bz b3 || Can
Gs | | bar bay bss bas bas bas ba; bas || Dnt
Gn | | bsi bsa bsy bsa bss bss bs; bsg || An
o2 bs1 bex bss bes bes bes bs7 bes || B
g2 bsi bz bz bu bys by by b || Ce
Gs2 bss bgy bss bgy bss bgs bs; bgs/ \Dg
(C1)

where
biy = ik, Y% dA; ba1 = ik Y38 2dAg
b1y = lkzylzg)dAl byy = iszggﬂdAo

b23 = ik3 Yggﬂ.dAo
b24 = l'k4yzgidA0
bys = 7i’(5Y§g/‘LdA0€7"k5h
by = —iksYgg/ldAoefikGh
by; = —ik7Y3giM067ik7h

b1z = iks Y 2dA;
bia = iks Y% 2dA;
bis = —iksY%idA e ksh
big = —ikgYE AdA;e kst

b7 = —ik;Y¥idAe~ ot by = —ikg Y8 adAge kst
b13 = 7ik8YggldAiefik8h

bsy = iky /gdAg bay = ik Y5 dA

b32 = l'kz/?.gdAg b42 = isz;g;LgdAs

bss = iks /gdAg bas = iksYEisdAs

b34 = ik4}.gdAg b44 = il<4Yflg;LsdAs

b5 = —iks).gdAgeiiksh bas = _iksyég;hsdAsefiksh
b = —ike/gdAge s" bas = —iks Y AsdAse ol

bs; = —ik;igdAge=1h bay = —ik; Y sdAse~ikih
bsg = —ikgigdAgesh bug = —iksYg AsdAse~iksh
b51 = 7l'k1 YilgldA,'efiklh b61 = *ikl Y‘;‘g/ldAoe’iklh
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by, = —ikylgdAge—keh bsy = —ik, Y3 AsdAse~Tkeh
b3 = —iksAgdAge st bg3 = —iks Y /sdAse~Tkh
b7y = 7l.k4).gdAg€‘7ik4h bgy = —ik4Yig25M597ik4h
b75 = iks).gdAg b85 = l.k5Y§g/lsdAs
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