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ABSTRACT

A transient multipole method for short-term simulations of ground heat exchang-
ers (GHESs) is presented. The two-dimensional unsteady heat equation over a GHE
cross-section is separated into two problems: (i) a transient heat equation with ho-
mogeneous boundary conditions, and (ii) a steady-state heat equation with non-
homogeneous boundary conditions. An eigenfunction expansion is proposed for the
solution of the transient heat equation, where the treatment of boundary conditions
is considered by a multipole expansion of the eigenfunctions. A singular value de-
composition is applied to extract the eigenvalues of the problem. The solution of the
steady-state heat equation is obtained from a multipole expansion. The proposed
method is validated against reference results for the evaluation of the eigenvalues and
for the steady-state temperature field. The complete transient solution is validated
against finite element analysis simulations. The proposed method is meshless, and
its accuracy is only dependent on the evaluation of eigenvalues and on the number
of terms in each of the multipole expansions.

1. Introduction

Ground-coupled heat pump (GCHP) systems consist in one or multiple heat pumps
that supply heating and cooling to a building by extracting or rejecting heat to one
or multiple boreholes, i.e. the bore field or ground heat exchanger (GHE). A GHE
is composed of a drilled hole into which one or several U-tubes are inserted (or al-
ternatively, coaxial pipes) to circulate the heat carrier fluid, and then backfilled with
grouting material. The design of GCHP systems aims at evaluating the required GHE
length to maintain the temperature of the secondary fluid circulating in the GHE
within an acceptable range to ensure safe and efficient operation of the system. The
fluid and ground temperatures evolve during the operation of the system following
the extraction and rejection of heat to the ground through the GHE. The short-term
response of the GHE at time-scales of minutes to a few hours, corresponding to the
time-scales of on/off and daily operation of the system, has been shown to have a
significant impact on the required GHE length and on the energy use of the GCHP
(Bernier & Shirazi, 2013). The short-term response of the GHE is driven by the transit
of the fluid through the U-tube and the thermal capacity of borehole materials (i.e.
the fluid, pipe and grout), and thus their inclusion into simulation models is required
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for accurate temperature predictions at short time-scales.

The classical approach to the heat transfer modelling of the interior of a borehole
is through the thermal resistance analogy, where thermal interaction between pairs of
pipes and between individual pipes and the ground are represented by a network of
thermal resistances. The multipole method, introduced by Bennet et al. (1987) and
further developed by Claesson & Bennet (1987) and Claesson & Hellstrom (2011),
provides an analytical solution to the two-dimensional steady-state heat conduction
in a borehole cross-section and enables the evaluation of the thermal resistances of a
borehole. The multipole method consists in the construction of the exact solution to the
heat equation by superimposing solutions translated at each pole (i.e. at each pipe) to
apply the boundary conditions of the heat transfer problem. While analytical steady-
state methods, such as the multipole method, provide exact solutions to the heat
transfer inside the borehole, they are not able to accurately simulate the short-term
response of the borehole, before quasi-steady-state conditions (or constant heat-flux
conditions) are attained within the borehole.

Authors have proposed solutions to the transient heat transfer in a GHE by intro-
ducing the equivalent pipe assumption, which consists in representing all pipes by a
single equivalent pipe with appropriately chosen dimensions and thermal properties
to create a one-dimensional geometry with similar thermal characteristics to the real
two-dimensional geometry. The simplified one-dimensional geometry has facilitated
the development of analytical and numerical solutions to the transient heat transfer of
GHEs. Bose et al. (1985) applied a conformal mapping technique to obtain an equiva-
lent pipe model of a borehole. The method was used by Gu & O’Neal (1998) to solve
the steady-state heat conduction equation and calculate fluid temperatures under the
assumption of constant thermal conductivity coefficients. Shonder & Beck (1999) ap-
plied a finite difference scheme to solve the transient heat transfer in the equivalent
geometry. The authors used their numerical model to analyze field monitored data and
estimate the thermal properties of the GHE and the soil using a parameter estimation
technique. Young (2004) adapted the Buried Electrical Cable solution of Carslaw &
Jaeger (1959) to the simulation of boreholes, with the thermal capacitances of the
grout and the fluid inside the equivalent pipes allocated to the sheat and core regions
of the buried electric cable, respectively. Lamarche & Beauchamp (2007) developed
an analytical solution to the transient heat transfer in the equivalent geometry with
an imposed heat flux at the equivalent pipe. Bandyopadhyay et al. (2008) proposed
an analytical solution in the Laplace domain where the thermal capacity of the fluid
is introduced as a virtual solid with a lumped capacitance. In their work, Laplace do-
main solutions were obtained for the equivalent pipe GHE. A time domain solution is
then obtained by means of the Gaver—Stehfest algorithm for inversion of the Laplace
domain solution (Stehfest, 1970). Time-domain solutions were later proposed by Javed
& Claesson (2011) and by Lamarche (2015). The dimensions and thermal character-
istics of the single equivalent pipe geometry are chosen to preserve the total thermal
resistance and the total lumped capacitance of the GHE. The short-term response of
the GHE is thus only approximated due to the centrally located pipe which does not
present the same distribution of heat transfer than multiple off-centered pipes.

Transient heat transfer in geothermal boreholes with a simplified equivalent pipe
geometry was also solved numerically. Xu & Spitler (2006) developed a finite volume
model of a GHE, where the thermal capacity of the fluid is included in an annular re-
gion within the pipe in the equivalent geometry. Brussieux & Bernier (2019) presented
a hybrid variant of this approach, modelling the ground as a semi-infinite media using
the Cylindrical Heat Source (CHS) solution of Carslaw & Jaeger (1959). The authors



introduced dimensionless parameters to define universal short time-step g*-functions
which take into account the short-time behavior of GHEs. Short time-step g-functions
were introduced by Yavuzturk (1999) who proposed a two-dimensional finite volume
method in cylindrical coordinates to evaluate the thermal response of GHEs, taking
into account the effects of the thermal capacities of the grout and pipe materials. Short
time-step g-functions (and g*-functions) provide an extension of Eskilson’s g-functions
(Eskilson, 1987) to short time-step simulations and enable the design of GHEs with
attention to short-time effects.

Li & Lai (2013) proposed to model the short-term response of a GHE using the
infinite composite-medium line source (ICMLS) analytical solution, in which each
pipe is represented as a line source in the grout of the GHE. The model accounts
for the split of heat transfer rate between the pipes, since each pipe is modelled and
may have different external wall temperatures. The model was validated by Yang &
Li (2014) using a finite volume method (FVM). The limitation of this method is that
the pipes are simplified as lines (rather than cylinders), and thus the distribution of
temperatures and heat transfer rate on the perimeter of the pipes is not taken into
account.

Another class of simulation models aimed at the simulation of the short-time re-
sponse of GHEs is composed of so-called thermal resistance and capacitance (TRC)
models. Rather than attempting to solve the transient heat equation, this class of mod-
els introduces thermal capacitance nodes to the network of thermal resistances inferred
from the multipole method or its approximations. Zarella et al. (2011) extended the
capacity resistance model (CaRM) of De Carli et al. (2010) to introduce thermal ca-
pacity nodes at the core and at the sheat of the borehole. Bauer et al. (2011a,b)
developed a TRC model where thermal capacity nodes are introduced to represent
the thermal capacity of half the GHE (for a single U-tube borehole). Pasquier & Mar-
cotte (2012) proposed an extension of the TRC model where each of the fluid, pipe
and grout are represented as a series of thermal resistances and capacitances. The
distribution of fluid temperatures along the GHE can then be obtained by coupling a
series of TRC models each representing a segment of the GHE (Pasquier & Marcotte,
2014). Minaei & Maerefat (2017) observed that negative values of thermal resistances
can be obtained in TRC models. While negative values have no effect on the accu-
racy of steady-state temperatures, they can cause a non-physical thermal response at
short-time scales. The authors proposed a modified thermal resistance network to elim-
inate the negative thermal resistances. Like equivalent pipe geometries, TRC models
preserve the total thermal resistance and the total lumped capacitance of the GHE.
Thermal capacitances are split into core and exterior zones of the GHE, and thus the
short-term response is expected to be more accurate but is still an estimate of the
exact short-term response. The distribution of thermal capacitance nodes are based
on arbitrary geometrical divisions of the GHE cross-sectional area and none of the
surveyed methods are applicable to non-symmetric pipe configurations.

As per the surveyed literature, current analytical methods to solve the transient
heat conduction equation in a cross-section of a GHE are limited to simplified one-
dimensional geometries in cylindrical coordinates. The short-term response of the real
geometry requires the solution of a partial differential equation (i.e. the heat equa-
tion) in a multiply-connected two-dimensional domain (i.e. a domain with multiple
boundaries). Solutions to this type of problem have been obtained in other fields of
application of heat transfer analysis. Commonly applied techniques are finite inte-
gral transforms (often applied to single layer materials), Green functions, orthogonal
expansions, and Laplace transforms (Carslaw & Jaeger, 1959). In Cartesian coordi-



nates, examples of applications of these techniques are Salt (1983) and Mikhailov &
Ozisik (1986) (orthogonal expansion technique in slabs) as well as Haji-Sheikh & Beck
(2002) (Green function). In cylindrical coordinates, example works are Abdul Azeez
& Vakakis (2000) (integral transform) and Milosevi¢ & Raynaud (2004) (orthogonal
expansion in cylinders).

Numerical methods, such as finite difference, finite volume, finite element and
boundary element methods, are often used to solve partial differential equations in
multiple dimensions. The accuracy of these methods strongly depends on the quality
of the mesh, and the generation of the mesh is complicated in cases where the geometry
of the problem is highly variable —for instance, the number and position of pipes in a
GHE. These methods also become time-intensive when applied to higher dimensions.
There has been a growing interest in meshless methods over the past decade for heat
transfer applications (Nguyen et al., 2008). A popular class of meshless methods are
Trefftz methods (Trefftz, 1926), which consist in approximating a regular solution to
a partial differential equation problem in variational form. This technique is extended
to use analytical solutions of the governing equations (e.g. Fourier-Bessel series) (Kita
& Kamiya, 1995). These methods are meshless. They can thus be implemented with-
out the complexity of domain meshing and only require matching the boundaries over
specific portions in a domain.

This paper presents a new method to solve the transient heat conduction problem
in R? for a circular multiply-connected domain representing a cross-section of a GHE
with multiple pipes. The separation of variables is applied to separate the problem
into two equations, a Helmholtz partial differential equation for space and an ordinary
differential equation for time. The complete solution is obtained by the superposition
of a solution of the steady-state problem with inhomogeneous boundary conditions and
a solution of a transient problem with homogeneous boundary conditions (i.e. a Sturm-
Liouville problem). The transient problem is solved by applying a multipole expansion
technique (Wu & Kishk, 2008; Zaviska, 1913), using an eigenfunction expansion of
the solution. The solution considers constant fluid temperatures within each pipe. A
scheme to update the coefficients of the multipole expansion is proposed to consider
time-dependent fluid temperatures. The proposed method is validated by comparison
with the results of Chen et al. (2001, 2004) for the evaluation of the eigenvalues of
the expansion, with the results of Claesson & Hellstrém (2011) for the solution of
the steady-state problem, and to finite element analysis (FEA) simulations for the
complete transient solution.

2. Mathematical Model

A mathematical model for 2D transient heat conduction in geothermal boreholes is
presented. The model assumes homogeneous, isotropic and constant physical prop-
erties for the grout and the ground, with uniform temperature at time ¢ = 0. The
thermal capacity of the fluid flowing through the pipes and that of the pipe material
are neglected. Axial heat transfer, through advection of the fluid flowing through the
pipes and conduction in the vertical direction, is neglected and thus only pure con-
duction on the horizontal plane in the grout and ground is considered. The fluid to
outer pipe wall thermal resistances, combining the film thermal resistances and the
conduction thermal resistance through the pipe walls, is constant for each pipe.
Figure 1 shows the horizontal cross-section of a geothermal borehole with N = 2
pipes (i.e. a single U-tube) as well as the computational domain of the mathematical
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Figure 1. Ground heat exchanger domain geometry

model. The borehole, centered at Og, has a radius Ry and each pipe i, centered at O;,
has an external radius R;. The computational domain Q(= ;UQs) comprises the grout
sub-domain §2; and the ground sub-domain €y, with 9y the interface between the
grout and the ground (i.e. the borehole wall). The interior boundaries 0f2; correspond
with the external wall of each pipe i. The domain extends to a radial distance R, from
the borehole center, corresponding with the external boundary 0€2.. R, is considered
infinite, and thus the ground domain Qs is unbounded. A point x = (p, ¢) in cylindrical
coordinates could be centered at any pole Oy, with x; = (pg, k), as shown on Figure 2.
Throughout the paper, the non-index coordinates x = (p, ¢) are used when it is not
needed to express the coordinates at any particular pole.

The governing equation for heat transfer for calculating the temperature T; =
T;(x,t) is given by the transient heat conduction equation:

1 0T,
(673 ot

= V2T, in Q;,i=1,2 (1)

where T} is the temperature in the grout domain 1, T5 is the temperature in the
ground domain s, and «; is the thermal diffusivity at each domain £2;.

The fluid temperature T}, at each pipe k is prescribed. As such, the boundary
condition at the external wall of each pipe is:

T
—ﬁkRkb +T1 =Ty, on O, k=1,...,N (2)
apk Ry



Figure 2. Translation of coordinates

where 8, = 2wk E). is the dimensionless fluid to outer pipe wall thermal resistance
of pipe k; with kp the grout thermal conductivity and Ej the fluid to outer pipe wall
thermal resistance of pipe k.

Continuity is imposed at the borehole wall (9€):

oT; oT.
—ky 2| = —ky =—2| on 8 (3)
dpo Ry dpo Ro
and
T1|R0 = T2’RO on 890 (4)

where kg is the thermal conductivity of the ground.
The temperature at the exterior domain boundary 09, (at R, — o0) is equal to
the undisturbed ground temperature:

To(Re, 6, )| . _yoo=T" on 9 (5)

At time t = 0, the initial grout and ground temperature are uniform and equal to
the undisturbed ground temperature:

Ti(p,¢,0) =T%in Q;, i = 1,2 (6)

The set of boundary conditions (Egs. 2-6) is non-homogeneous. To obtain a solution
to the temperature, the problem (Eq. 1) is separated into a transient problem with
homogeneous boundary conditions (i.e. a Sturm-Liouville problem) and a steady-state
problem with non-homogeneous boundary conditions. The complete solution becomes
T, = T;, + T;,,, where T;, = T;, (p, ¢,t) is the solution to the homogeneous transient
boundary conditions and T;,, = T;__(p, ¢) is the steady state solution of Eq. 1.

The governing equation as well as boundary and initial conditions of the transient



problem with homogeneous boundary conditions are given by:

1 0T,

oo V2T, in Qi =1,2 (7a)
oT
— BeRr—=| 4T, =00n 8, k=1,...,N (7b)
apk Ry,
oT oT.
- LT P e on 08 (7c)
dpo Ry dpo Ro
T1h|R0 = Tgh ’Ro on 8(20 (7(1)
T3, (Re, ¢, )| g, _s0o=0 on 0€2 (7e)
T, (p,$,0) = T° = T;,, in Q;, i = 1,2 (7f)

The governing equation as well as boundary and initial conditions of the steady-state
problem with non-homogeneous boundary conditions are given by:

V2T, =0in Q;,i=1,2 (8a)
0Ty
— BrRe—— +T1,, =T on 0y, k=1,...,N (8b)
8pk Ry
oT; oT
—ky | = ks ot on 99 (8¢)
8pO R, apo Ro
T, |g, = Ta..lg, on 00 (8d)
13, (Rea ¢)|Re—>oo: 7° on 98 (86)

The solutions to both problems are presented in the next sections. Note that even
though the solution to the transient problem (Eq. 7) is presented first, its initial
condition (Eq. 7f) is dependent upon the solution to the steady state problem (Eq. 8).

2.1. Transient Heat Equation with Homogeneous Boundary Conditions

The transient problem with homogeneous boundary conditions (Eq. 7) is solved by
means of spatial-time decomposition using separation of variables. Assuming the so-
lution is T;, = X;(p, ¢)7i(t), then the problem becomes:

V2X; i
==X (9)

Xi ;T

where ) is the eigenvalue associated with the homogeneous boundary problem partial
differential equation (PDE). Note that A > 0 and that X is not unique (Abdul Azeez
& Vakakis, 2000; Mikhailov & Ozisik, 1986).

The solution for 7; is straightforward:

Ti(t) = e Mot (10)
The problem for X; defined in Eq. 9 takes the form of the Helmholtz equation.

The Helmholtz equation is encountered in many fields, for example in the study of
wave propagation in continuous media (Linton & Evans, 1990), scattering with non-



obstacles (Martin, 2006), or electrical propagation in integrated circuits (Wu & Kishk,
2008). The complete Helmholtz homogeneous boundary problem is well defined and
has a unique solution.

The governing equation as well as boundary conditions for X; are given by:

V23X + N X; =0in Q0= 1,2 (11a)
X
e X —0om a0 k=1, N (11b)
apk Ry
X X
—kb Q = —Rg Q on 890 (110)
dpo Ro dpo Ro
XQ(Rey ¢)|Rg—>00: 0 on 895 (116)

The continuity condition (Egs. 11c-11d) results in the eigenvalue connection between
the grout and ground domains (Q; and €Q9), with A2 = A1y/a1 /a9 (Salt, 1983; Tittle,
1965). Eq. 11 was solved to obtain its solution at any point x = (p, ¢) in 2 by Chen et
al. (2005, 2010) in the context of acoustic analysis of multiply-connected membranes.
Here, the solution is presented for transient homogeneous heat transfer with mixed
boundary conditions.

A complete eigenfunction expansion for the solution in a circular multiply-connected
domain 2 is proposed as follows:

M
Xi(ps®) = Y m¥(p,9) (12)
m=—M

where (x) is the Trefftz basis at pole O and =, are the coefficient matching the
boundaries. The number of terms in the expansion is formally infinite, but is reduced
to 2M + 1 to obtain a finite sum.

For the circular multiply-connected domain 2, the following Trefftz basis for a point
Xp = (pp, ¢p) related to a pole O, is defined for a circular boundary 0€2, with radius
R, (Figure 2):

Im(App)e™P if p, < R,

. 13
Hr(,i)()\pp)e””d’? if p, > R, (13)

V(pp, Pp) = {

where J and H®) are the Bessel and Hankel functions of the first kind, respectively.

To obtain the solution of Eq. 11 for any /N number of pipes, ¥ needs to be expressed
at any pole O; in the domain €);. For the translation of coordinates shown in Figure 2,
the Graf-Gegenbauer addition theorem (Graf, 1893) yields:

Tim(App)e™ P = Z Tn—n(Alpg) 700 J,, (Apg) e (14a)

n=—oo

HD (Ap,)e™Pr = {Zoo J, ()‘lpq)ei(m_n)emﬂél)()\pq)ein‘z’q if 1, < pq
m P -

n=-—oo “M—n

> 283 ()\lpq)ei(m_")gp" Jn(Apg)e™ s if 1y > py

n=—oo m—-n

(14Db)



Superimposing the contributions of all poles (O;) and considering only 2M +1 terms
in Eq. 14, Eq. 13 in €1 becomes:

Z Y (A1p0) lm¢°+z Z Vi H (A ps) ™ (15)

j=1m=—

The solution in 29 follows the same procedure but with only 1 internal pipe at 0g:

Z (5 )\2p0> imgo (16)

As Q5 is unbounded, Eq. 16 vanishes if R, — 0o, as shown by the asymptotic expan-
sion expressed in Abramowitz & Stegun (1972). Eq. 11e is thus satisfied. Therefore,
the Trefftz basis for {29 defined in Eq. 13 is considered exterior domain and thus only
the Hankel function is required.

The boundary conditions in Eq. 11 require the evaluation of X; and X5 and their
derivatives at all boundaries (0€2;) in €; and o, respectively. At the borehole wall
(890):

M
X1(Ro, do) = Z V0 T (A Rp)eim®o
-M
NN | (17a)
+Z Z 71jn Z Im—n )\1l]0 Z(m n) JOH( )(/\1R0)6m¢°
j=lm=—M
M
Xa(Bo, 0)= Z O HSY (A2 Ro)e™ (17b)
00X,
a9 A R, imgo
8p0 ZM’Y 1 0)
NooM | (17c)
+)\12 Z %n Z Jm-n(Ailjo)e Z(m )6 ’OH/( )(>\1 Ro)emq50
j=lm=-M
M
X .
2 =\ Z 59nH7/?gl)()\2R0)ezm¢)0 (17d)
8/)0 R —




At the external wall of each pipe (0€):

M

X1(Ry, 1) = Z ’y% Z Jm—n(Ailor)e i(m— n)@on (M R))e ing,
m=—M n=—M

M
+ Y AR HG (MR (18a)
m=—M
N M

+ > Z%ngn

j=LjA m=-—M
M

X M
1 i(m—n)0o, mne;
Tm :)\1 Z ’}/21 z Jmfn()\ll()l)e( )6 Jrll()\lRl)e ¢
Ry e =z
M .
N AL HD (AR ™ (18b)
N M M
MY A Z Trn
j=1,j#l m=—M
where
= Jm—n()\lljl)ei(m_n)eﬂH7(11)()\1Rl)€m¢l if 1 < Ry (199)
T HY (L) et g (A Ry)eit i 1y > Ry
;O D (0 Rpeimt i 1y < Ry (19D)
Jmn Hg)_n()\lljl)ei(m_n)eﬂJ,’l()\lRl)emdn if ljl > R;

The substitution of Egs. 17-19 into 11 yields a linear system ®y = 0, where the
square matrix ® is a function of A. Singular Value Decomposition (SVD) is used in
order to extract the value A of the square matrix ® by collecting the minimum singular
value of the decomposition and finding the drop of this singular value. The multiplicity
of X\ is obtained, seeking how many singular values are equal to the minimum. The
dimension of the matrix is dim ® = [(2M +1)(N +2) x (2M +1)(NN +2)]. The solution
v is obtained at each eigenvalue A\ by multiplying the eigenvector associated and ®.

Recalling Eq. 7, the homogeneous solution is then calculated as a Fourier-Bessel
expansion:

T, (p, ¢,1) ZCX (pr 3 M )e™ XDt (20)

7j=1

where X is a quasi-orthogonal eigenfunction (Tittle, 1965) and A/ is the j-th eigenvalue
for the expansion in );.

The calculation of coefficients C; requires imposing the initial condition and apply-
ing orthogonal conditions:

B [0, (T0 =T ) X1dQ + 5= [ (T0 = Ty, ) XdQ,

C; = _ _
I % fQ1 Xledgl + ’(% fﬂz XQXQdQQ

(21)

10



where X; is the conjugate of X;. It is important to point out that v, § and C; are
complex-valued, and thus Eq. 20 implies that only the real part of the temperature is
considered. However, as long as Eq. 7 has real-valued initial and boundary conditions,
the solution will have real temperature values.

2.2. Steady-State Heat Equation with Nonhomogeneous Boundary
Conditions

A T-complete basis is required to obtain the solution to Eq. 8. Such a basis was
proposed by Liu (2008) for the Laplace equation in a doubly-connected domain. In
the present case, for N + 1 poles, the temperature in 21 is given by:

h m m
Ty, =ap + Z [Ozm (RPO ) cos(maoo) + PBm <Rp0 ) sin(m(ﬁo)]

m=1
N 5 - -
+ jzl {73 Inp; + mz_l [’Y%l (R[:n]m> cos(me;) + 63, (R,:m> sin(mqﬁj)] }
(22)

and the temperature in Q9 (with only one pole shared by 0€ and 0€2) is given by:

h m m
Ty.. = + Z {aﬁn <§20> cos(mao) + B, (?) sin(mgbo)]
m—1 e e

23)
" po \ " po \ "
+ 5 In pg + o ( ) cos(maq) + 0! ( > sin(maeo
where Rpyin = {minN} R; is the minimum external radius of the pipes, Ryq: > Ry is
ie{l,...,

an arbitrary radius and is set equal to Rp, and h is the number of terms in the complete
expansion (Eqs. 22-23). Note that 77, are different from the preceding expansion in
Eq. 15.

By definition Eqgs. 22-23 have infinite terms but it is reduced here to the h first terms
of the expansion. To have a unique solution, the coefficients that match boundaries,
QQ, Oy ..y 00y, have to be unique and finite. For R, — oo, Eq. 23 results in arbitrary
values for o, 3/, and they are thus considered equal to 0. Also, 7(, has to be equal
to 0 for T5__ to remain finite. Therefore, the solution of this problem results in the
coefficient afy = To, (Re, 9)|p, o0 = TO. The presented method for steady-state allows
to successfully allocate the boundary conditions for the unbounded domain 25 and
thus compute the coefficients in the T-basis.

For the translation of coordinates shown in Figure 2, an addition theorem was
proposed by Bird & Steele (1992) for the Laplace equation in a multiply-connected

11



domain:

m % m n_m-—nin
Py’ cos(mey) = Z (n) (=1)"pp' "1 cos(mbpg + n(dq — bpg)) (24a)
n=0
VP - m n_m-—nin :
Py’ sin(mey) = Z (n) (=1)"py" " lpg sin(mbpg + n(dq — bpq)) (24b)
n=0
(PR B cos|(k + 1)y — (K 1)6 if |
p=T cos(mapy) — D ket (k+1)lgq+m+1 cos[(k + 1)¢g — (k + m + 1)0pq] L lpg > Pq
L (e} m (M llgjl .
» S (—1) (kilk)w cos[(k + 1)y — (k +m + )¢y if by < pq
(24c)
00 m kL .
™ sin(me,) = D ket (k:f)l;;gﬁ sin[(k 4 1)¢q — (k +m + 1)6] if Ipg > pq
b, e} m (M lsjl . .
g St 1 (1) (R e sinl(k + Dy — (k+m+1)dg] i g < pg
(24d)

n =52 (L) (22)" cosm(By, — i
In p, = In(lpq) ZO’I’;L_]_ (7171) (llm )m [m(0pg — &4)] ‘f lpg > pq (240)
n(pg) = Spey (%) (42)" coslmlOp = 0] if by < pg

m=1 Pp

The boundary conditions in Eq. 8 require the evaluation of 77 , and T, and their
derivatives at all boundaries (0€2;) in €1 and Qy, respectively. At the borehole wall
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2 Ry \™ Ro \" .
T, =ao+ Z [am (R > cos(meo) + Bm <Rmax> s1n(m¢>0)]

max

m=1
ANy 21N (Lo\™ ;
+ Z Yo | In Ry — Z )\ & cos[m(6j0 — ¢o)]
L Ry,
J (=)™ RM, — cos[(k + 1)0;0 — (k +m + 1)¢g]
+ mz_:l kg_:l [’Ym( ) <]{7 + 1> min ng+m+1 [( ) Jjo (
m+k i
o (-1 ( o > Rl =y sinl(k + Do — (k +m + 1))
0
(25a)
h —m —m
Ry , ( Ro .
=77 ! 25b
Ty =T + ,;:1 Yrm <Rmin> cos(mey) + 0y, <Rmin> sm(mqﬁo)] (25Db)
h m m
81“’1 5 |: < 1 > m—1 1 m—1 _:
= = m | am Ry cos(meo) + Bm R{'™" sin(meo)
8,00 Ro mzjl Rmaac 0 Rmax
j=1 m=1
h k+1
+k I
S50 Y [0t e ) () R g o6+ o — (6 1)
m=1k=—1 k+1 RO
k+1
i (—1ym TR 0tk 1050 — (k4 m & 1)0)
+ 0 <_1) (k+m+ 1) Rmzn k+m+2 Sln[( + ) Jjo m 0
m kE+1 R§
(25¢)
h -m -m
8T255 / 1 —m—1 / 1 Rfmfl L
oo, RO: — mz_:lm [am <Rmin> R, cos(maeo) + B, <Rmin 0 sin(may)
- (25d)
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At the external wall of each pipe (0€):

33_a0+z o m
m

+ Bm < > Rm klm sin[mbo; + k(¢ — 6py)]
h
+ b In Ry + Z

( ) - cos(mey) + o, <RRI. >_m sin(m@)]
m=1 mln min

N

Am Z ( ) Rm kl()l COS[m@ol + k:(d)l — 90[)]

=15 m= 1
(26a)
h m
oT; 1 m e
| = amZ<m—k>(k)<—1>er ¥7118; coslmbo + k(é1 — o)
Pl R, m—1 Rmaa} P

k
l 1 " l 1 —m—1 l 1 o —m—1 _:
+Y%—= — Z MY\ R, cos(mey) + 6, o R, sin(mey)

N h
.S vag;+z<vzng;1k+%gfk>>

J=1j#l m=1

(26b)
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where

= o= St () () coslm(@ — o)) if 1 > R )
7= A\™ .
In(R;) — szzl (%) <%) cos[m(0; — ¢1)] if lj < Ry
k+1
) ko1 (YR, s cos[(k + 1)y — (k + m + 1)0] if Iy > Ry
gk = Jt k1 ‘
T D ) () R g cosl(k + 165 — (k+m+ Do) i L < Ry
(27b)
k+1
, b (e R s sin[(k + 1)y — (k+m + 1)) if 1 > Ry
9jk = m " [mE .
T S D™ ) R gt sinl(k + Dt — (k+m 4 1D)@1]if Ly < Ry
(27¢)
; - <%> R cosm(0j — ¢y)]  if Ly > Ry (27d)
’ T Yot (1%) U cos[m(0j — ¢u)] if Ly < Ry
Jio Y1 (k1) (R ) Bimi et cos[(k + 1) — (k + m + 1)01]
L= gl m "
T S GO R m e D) () Ry g cosl( + 100 — (k4 m + 1) 0]
(27e)
g2 | D=tk D) R e sinl(s + 1 — (- m 4 1)1
ik = ]

(27f)

A linear system of equations, in the form ®v = F, is obtained by the substitution
of Eqgs. 25-27 into Eq. 8. The right-hand side vector F is a function of the fluid tem-
peratures into the pipes. The matrix ®, of dimension dim® = [(2h + 1)(NV + 2) X
(2h+1)(N +2)], is ill-conditioned and requires preconditioning before the system can
be solved for ~:

®T®y = TF (28)

2.3. Time-Dependent Fluid Temperatures

The method presented in Sections 2.1 and 2.2 can be adapted to consider time-
dependent fluid temperatures. Step-wise variations of fluid temperatures at each pipe
k are considered at each time step n, i.e. over t("~1) < ¢ < ¢» (where t" = t(n=1) 4 At).
In this updating scheme, the initial temperatures in Eqgs. 7f and 21 are replaced by
the temperature at the end of the latest time step:

IO - 3 X e OIS T (a0
m=1

T = 3 Ol Xa(py g Age 08 e ) (290)
m=1
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The Fourier-Bessel coefficients in Eq. 21 become:

ky 7(n—=1) | k. y(n—1)
on arlly Tt arh;

Tk X6 X)X (p, s M)A + B [ Xo(p, 63 X)) Xa(p, 5 M) dSs

(30)

where
Y = /Q (1" — T ) X1 (p, 63 M)A

=/ (C VX (p, ¢y M)e WPt L (=D % (p, 3 M)A
1 (31)
n—1 n—1 no o .
I = /Q (T3 — T3 ) Xa(p, 63 \])d2s

= / ("D X o (p, 3 Ay)e~ a2t L T T )X (p, oy A2
Qs

where T} is the solution of the steady-state problem considering the fluid tempera-
tures at the n-th time step, and T = T = T°.

Egs. 30 and 31 allow the calculation of the temperature field when fluid temperatures
are variable over time and known. In a simulation of a GHE, fluid temperatures are
typically unknown. It is however possible to build a system of equation to consider
other known values. As an example, assuming the total heat transfer rate, ¢"(= ¢ H),
into a GHE containing two pipes is known and that T}i and T }; are equal to the inlet
and outlet fluid temperatures:

) 1 -
@' = 5 (T} = T'w) (32a)
N
q"=> g (32b)
k=1
§"H =" c, (T} —T}.) (32¢)

where ¢;" is the heat transfer rate per unit length from pipe k, 77 is the fluid tem-
perature in pipe k, T}'|g, is the average temperature at the outer wall at pipe k, "
is the fluid mass flow rate into the pipes, ¢, is the fluid specific heat capacity, and H
is the GHE length.

The coefficient updating scheme can also be adapted to consider the fluid temper-
ature variations along the pipes by discretizing the GHE into segments and taking
into account the advection of the fluid into the pipes, as commonly done in resistance-
capacitance models (Bauer et al. , 2011b; De Carli et al., 2010; Pasquier & Marcotte,
2014; Zarella et al., 2011). This will be addressed in future work.

3. Validation

The proposed method is implemented into Python, using numpy’s implementation
of the SVD algorithm (Van Der Walt et al. , 2011) and scipy’s implementation of
Bessel and Hankel functions (Virtanen et al. , 2020) which includes the asymptotic
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expansions for large values of the argument. Integrals are evaluated by a quadrature
domain technique (Crowdy, 2005).

The accuracy of the proposed method is dependent upon the number of terms
considered in the Fourier-Bessel expansion for T;, (Eq. 20), the number of terms M in
the multipole expansion for X; (Eqgs. 15-16), and the number of terms A in the multipole
expansion for T;_ _ (Eqgs. 22-23). The number of terms considered in the Fourier-Bessel
expansion was fixed at 100 eigenvalues. The solution for X; is still dependent on
the eigenvalues of the Helmholtz equation (Eq. 11) and thus their correct evaluation
needs to be validated. The validation of the proposed approach is conducted in three
steps. First, the eigenvalues are computed for the geometries presented by Chen et al.
(2001, 2004). Second, the steady-state temperature field calculated with the proposed
method is compared with the one calculated using the multipole method, as presented
by Claesson & Hellstrom (2011). Finally, the solution of the transient heat conduction
is validated against Finite Element Analysis (FEA) simulations for constant and time-
dependent fluid temperatures.

3.1. Eigenvalues of the Helmholtz Equation

The calculation of eigenvalues is validated by comparing the results from the presented
method to the results of Chen et al. (2001, 2004) for two geometries, calculated from
a Boundary Element Method (BEM). The first geometry consists in a single pipe of
radius R; = 0.5 m centered into a circular domain of outer radius Ry = 2 m, as shown
on Figure 3. The second geometry consists in two pipes of radius Ry = Re = 0.3 m
symmetrically positioned at a distance e = 0.5 m from the center of a circular domain
of outer radius Ry = 1 m, as shown on Figure 4. For both geometries, Dirichlet
boundary conditions (X = 0) are imposed at all domain boundaries (991, 922 and
0€). At this stage, M = 5 terms are used in the multipole expansion for X. The
proposed method was modified to accommodate Dirichlet boundary conditions on
the grout domain ; (thereby excluding the soil domain €3), which differ from the
convection (Eq. 11b) and continuity (Egs. 11c-11d) boundary conditions presented
herein. This change is necessary for comparison with the results of Chen et al. (2001,
2004).

The eigenvalues are extracted using SVD by locating the minimums, corresponding
to the eigenvalues A, of the minimum singular value of ®. The extracted eigenvalues are
visualized alongside the geometries in Figures 3 and 4. The four former eigenmodes (i.e.
the function X), corresponding to the first four non-repeated eigenvalues, are shown in
Figures 5 and 6. Table 1 compares the eigenvalues obtained with the proposed method
with the eigenvalues obtained by Chen et al. (2001, 2004) using BEM. As shown, the
computed eigenvalues are in close agreement with the reference.

Table 1. Comparison of the eigenvalues from the proposed method and Chen et al. (2001, 2004)

Single pipe (Figure 3) Two pipes (Figure 4)
BEM in Chen et al. (2001) Multipole Expansion =~ BEM in Chen et al. (2004) Multipole Expansion
A1 = 2.06 A1 =2.05 A1 =4.50 A1 =4.50
Ao =2.23 Ao =2.22 A2 = 4.50 Ao = 4.56
Az = 2.67 A3 = 2.66 A3 =6.37 Az = 6.40
A4 = 3.22 Ay =321 A4 =7.16 A =711
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Figure 4. Two pipes geometry (Left). Eigenvalues extracted by SVD (Right)

3.2. Steady-State Temperature Field

The steady-state temperature field is validated by comparing the solution of the
steady-state heat equation with non-homogeneous boundary conditions presented in
Section 2.2 to the multipole method of Claesson & Hellstrom (2011) for two asymmet-

rically positioned pipes, as shown on Figure 7. The dimensions and physical properties
associated with the geometry are:

ky=15W/(m-K),ks =25 W/(m-K),Ry=0.07m
01 = (—0.03 m,0.02 m), 0y = (0.03 m,0 m), Ry = 0.02 m (33)
Ry=002m,p1=5=12Ty1 =Tp2=1K

The values of Ty1 = Ty = 1 K correspond to a unit (1 K) temperature difference
between the fluid and borehole wall temperatures, as considered in Claesson & Hell-
strom (2011). The boundary conditions presented by Claesson & Hellstrom (2011) are
slightly different from the ones considered in Eq. 8. In Claesson & Hellstrom (2011),
the average borehole wall temperature is imposed on 0€2q:

™

— 1
TQSS R = % Tgss (Ro, qb)dgf) = 046 + ’)/6 InRy=0 (34)
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Figure 6. Eigenmodes of the multipole expansion for two pipes
where Ty, R, 18 the perimeter average temperature at a radius Ry, and b, R, corre-
0

sponds to the borehole wall temperature.
With this boundary condition, Eq. 23 for the temperature in 25 is modified as
follows:

TQ = TQSS

ss

Vo (R/:Ein) i cos(meo) + 6, (Riin> i Sin(m%)]
(35)

h
/ 0o
R0+’70 lnR_0+7nzl

The method presented in Section 2.2 is still consistent as a solution to the Laplace
equations (Egs. 8 and 34) and can thus be applied with the new boundary condition.
Figure 8 shows the steady-state temperature field (left) and a comparison of the tem-
perature profile at y = 0 between the proposed method and (Claesson & Hellstrom,
2011). h = 15 terms are used in the multipole expansions for T;__.

20



Figure 7. Two asymmetrically positioned pipes geometry
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Figure 8. Validation against the multipole method of Claesson and Hellstréom

3.3. Transient Multipole Expansion

The complete proposed transient multipole expansion method is validated against FEA
simulations for two geometries, a single centered pipe (shown on Figure 9) and two
symmetrically positioned pipes (shown on Figure 10). FEA simulations are posed with
meshes of 10228 nodes and 20216 triangular elements for the single pipe geometry, and
11572 nodes and 22850 triangular elements for the two pipes geometry with an external
boundary of R. = 100 m. For both simulations, 2nd order Lagrange polynomials are
used to solve the weak formulation. Backward Euler difference for time derivative is
used with a time step At = 100 s.
The dimensions and physical properties of the single pipe geometry are:

ky=0.73 W/(m - K), ks =282 W/(m - K),a; = 1.921 x 1077 m?/s,
s = 1.410 x 1075 m?/s, Ry = 0.035 m, Ry = 0.063 m, (36)
81 =0.1985,T" = 293.15 K, Ty, = 295.15 K
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Figure 10. Two pipes geometry (Left). Eigenvalues extracted by SVD (Right)

The dimensions and physical properties of the two pipes geometry are:

ky =073 W/(m - K), ks =282 W/(m-K),aq =1.921 x 1077 m?/s, a0 = 1.410 x 107° m?/s
01 = (—0.03 m,0),02 = (0.03 m,0), Ry = 0.063 m, Ry = 0.0167 m
T° =293.15 K, 1 = B2 = 0.4022, Ty = Tpg = 295.15 K
(37)

Figure 11 presents the total heat transfer rate at the pipe and the average borehole
wall temperature for the single pipe geometry and their dependence on the number of
terms in the multipole expansions (M and h). Figure 12 presents the same for the two
pipes geometry. As shown in both figures, proper values for the parameters M and h
are required to ensure convergence of the temperatures and heat transfer rates. For
the single pipe geometry, M = 5 and h = 15 are sufficient to attain convergence, while
M =7 and h = 15 are needed in the two pipes geometry. The parameter M influences
the early transient phase of the temperature and heat transfer rates, and h has a
stronger impact on the later stages of the simulation. While the heat transfer rates
show good agreement with the FEA simulation, borehole wall temperatures present
some differences at early times.

Figures 13 and 14 show the temperature fields calculated from the FEA simulation
and the temperature profiles at y = 0 calculated from the FEA simulation and the

22



Tavlr, (K)

Tavlr, (K)

294.25

294.00

293.75

293.50

293.25

-— M=1
-— M=5

= M=7
= FEA Simulation

104 10°

t(s)

10°

(a) Avg. Borehole Wall Temp. (h = 15)

294.0

293.5

[ == h=5
| == h=10
L —— h=15

[ === FEA Simulation

h=20 -

10°

104
t(s)

103

(c) Avg. Borehole Wall Temp. (M = 5)

Pipe heat transfer rate (W/m)

Pipe heat transfer rate (W/m)

10!

100

100

1071

1077 b

== M=1

- == M=5 ]
" —— M=7 ]
—— FEA Simulation 1

10t

10° 10* 10°
t(s)
(b) Heat Flow Rate (h = 15)
£ b} | I

f — = h=5

[ == h=10 ]
L = h=15 ,
3 h=20 E

[ —— FEA Simulation

10* 10°

t(s)

raual
103

(d) Heat Flow Rate (M = 5)

Figure 11. Borehole wall temperature and pipe heat transfer rate (one pipe geometry)
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proposed method. The temperature fields and temperatures profile are shown at times
t = 1000, 10000 and 100000 seconds for both of the single pipe and the two pipes
geometries. The same temperature differences are observed as were seen in Figures 11
and 12 for the average borehole wall temperatures.
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Figure 13. FEA simulation (left) and temperature profile at y = 0 (right) for the one pipe geometry: (a)
t = 1000 s, (b) t = 10000 s, and (c) t = 100000 s

Finally, the coefficient updating scheme presented in Section 2.3 is used to calculate
the fluid temperature variations in the two pipes geometry of Eq. 37. A constant total
heat transfer rate per unit length ¢’ = 58 W/m and a constant temperature difference
between the pipes AT = Ty, — Ty, = 1.3 K (representative of a constant fluid mass
flow rate) are applied with an initial temperature 79 = 293.15 K. The simulation time
step is At = 20 s and the maximum simulation time is ¢ = 3100 min, totaling 9300
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time steps. FEA calculations take 220 seconds to complete and the presented method
takes 80 seconds to complete, including 61 seconds to evaluate the eigenvalues and
integrals and 19 seconds to simulate the heat transfer process over all 9300 time steps.
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Figure 15. Inlet and outlet fluid temperature variations

4. Conclusion

This paper introduces a new transient multipole method to solve the short-term heat
transfer in ground heat exchangers. The method does not require any simplification
of the borehole geometry or discretization of the borehole thermal capacitance and
can accommodate any number of arbitrarily positioned pipes within the borehole, as
opposed to equivalent pipe methods and resistance-capacitance methods found in the
literature. The method shows good agreement with reference FEA simulations when
considering the 100 former eigenvalues of the expansion, identified from singular value
decomposition. The method is then only dependent on the number of terms in the
expansions, h and M, without any requirement for mesh generation of the calculation
domain. For the considered cases h = 15 is sufficient for the steady-state expansion,
and M = 5 and M = 7 are sufficient for the transient expansion in the one pipe
and two pipes geometries, respectively. While boundary conditions of imposed fluid
temperatures and undisturbed ground temperature as far field are considered in the
paper with a unbounded domain, the proposed method can be applied to other types
of boundary conditions, as shown in Sections 3.1 and 3.2 for validation against the
literature. A coefficient updating scheme is adopted to consider time-dependent fluid
temperature. Fluid temperatures can be calculated by updating Fourier-Bessel coeffi-
cients and change the boundary conditions at each time step. Further investigation is
required to consider the fluid temperature variation along pipes, coupling the proposed
method to an advection-convective model of the fluid inside the pipes. The number of
considered eigenvalues and the coefficient updating scheme will then be analyzed for
their impact on the accuracy and computational efficiency of GCHP simulations.
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