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Keywords: When an underground heat exchanger is subjected to a surface load on the ground and
Bi-material Green’s functions temperature change inside, the stress transfer between the thermal tank and the earth may cause

Eshelby’s equivalent inclusion method
Eigenstrain

Geothermal system

Thermoelastic analysis

the deformation and destruction of the tank. The bi-material thermoelastic fundamental solution
of two-jointed dissimilar half-spaces is applied to elastic and thermal analysis of spherical heat
storage tanks, where the continuity equations at the bi-material interface are satisfied. Using
Hadamard’s regularization in the x; direction, the two-dimensional bi-material thermoelastic
fundamental solution can be obtained. By changing the material constants, the fundamental
solution for a semi-infinite domain or an infinite domain with a single material can be recovered.
In general, the storage tanks and soil exhibits different thermal and mechanical properties. A
dual equivalent inclusion method (DEIM) is proposed to simulate the material mismatch of
thermal conductivity and elasticity with continuously distributed eigen-temperature-gradients
and inelastic eigenstrains on the tanks, respectively. Using the analytical domain integrals,
no mesh is required for inhomogeneities. Due to the boundary effects and inhomogeneity
interactions, the eigen-fields are expanded at the center of each inhomogeneity using the
Taylor series with tailorable accuracy. The DEIM is verified by the finite element method and
demonstrated by the geothermal applications using uniform, linear, or quadratic orders of eigen-
fields. For a spherical heat exchanger in an infinite homogeneous domain, DEIM provides the
exact solutions of the thermoelastic fields for a uniform heat source and a uniform far-field heat
flux field.

1. Introduction

Spherical underground heat exchangers have been employed to store heat energy and also, interact with surrounding soil via
heat exchange (Wang et al., 2022) as the ground temperature profile is relatively stable under a certain depth, which exhibits great
potential for the thermal management of buildings with improved energy efficiency among other environmental benefits. Geothermal
systems have drawn significant attention both in research and industry field (Yin et al., 2013, 2021). The thermal analysis regarding
geothermal tank systems has been rigorously investigated through experimental, analytical and numerical analysis (Kuang et al.,
2003; Qu et al., 2010; Benzaama et al., 2018; Li et al., 2015; Wang et al., 2022). The stress transfer for underground structures,

* Corresponding author.
E-mail addresses: cw3056@columbia.edu (C. Wu), tw2520@columbia.edu (T. Wang), yin@civil.columbia.edu (H. Yin).

https://doi.org/10.1016/j.jmps.2023.105207

Received 15 September 2022; Received in revised form 2 December 2022; Accepted 10 January 2023
Available online 20 January 2023

0022-5096,/© 2023 Elsevier Ltd. All rights reserved.



C. Wu et al. Journal of the Mechanics and Physics of Solids 173 (2023) 105207

Solar i

collectors

Compressor

BEH HH || BB

Radiators

TES
Water Tanks

Fig. 1. Schematic illustration of a bi-directional geothermal system using multiple spherical thermal energy storage tanks.

particularly for piping systems (Kramer and Basu, 2014; Hwang et al., 2020), has also received significant attention for damage by
thermal stress induced by temperature change.

Fig. 1 shows a bi-directional geothermal system working for both a thermal energy storage and a heat sink, which is designed to
manage indoor temperature and reduce related energy consumption (Wang et al., 2022). Multiple tanks can be used for improved
performance and capacity. They can store heat in the surrounding ground in summer and use it in winter for seasonal thermal
management. The performance of such a system depends on the heat transfer process. In our recent work (Wang et al., 2022),
we have investigated the effects of thermal conductivity, and depth of a single spherical geothermal tank considering temperature
gradients and prescribed heat source by heat pumps. In addition to thermal analysis of heat flows, it is essential to investigate
the thermoelastic effects introduced by temperature changes, as such effects may cause potential damage to neighboring structures
and bring about safety issues. Particularly, the understanding of thermoelastic effects can help engineers to optimize designs and
improve the overall performance of the bi-directional geothermal system.

As the thermal response of a geothermal system is critical to the energy performance; the stress transfer analysis of the geothermal
system addresses its safety and design specification as underground thermal tanks are sometimes under static and dynamic surface
loading like vehicle parking and moving, respectively. The fundamental solution of a semi-infinite space with a concentrated point
force can be firstly found in Boussinesq’s solution (Boussinesq, 1885), where a point force is applied perpendicular to and on the
plane surface of an isotropic half-space. Subsequently, for a two-jointed half-spaces, Head (1953) and others (Michell, 1899; Love,
2013) utilized harmonic potentials to derive the elastic solution with different interface conditions, i.e stress transmission and
completely weld. Mindlin (1936) relaxed the condition of Boussinesq’s problem and proposed the fundamental solution, namely the
Mindlin’s solution, to an arbitrarily concentrated point force inside the half-space with a traction-free boundary condition. Later, a
concise form of the Mindlin’s solution was derived from Galerkin’s stress vector (Mindlin and Cheng, 1950a) and Rongved (1955a)
achieved the solution of the same problem as Mindlin’s but with a fixed boundary condition, which existed in fluid mechanics
as well (Lorentz, 1907). Rongved (1955b) further generalized the case to a concentrated force interior to one of the two-jointed
dissimilar semi-infinite solids. For hydrostatic inclusions, Mindlin and Cheng (1950b) and Sen (1951) considered the thermal-elastic
stresses.

In the literature, pioneers (Yu et al., 1992; Yu and Sanday, 1991; Singh et al., 1999; Tinti and Armigliato, 1998) have extended the
previous semi-infinite solution for bi-materials. Walpole (1996) and Huang and Wang (1991) generalized (Collins, 1960) and derived
the explicit fundamental solution for bi-materials with two interface conditions by method of images. By adjusting the material
properties of two materials, the bi-material fundamental solution can be reduced to half-space solutions such as the celebrated
Lorentz’s and Mindlin’s problem. In addition, the bi-material fundamental solution to Stoke’s flow (Huang and Wang, 1991) was
derived with in-compressible Poisson’s ratio. Other contributions on bi-material elasticity can be found in Liu et al. (2011) and Wu
et al. (2022).

As for the research on isotropic thermoelastic problems, Biot (1956) acquired the solution composed of four potential functions
through the extension of the Papkovitch-Neuber solution. Subsequently, Verruijt (1969) proved the completeness of Biot’s general
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solution. For transversely isotropic materials, the authors (Podil’chuk and Sokolovskii, 1994) proposed the solution with four
potential functions, where the last one is governed by the non-homogeneous differential equation. Nowacki (1986) obtained the
full-space fundamental solution of a concentrated point heat source, and Barber (1992) summarized the derivation for both two-
and three-dimensional problems.

Regarding application of bi-materials, Yu et al. (1992) extended (Yu and Sanday, 1991) and followed Goodier’s method of
integration (Goodier, 1937) to derive bi-material Green’s function with prescribed temperature change and the authors investigated
thermal stresses caused by a spherical inclusion. Sharma (1958) provided the integral-form solution to a transversely isotropic
semi-infinite domain. Hou et al. (2008a,b) followed Chen et al. (2004) and achieved solutions of full space and bi-materials. Hou’s
group (Hou et al., 2013b,a) pointed the inconvenience to apply previous fundamental solutions (Haojiang et al., 2000) to certain
boundary value problems (BVPs) because they are generally combined with both harmonic and non-harmonic potential functions.
Therefore, they proposed a solution composed of three harmonic potential functions (Hou et al., 2013b,a), which can be used to
deal with the BVPs.

Thanks to Eshelby’s celebrated work (Eshelby, 1957, 1959) of the equivalent inclusion method (EIM), the original inclu-
sion/inhomogeneity problem can be completely and mathematically transformed as a process to solve the continuously distributed
eigenstrain field. Such treatment avoids trivial procedures to handle interfacial continuity equations as displacements and tractions,
which saves efforts in both computations as well as preprocess of mesh. As Yu et al. (1992) concluded that when the inclusion
is close to a free-surface (bi-material interface in the case study), both the thermal and elastic fields can be greatly disturbed due
to the boundary effects, where the image terms become dominant. As for inhomogeneity problems, Mura (1987) mentioned the
inaccuracy to use merely constant eigenstrain under inhomogeneity interactions and the authors suggested using a higher-order
polynomials, i.e. the Taylor series expansion at the center of inhomogeneities. Following Mura’s work, Liu et al. (2015) indicated
intensive boundary effects when the ratio of distance and radius of spherical particles becomes small; Wu et al. (2023) observed
that the intensive boundary effects cause angle shift of maximum stress concentration. Dong et al. (2020) investigated plane strain
elastic responses of the thin film-substrate system with rough surfaces under contact loading, where the authors combined EIM
and conjugate gradient method (CGM) to handle layered volume and surface pressure, respectively. Zhou et al. (2011a) studied the
effect of hard coatings over a substrate with cuboid inhomogeneities. And the coating layers are discretized into the grid elements
with constant eigenstrain to deal with the material mismatch of the substrate. Subsequently, Zhou’s group extends to arbitrarily
shaped inhomogeneities (Zhou et al., 2011b). Following Zhou’s works, Wei et al. (2016) proposed a fatigue model to understand
crack propagation considering cyclic load and initial misfit strain. Other works related to Eshelby’s EIM on a semi-infinite domain
can refer to the review paper (Zhou et al., 2013).

This paper investigates the thermoelastic behavior of thermal tanks in the ground, which are considered inhomogeneities
exhibiting different thermoelastic properties, specifically (i) thermal conductivity; (ii) thermal expansion coefficients and (iii)
stiffness, from the surrounding earth. Hence, the original equivalent inclusion method is further extended to couple both thermal and
elastic fields, namely the dual EIM (DEIM). In Eshelby’s EIM (Eshelby, 1957; Mura, 1987), the thermal strain is typically considered
as an eigenstrain. However, a heat source causes temperature variation over the whole domain, which is corresponding to eigenstrain
in the whole domain, so it is not effective in separately addressing the thermal strain. In DEIM, polynomial eigen-temperature
gradients (ETG) and eigenstrains are introduced to simulate the material mismatch at tailorable accuracy by using uniform, linear
and quadratic forms of ETG and eigenstrains on the particle domain only. The complete bi-material thermoelastic fundamental
solution for a point heat source in the Cartesian coordinate, which is expressed in terms of potential functions, is used to calculate
the thermal stress, and the dual equivalent inclusion conditions on thermal conduction and stress equilibrium are set up on the
inhomogeneity to solve for the eigen-fields and then thermoelastic fields.

In the following, Section 2 presents the problem statement for the boundary value problems with fully bonded interfaces.
Section 3 rederives the bi-material thermoelastic fundamental solution in the tensor form (Hou et al., 2013b), which is convenient
and straightforward for domain integrals and programming. Subsequently, the DEIM is presented with eigen-temperature-gradients
and eigenstrain. Although the case studies focus on a semi-infinite domain, in Section 5, the scheme is verified and demonstrated
with the finite element method (FEM) with two-jointed dissimilar half-spaces. Through adjusting the material coefficients, the bi-
material interface conditions can reduce to the same as Mindlin’s and Rongved’s problems. In Section 5, the effects of stiffness,
relative position, and dimension of spherical tanks are investigated with and without thermal fields. Section 6 presents thermoelastic
solutions for a single spherical heat exchanger in an infinite solid subjected to a uniform heat source or heat flux, respectively. Finally,
some conclusive remarks are provided in Section 7.

2. Problem statement

Consider a two-jointed full space D containing multiple subdomains £/, and in general, the two phases (the upper D" and the
lower D™) exhibit different mechanical properties. Regarding the thermoelastic problem, let C, A and K denote the isotropic stiffness
tensor, thermal modulus, and thermal conductivity, respectively. Here the thermal modulus A = (31 + 2u)a, where 4, u,a are the
two Lame constants and thermal expansion ratio, respectively. Shown in Fig. 2, the superscripts /, , and I denote properties of
the upper, lower half-space and the /'th inhomogeneity, respectively. Without the loss of any generality, the bi-material interface
is selected as x; — x, plane when x; = 0. The continuity assumptions are made on (i) the bi-material interface and (ii) interfaces

between subdomains Q! and matrix D for both stress transfer and heat conduction as Eq. (1),
ui(X+) = ui(X_), O'ij(x+)nj(x+) = O'ij(x_)nj(x_)

+ - + - M
TEYH=Tx"), ¢q&")=gqx)
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Fig. 2. Schematic illustration of the boundary value problem for a two-jointed half-spaces containing inhomogeneities.

where the superscripts “+” and “—” represent the inward and outward surface of the interfaces between subdomain and matrix and
bi-material interface, respectively; n denotes the unit surface normal vector and, specifically, n = (0,0, +1) at bi-material interface S.
Combining Navier’s governing equation, a boundary value problem can be formulated and solved through the domain discretization
method (on subdomain surface or subdomain volume). As introduced in the last section, Eshelby transformed the conventional BVPs
to the determination of eigen-fields analytically, which elegantly avoided the discretization procedures in numerical methods. By
virtue of Eshelby’s method, this paper utilizes the thermal, elastic, and thermoelastic Green’s functions for an infinite bi-material
domain to handle the thermoelastic inhomogeneity problem by determining the thermal (ETG) and elastic (eigenstrain) eigen-fields
and then derive the thermal stress caused by underground heat exchange.

The Green’s functions define the temperature or displacement response of any field point x caused by a point source at x’. Given
a point heat source §(x’) as a Dirac Delta function, the temperature and displacement variations can be written as,

T(x) = G(x,x)6(x");  u,(x) = G;(x,x")8(x") (2

where the thermal Green’s function G is a scalar function; while the thermoelastic Green’s function G; is a vector function.
Given a point force source f;(x’) = n;6(x’) as a unit concentrated force in the direction n, the displacement variation can be
written as,

u;(x) = Gij(X7 Xl)fj(x/) 3

where the elastic Green’s function G;; is a second-rank tensor function. Although the same symbol is used for all three Green’s
functions, they are differentiated by the rank of 0, 1, and 2 for thermal, thermoelastic, and elastic Green’s functions, respectively.
For a bi-material domain, the Green’s functions shall be defined in accordance with the material domains of the source and field
points, which will be demonstrated in the next section. Some specific Green’s functions are also provided in Appendix B.

3. Formulation
3.1. Elastic and thermal fundamental solutions for two-jointed dissimilar half-spaces

Following the assumption in Section 2, when one concentrated force is applied at the arbitrary interior point of the upper phase
D, Walpole (1996) derived the solution based on nuclei of strain, while Huang and Wang (1991) obtained it through the extension
of the Papkovitch-Neuber solution. However, both of them applied the method of image, whose basis is the superposition of two
fields, also known as double force (Yu et al., 1992). Therefore, the fundamental solution contains the Kelvin’s solution and the image
parts. Wu et al. (2022) completed all cases of the solution when the source x} < 0 by virtue of mathematical equivalence and the
solution is listed as Eq. (4),

5 Vi AVP6. + yBY (546, — 6,64
(6;;¢ — m)"' 6 + 1B (6365 — 6y bj3)a
— ) - ) - - 4
= C¥x3 |0y 3 +4(1 = v¥)6 3¢, +2(1 = 2v*)530, ¢ ; — Q1x3¢,ij] X33 20
ATp Gl (x.X') =4 = D'Q,0,W ;; - (G” + B)O, B, ©)

w,.,
(6;;¢ — AL(TUVW)) + A7p5;; + ¥ BY (6,30, — 5ik5j3)0{yk

x%x3 <0
= Dy — yx3FVa, = (G* + B)Q, 5,

where the superscripts w, y and y change according to the position of the source point that: (i) when x’3 >0, w="y=uand y =1
and (ii) when xg <0, w=",y=1and y = —1; w = |x — X/| is Galerkin’s distance vector and ¢ = i ; the () stands for the image terms,

4
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ie. ¥ = |x—X|, where }: = Q;x] and Q = (1,1,-1) handles a negative partial derivative with respect to the third direction. Note
that Mura’s index notation is used for Q;x/ that the term with an uppercase index is a coefficient for the term with the lower case
index and does not trigger the summation as the repeated lower case indices (Mura, 1987). When x} > 0, the material coefficients
A" — G" of D* are provided as Eq. (5),

A w =y’ w20 A=2N0 = ")
W' W'+ "+ u" (3= 4V)

Cu= ﬂ,_ﬂ” u=3_4‘/c
2=V + G =4’ 2

W WA= - "1 -2V ©

TG4+ (3 — 4
WA =20)3E = 4V) = W (1= 2)3 = 4))
W WG =)W+ B4

G4

In the same fashion, the material coefficients A’ — G' can be acquired by switching the sequence of material properties. For
M1 "_ 0 . . . . . ..
example, B! = %, which is based on the mathematical equivalency. Other components in addition to y and ¢ are
provided as Eq. (6),
o' =[xy —x; +yl, @ =Ilx;+x; + ]

—u

B=(xh—xpat —y, B =& +x)d -

a = ln[—x; +x3 +yl, @ = ln[—xg -x3+y] ©

Bl= (=¥, +xd —w, B = (¥, —x)@ -
where Eq. (6) contains 4 branches of potential functions of « and g, which are partial integration of harmonic potential ¢ with
respect to direction z at the first and second orders, respectively (Yin et al.,, 2022). In the literature, they have been named the
Boussinesq’s displacement potentials or ¢_; and ¢_, (Barber, 1992). The differences among the 4 branches are integral limits and
image terms, i.e @ = /[ ¢(x;,x,,1) dt and o* = fx;‘” d(xq, %y, 1) dt.

When the two phases exhibit the same properties, all material coefficients of A“ - G in Eq. (5) become zero, and the fundamental
solution reduces to Kelvin’s solution. For applications to a semi-infinite domain with a free or fixed surface, one can assign ' =0
or oo, respectively; hence, Mindlin’s and Lorentz’s problems are particular cases of the bi-material fundamental solution (Yin et al.,
2022). Similarly, the thermal Green’s function has been given in our recent work (Wang et al., 2022) as Eq. (4). By adjusting the
material constants, one can obtain the Green’s function for semi-infinite domains, and an infinite homogeneous domain as well,
which are summarized in Appendix B.

3.2. Thermoelastic fundamental solution for two-jointed dissimilar half-spaces

Hou et al. (2013b) have derived the thermoelastic general solution in the cylindrical coordinate by using the axisymmetry of
a single heat source, in which three harmonic potentials are expressed in combinations of a« and g in Eq. (6). However, it is not
convenient to use it for the case with many dispersed sources in the loss of the overall axisymmetry. This subsection will derive
the bi-material thermoelastic fundamental solution in the Cartesian coordinate based on 3 harmonic potentials U; (i = 1,2,3) as
well (Hou et al., 2013b). Without the loss of any generality, in the derivation process, the source point x; > 0 is assumed and
the other cases can be acquired similarly by switching the material parameters. Using the same notation (Hou et al., 2013b), the

displacements are expressed as below,
2uuy =V, +x3U5, 2uuy = Vi, +x3U5,
2uuy = Vi3 = B -4V, + x3U55 +4(1 — VU3

7

where I' = % is one coefficient associated with the thermal modulus and Poisson’s ratio; the potential functions V; (i = 1,2,3)
are providec(i as below,
(a) When x’3x3 > 0, the source and field points are in the same material phase,

V=4, 8 + A0 + Ay f* + Apa, Uy = 452" + Ay + Ay, U= A" + A0 (8)

(b) when xgx3 < 0, the source and field points are in the different material phases,

! ! ’ !
Uy = A} B+ ALat, Uy =Ap " + Ayd, Uy = Al 9
where @* and EU are potential functions given in Eq. (6); o and ﬁ”/ are created to handle continuity conditions when the source
1 x>0
and field points are at the same height x; = xg, which contains the sign function S(x) = . o’
-1 x<
! !
B = S0x; —xL)Inly + S —xHI—w, " = S(x; — x5 Inly + S(x; — x3)] (10)
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and the continuity equations at x; = x} are the continuity of all components of displacement and traction. The derivation process
has been presented in Hou et al. (2013b), therefore, the result is directly applied and the details are not repeated below. From the
potential function U3, one can also obtain the temperature as,

r
9 = zv‘&}

To determine the coefficients in the potential functions, three equations can be obtained with the continuity conditions at x; = x

an
/
3
Ay + Ay Xy =0 continuity of u; and u,
Aj — (3 —4v)A, +4(1 —v)A; =0 continuity of u; 12
A —(1=20)Ay; +2(1 —v)A; =0 continuity of y3; and y3,
where one can obtain the relationship of A;;, 4,,, A,; with A; as,
A =-A;, Ap=-Ayx, Ay =43 13)

where Aj; is the coefficient yet to be determined based on the thermal continuity equations. On the other hand, the temperature field
can be independently determined from the thermal analysis, and the stress field can be derived by temperature change. Therefore,
the coefficients A5, A; and A} can be obtained through the thermal Green’s function as,

1 a=2nA 1= 1 -20)A" K' - K" a 1 (1=20"4"
BT 8K 1o T 3T 8aK 1-v K +K" 3 4x(K'+K")  1-0"
Replacing the components in continuity equation Eq. (1) with displacements as Egs. (7)—(9), eight subsequent equations can be
obtained, where the derivation details are elaborated in Appendix A,

14)

A+ Ay = /’:—,,,A’“ continuity of u; and u,
j— ’

App — [22 = %Aiz 3 3 continuity of u; and u,

(A — A|D—B = 4V )(Agy — Ayp) +4(1 = V')(A3 — A3)

W, v e ., continuity of us
=F{A“—(3—4v VAL +4(1 —V")AL}

— —_— / . .
A+ Ap)—B-4)A,, = /% {A], -3 -4A),}  continuity of u;

—_ _ zZ (15)
(g = Ap)=(1 =2V )(Ay; — Ay) +2(1 = V))(A3 — A3) o
continuity of y3; and y;,
= Al = (1 =2)A) +2(1 = V')A
(Ap+Ap)-(0- 2V)Ay, iA’lz -(1-2v"A), B continuity of y;; and ys,
Apy + A =201 = V) (A + Ayp) +2(1 = V)(A3 + A3) L
continuity of o33
= Al -2 = V)AL +2(1 V)AL
(A = ApR) + 21 = V) Ay = A, = 2(1 - V")A), continuity of o33
Substituting Eqgs. (11) and (13) into Eq. (15), eight coefficients Z” A;2 can be solved as Eq. (16),
— AL =) Ay + A=V
A11=A3—2ﬂ,[ > s X V)]
(3 — 4V//)”/ + M,/ (3 - 4‘//)”// + ”/
- G- —w") = 4AU =V = A =)
Ap = A3x,3 Y N Ay = Y2 ’
@-4)y" +u G =4 +u (16)
_ ' Al =V Ay + A1 =V
A22 = 2A3xg L ! ”// 1’ A,ll = _2”"[ 2 AV " ( 2 /3)(// V/)]
TRE -4+ G-=4"Ny +pu BG-=4"" +u
r ’ (1— V’)l‘” r ’ = V”),u, r
A12 - _4A3x3 G- + 4 ’ A21 - 4A3 G=4"u + " ’ A22 =0
By using all coefficients, the bi-material thermoelastic solution can be simplified as,
(a) When x’3x3 > 0, the source and field points are in the same material phase,
— o — - _ _
20wy (x) = Aqyr; + A B+ (A + X340 + X340 a”
+ 63 [~B = 4) Ay T + Agy) +4(1 — v’)Zﬁ“]
(b) When x;x3 < 0, the source and field points are in different material phases,
! ! ! !
2wy (x) = A B+ Al 4 xy(A)at + Ay, + 630 [—(3 — 4/ AL +4(1 - v”)A;] (18)
where the o and g potential functions are canceled in Eq. (17) as no discontinuity is allowed by the sign function when x; = x%; in
Eq. (18), because the source point is located at the upper phase, .S(x; — xg) = —1, therefore, ﬂ“/ = f* and a* = —a" can be obtained.

6
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The present form of bi-material thermoelastic fundamental solution can be used to investigate induced elastic fields caused by heat
sources at any arbitrary interior point. Its application to Eshelby’s problem is, however, complicated due to the domain integral on
x_;. Hence, in the following subsection, the bi-material thermoelastic fundamental solution will be modified to get rid of free source
x} terms of the coefficients Ay, Ay and Al,

3.3. Modified bi-material thermoelastic fundamental solution

It is possible to rewrite distance components in terms of r = x — x’ so that x’ can be replaced by x’ = x —r (Wu et al., 2021b).
By virtue of Galerkin’s distance vector, this subsection aims to remove any free x} of the coefficients, i.e Ay, Ay, and A12’ which
simplifies the domain integral expressions.

(a) When x%x; > 0, the source and field points are in the same material phase. The coefficients A}, and 4,, contains x}, and
their related potentlal functions can be altered as below,

2 (x) = Ay + (Ayy + LB, + L + x5 [(L';) - L)@ + L (W 5 +2(1 = 2V)33¢p — xﬁ,,-)]

+ 63|~ =4V (Ay @ + LL 3) + (41 = V) A3 — L% 4
where the coefficients L‘;;, L"C, L';J and Ll]‘: are,
(€] :4v W'+ G- +u 20)
L AAs =V u _ AAG = (A =V

D= (3—4\/)#,/4‘#” F~ G=4" + !
(b) When x;x3 < 0, the source and field points are in different material phases. The coefficient A’12 contains x;, and its related
components have been revised as below,

2"u,(%) = (A} + L), = x5 A = L] + Lw, = 650 [=Ls = 3 = 4v")A), +4(1 =145 @1)
where the coefficient Ly, = % The derivation of fundamental solution for x, < 0 is similar to Section 3.2. Alternatively,
one can acquire the solutlon by switching the material constants and the 51gn of coordinates. For example, two cases that (i) u;(x)

caused by the heat source at x’; (ii) u;(—x) caused by the heat source at —x’ shall share the same form of the solution with the
alternative material constants. Hence, the complete form of the thermoelastic Green’s function is written as,

Ay, +(All + 1LY )ﬂ + L%y,

A7

+x3[)((Ly L)@+ L7 3+2(1—2v‘1)5i3$—x3$.)] x3x, 2 0
201G, (x,x) = | + 03[~B =4V (A @ + LUy 3) + 2 (401 = v AT - L)@ (22)

!
(A7 + LB - x5 [Agl - Lg]afi + Ly,
x3xg <0

— 60! [Ly +G—dA? — 41 - vq)A"']
i3 G 21 3

where the superscript ¢ indicates two cases: ¢ = when x; > 0 and ¢ =" when x; < 0; the superscript y and coefficient y are defined
in Eq. (3) that y =/, y = | when x} > 0 and y =", y = —1 when x} < 0; similarly to coefficients Al — G! the coefficients L’B - L’G can
be obtained through switching the material sequence in Eq. (20).

When one material phase is reduced to a vacuum with K’ = C’ = 0, the infinite bi-material is reduced to a semi-infinite single
material domain with a free boundary condition from heat flux and traction along the surface. The corresponding Green’s function
can be obtained from the above fundamental solution, and explicitly written in Egs. (B.1)-(B.3) of Appendix B. On the other hand,
When one material phase is reduced to an ideally rigid thermal conductor with K’ — o0, A = 0, and C' - oo, the infinite bi-
material is reduced to a semi-infinite single material domain exhibiting a boundary condition with a fixed uniform temperature and
displacement along the surface. Particularly, when the two phases exhibit the same material properties, the thermoelastic Green’s
function reduces to the one for a single material domain. The corresponding Green’s functions are given Appendix B.

Using Hadamard’s regularization, the two-dimensional (2D) biharmonic potential w2? can be obtained. Following the same
fashion, through the partial integration along the second axis, the two-dimensional Boussinesq’s displacement potentials can be
derived and substituted into Eq. (22), and the explicit forms are available in Chapter 2 of the book (Yin et al., 2022). Therefore,
the present 3D formulation can be rewritten in the 2D case as well.

3.4. The dual equivalent inclusion method (DEIM)

When an infinite space contains an inhomogeneity, Eshelby (1957, 1959) proposed to replace the inhomogeneity with an
inclusion with a uniformly distributed eigenstrain, where the disturbed elastic fields are calculated through the domain integral
of the modified Green’s function over the inclusion, namely the Eshelby’s tensor. Following the same fashion (Hatta and Taya,
1986; Wang et al., 2022), the EIM has been extended for heat conduction in full space and bi-materials. Based on the merits of
Green’s function, it provides the particular solution due to one unit excitation at a source point, which can either be a heat source
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or force. Thermoelastic Green’s function provides the displacement field caused by a point heat source. The temperature fields have
been solved recently with the Green’s function in Wang et al. (2022). However, the three Green’s functions are only applicable to the
infinite bi-material domain without any inhomogeneity. Because the present inhomogeneity exhibits different thermal conductivity,
thermal expansion coefficient, and stiffness, Eshelby’s equivalent inclusion method cannot be directly applied (Eshelby, 1957, 1959)
to thermal stress analysis due to the temperature variation and material inhomogeneity, which produces coupled effect to thermal
stress. If the thermal stress is simulated in a decoupled way with the temperature field and then the displacement field, it is doable
but the calculation will be complicated as the temperature changes over the whole domain. The DEIM is introduced to simulate the
effect of material mismatch by an eigenstrain and ETG over the inclusion, so that the displacement field can be obtained by the
integral over the inclusion only.

3.4.1. One inclusion in two-jointed half-spaces

First, we assume the subdomain @2’ exhibits the same material properties as the matrix, the displacement caused by eigenstrain
and ETG can be obtained by the integral of the Green’s function on these source fields on the subdomain, which is called inclusion
instead of inhomogeneity (Mura, 1987). Due to the disturbance of boundary effects and inhomogeneity interactions, which will be
elaborated later, both the eigen-temperature gradient 7,*(x) and eigenstrain €/,(x) are given in a polynomial form referred to the
center of the Ith subdomain Q! to represent the varying eigen-fields as,

* — 0% _ Iy T1x _lc _ Iy T2
5,’,‘(") =g, + (x, X, )eijp +(x, x, )(x, X, )el.qu + 23)
10% Teyp I 13 1 TeypI2
Trx) =T, + (xp = )T ™ + (g = x, )00 — %, O™ + -

where x/¢ is the center of 2 as shown in Fig. 2; and g,.lj 0% ¢ ,.’j; * ei’J zp*q and /%, T[il* Tﬁ* are uniform, linear and quadratic components
of polynomial to approximate the eigenstrain and eigen-temperature-gradient in the I'th inhomogeneity, respectively. Using the
Green’s function in Egs. (4) and (22), the induced displacement field can be acquired through Gauss’ theorem (Mura, 1987) as

below,

aGij(X’ x) % oo ’ ’ 9G;(x, x') sl ’ ’
u;(x) = /Q — &, (X)Cj (X)) dV (x )+/ ——— T/ (x)KX') dV(x')
1

ox;, Q  0x, (24)
— 10% Tl 12 10 T 1% 2%
=8iki€ry T 8ikipErs T BikipgEripg T Wy T, ™ + VVikakp + VVikqukpq

where g, = Jo Gijom Cimpa (xp — X£C)(xq - x;c)dV(x/) and Wy, = Jo G K(x, - x;g(xq - x;c)dV(x/) are Eshelby’s tensors relating
eigenstrain and eigen-temperature-gradient to displacement field, respectively; g, 8> Wik, and Wy, are defined in the similar
fashion; G;;(x,x") and G;(x,x’) are the elastic and thermoelastic Green’s functions given in Egs. (4) and (22), respectively. Using the
compatibility relationship, the mechanical strain at interior point x can be derived,

— ¢ H — 10 11 12
11(X) = €/,(0) + €[] () — adT(X)5;; = [S;j1€0," + Sijuip€riy + SiskipgEring)

(25)
10 I1x 12+ 10 I 1% 12
+ [Ryu T + Rijip T + Rijkqukpq] —ad,; [D T + Dy, T + kaqupq]
where S = Skdpas 8itiai anq g = Wikres™Wiki a6 Eshelby’s tensor for strain; D, = Jo G KX)(x, — x1)(x, — xI)dV (X) is
ijkipg = 2 ijkpg = 2 y > Prpg = Ja Y w Xp 7 Xp WXg T X,

the Eshelby’s tensor relating eigen-temperature gradient to temperature; and Sy, Sy, R
similar fashion.

Notice that in micromechanics, the thermal strain caused by the temperature variation is typically considered as an eigenstrain
directly. There is a misconception that the ETG will produce a temperature change over the whole domain that yields an eigenstrain
over the whole domain, which makes the thermoelastic solution inefficient. The thermoelastic Green’s function handles the strain
caused by ETG directly with R tensors instead of an eigenstrain with S tensors in Eq. (25), therefore, the volume integral is still
limited to the inclusion, which can be analytically solved.

iikp> Rijks Dip» and Dy are defined in the

3.4.2. One inhomogeneity in two-jointed half-spaces D

In the previous subsection, the induced elastic fields by the polynomial-form eigenstrain and ETG can be obtained through the
domain integral of three Green’s functions over the subdomain. Unlike the inclusion problems, the subdomain is filled with another
material with stiffness C!, thermal conductivity K! and thermal modulus .A’. The polynomial-form equivalent flux conditions are
presented for the uniform, linear and quadratic ETGs as below (Yin et al., 2022),

Kw(Tioo+Ti,+TiQ—7’}10*)=K1(7-}°°+T},+T’,Q)

) ! 19 Ilsy _ g1 ! o]
KIS, + T, 4 T2, = TH) = KI(T5, + 1/, +T2) (26)
! Q 2%y _ g1 ’ [
Kw(Ti?ronn + Ti,mn + Ti,mn - 27*”""*) =K (Tl(,)ronn + T},mn + Ti,mn)

where w is dependent on the position of the subdomain 2! that when xg

temperature gradient; 7] and T,.Q are disturbed temperature gradient by ETG and prescribed heat source, respectively. Subsequently,
the stress equivalent conditions can be constructed for the uniform, linear, and quadratic eigenstrain as,

> 0 w =', and otherwise w ="; T/ is the far-field prescribed

w oo ’ o E 10% w Y § o ! o E I
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where £ represents the far-field prescribed strain; e,fj can calculated through Eq. (25) with the polynomial-form eigenstrain el’j* ; eg
and 55 are disturbed strain field caused by heat source and ETG, respectively; .A5;; AT is non-mechanical stress caused by temperature
change. Furthermore, the equivalent conditions can be extended to multiple subdomains through the superposition of disturbed
strain caused by eigenstrain, heat source and ETGs, which is illustrated in Section 5 with the case studies of several spherical heat
exchangers. The dual equivalent inclusion method (DEIM) separates the coupled thermoelastic problem in two sets of Egs. (26) and
(27), however, they can be straightforwardly combined into one global matrix for the numerical solution.

As mentioned in the previous subsection, the eigen-fields are expanded at the center of the inhomogeneity due to boundary
and interaction effects. The term, boundary effect, is first mentioned when the field point is close to the boundary, where strong
constraints may apply, resulting in a large variation of stress/thermal fields. As for a bi-layered system, since the two matrix materials
generally exhibit dissimilar properties, such boundary (or interfacial) effect causes discontinuity of some stress components and
significantly changes the slope of continuous stress (o33, 713), leading to large stress variations. The boundary (interfacial) effects are
mathematically considered by the bi-material fundamental solutions, which hold certain continuity equations on thermal and stress
fields. As for the inhomogeneity interactions, such effect becomes dominant when two inhomogeneities are close, and it usually
causes disturbance of fields, such as higher-order stress variation, etc. Hence, indicated as Eq. (23), polynomial-form eigen-fields
are applied. And the extension from one inhomogeneity to multiple inhomogeneities is elaborated in Section 1.3 of the Supplemental
Material.

4. Numerical verification of the DEIM in a two-jointed half-spaces

This section aims to verify the algorithm of DEIM and demonstrate how solutions with uniform, linear and quadratic order
polynomial-form eigen-fields perform. Notice that the order of eigen-fields applies to both ETG and eigenstrain at the same time.
As introduced in Section 2, the boundary effects of bi-material interfaces and interactions between inhomogeneities significantly
disturb the elastic and thermal fields, therefore Eshelby’s solution with uniform eigenstrain cannot provide accurate predictions. In
Egs. (4) and (22), when the source and field points are in the same material phase, there exist image terms i.e y, which results in
the boundary or interfacial effects. Although the image terms vanish rapidly with increasing distance, the effects from eigen-fields
depend on domain integrals. Therefore, for spherical subdomains, the interfacial effects are determined by the ratio 4/a, where h
and « are perpendicular distances of x/C, bi-material interface S and radius of the subdomain, respectively. Particularly, when the
inhomogeneity is far from the bi-material interface, say 2/a > 5, the interfacial effects become minor and the solutions are similar to
infinite ones. Without the loss of any generality, the verification is conducted in a two-jointed half-spaces that the material properties
of two layers and the inhomogeneity are, (i) 4’ = 0.4 MPa, v/ = 0.25,K’ = 1 W/(m K) and A’ = 10 kPa for D*; (ii) 4" = 0.8 MPa,
v =0.1,K"” =10 W/(m K) and A" = 20 kPa for D~; (iii) 4! = 0.1 MPa, v/ =0.25,K! =5 W/(m K) and A’ = 0 for the inhomogeneity
with radius a = 0.1 m, respectively.

4.1. Handling and transformation of domain integrals

Although the verification can be conducted with an infinite domain, to account for the influence of temperature change and
compare with the finite element results, domain integrals cannot be avoided. Alternatively, shown as Fig. 3, consider a horizontally
infinite space with height 2/ at 2 m, where the bi-material interface S is placed at the center of D. Since, the calculation of
temperature, displacement, and stress fields require references, without the loss of any generality, let the T, = 0 °C and u; = 0
be references. On the top surface, apply temperature load T} = 100 °C and uniformly distributed stress o33 = —10 kPa. Therefore,
the temperature difference between T; and T, produces a piece-wise continuous heat flux along the x; direction.

The domain integrals can be analytically handled through the application of Green’s second identity. Although the au-
thors (Prasad et al., 1994) present a dual boundary element method for the full-space thermoelastic problem, following the same
fashion, it can be extended to the bi-material space by adjusting the thermoelastic Green’s function. For a horizontally infinite space,
because the influence of Green’s function vanishes as 1/r? and 1/r* for displacement (temperature) and stress (flux) respectively,
it is natural to consider a cut-off block with 10« width and length. Since the disturbance by inhomogeneity on the boundary is
negligible, the interior thermoelastic displacement can be written in terms of surface integral only,

uIT(x) = / G(x,x")q(x") = G; ;(x,x)n;(x")K&)T(x")d S(x) (28)
02

where ¢ and T are prescribed outward flux and temperature on the six surfaces of the cut-off block; n is the unit surface outward
normal; G;(x,x’) is the thermoelastic Green’s function defined in Eq. (22). Similarly, the elastic parts can be calculated referring
to Wu et al. (2022) and Yin et al. (2022). Notice that since the temperature distribution is linear, heat flux is zero on side surfaces,
and constant on bottom and top surfaces, the domain integral can also be conducted in a simplified form referring to Gao (2003).

4.2. Comparison with the FEM results

Consider an inhomogeneity 2! is placed along the vertical center line with distance h/a = 1.5 in the upper phase D*. The
dimensions and boundary conditions are built upon Fig. 3. Three element sizes are applied, (i) 0.04 m for the matrix; (ii) 0.02 m for
the transition zone (0.3 x0.3x0.3 m?); and (iii) 0.005 m for the inhomogeneity. 3,331,649 nodes and 2,453,741 10-node tetrahedral
elements. Indicated in Fig. 4, the temperature and heat flux are compared between FEM and DEIM with uniform, linear and quadratic
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Fig. 3. Schematic illustration of the case study on a horizontally infinite large space with limited height 2/ = 2m embedded with one inhomogeneity along the
vertical center line, where temperature loads, stress loads and reference vertical displacement and temperature are prescribed with a cut-off block.
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Fig. 4. Comparison of DEIM with three orders of polynomial ETG with FEM on (a) temperature T (b) heat flux ¢; along the vertical center line when distance
ratio h/a=15.

orders of ETG. Despite that some errors may arise with assumptions of no boundary interactions, the comparison of temperature
curves exhibits good agreement among all orders of ETG as very minor discrepancies are observed. However, as shown in Fig. 4(b),
merely constant eigen-fields may not be suitable to provide accurate predictions on a higher order field, i.e the heat flux. In addition,
the two curves “DEIM - Linear” and “DEIM - Quadratic” exhibit close predictions, and the main discrepancy exists at the entering
region of the inhomogeneity (x; = 0.05), which is due to the bi-material interfacial effects.

The greater variance in ETG and its subsequent domain integrals result in larger fluctuations. Therefore, the larger differences
among thermoelastic solutions with uniform, linear and quadratic eigen-fields are accumulated errors, which can be shown that in
Fig. 4(b) the discrepancy for heat flux is much smaller than those in Fig. 6(b). Note that o33 is continuous in the x; direction, so
the curves in Fig. 6(b) are more consistent with each other in comparison with Fig. 6(a).

Considering the potentially larger numerical errors in DEIM with uniform and linear eigen-fields, thus in the following, merely
quadratic eigen-fields are applied. In general, interfacial effects are more intensive with smaller distance ratios 4/a. In this section,
4 cases of distance ratios 2/a = 1.2,1.5,2.0, and 3.0 are considered, where the material properties and assumptions are retained from
the previous section. The temperature and displacement in general show better comparison than the heat flux or stress shown in
Figs. 4(a) and 5 in the last subsection. Here one can find a similar trend that DEIM fits excellently with the FEM results in Figs. 7(a)
and 8.

10
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distance ratio h/a = 1.5.
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Fig. 9. Comparison of DEIM with quadratic ETG and eigenstrain with FEM on normal stress (a) 0|, (b) o3; along the vertical center line x; € [-5a,54] when
distance ratio 2/a =1.2,1.5,2.0 and 3.0.

Indicated in Figs. 3-5, the influence brought by the inhomogeneity and its eigen-fields vanishes rapidly with further observing
distances. Hence, the thermal and elastic fields are compared in a range of 5a4 around the bi-material interface S as x; € [-5a, 5a].
Indicated in Fig. 7(a), interfacial effects change the slope of temperature curves in the neighborhood of the inhomogeneity. When
the distance ratio h/a decreases, the variation of temperature increases, which results in a larger heat flux at the bottom of the
inhomogeneity. In Fig. 7, there exists 18% difference of heat flux ¢; between curve h/a = 1.2 and h/a = 1.5 when x; = 0.02 m.
Because the elastic fields are dependent on thermal loads, the accumulated interfacial effects cause larger stress variations than a
pure elastic problem. Shown in Fig. 9(a), one typical example on interfacial effects, it is observed that narrower stress difference at
the interface x; = 0.02 (bottom of the inhomogeneity) with smaller distance ratios. Comparing two cases with distance ratios 1.2 and
3, the jump of normal stress ¢, increases approximately 14 times and similar trends exist for comparison of ¢3;. Such phenomenon
can be interpreted as a weakly interfacial “constraint”, because the lower phase D~ is filled with stiffer material. When the distance
ratio increases, the interfacial effects vanish almost one time faster than 1/r for displacement and temperature, since the distance
to interface with image terms is generally doubled. As a limiting and ideal case, when the inhomogeneity is adequate far from
the bi-material interface, the solution process reduces to the superposition of Kelvin’s solution of concentrated force and Nowacki’s
solution of thermoelasticity, which will be further discussed in the last section.

More comparisons between the DEIM and FEM results for one and two inhomogeneities in a bi-material are provided in Section 1
of the Supplemental Material. The DEIM provides excellent agreement with the FEM results with quadratic eigenfields for all cases.
Note that FEM has been computationally expensive to get convergent results for the infinite bi-material domain; whereas DEIM is
straightforward. It has great potential to be used for the design and analysis of future geothermal systems.

12
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Fig. 10. Schematic illustration of (a) one inhomogeneity and (b) two inhomogeneities embedded at depth 4 with distance d and vertical, horizontal symmetric
lines.

5. Application to geothermal systems with spherical tanks

Section 4 verifies the DEIM for a bi-material space with a heat source on a spherical heat exchanger. The method can be modified
for geothermal applications with a spherical thermal tank at a certain depth A to the surface. For simplicity, the heat exchanger
is assumed to be a homogeneous solid sphere although it is a spherical container filled with thermal fluid, such as water. The
hydrodynamic behavior of water may significantly change the heat transfer process and local temperature field with both mass and
heat transfer depending on time and space. Since this work focuses on the demonstration and applications of the present algorithm
with formulations, an actual tank is simplified into a uniform solid sphere. Using the multi-inclusion model by Hori and Nemat-
Nasser (1993) and Herve (2002), the spherical tank indeed can be approximated into a homogeneous sphere with the formulation
provided in Appendix C for future field validation. In addition, soils generally exhibit viscoelastoplastic behavior, which depends
on loading rate and history, with complicated constitutive relations. However, this paper still focuses on the elastic analysis as a
baseline for future case studies with field test data and material characterization. In this section, three aspects are considered, (i)
stress transfer caused by surface loads; (ii) thermal stresses caused by the heat source; and (iii) thermoelastic fields by multiple
heat exchangers. In the following, the effects of depth h, stiffness C! are discussed. Let the soil be unsaturated clay and its Young’s
modulus and Poisson’s ratio are 20 MPa and 0.3, respectively; consider a free-surface at x; = 0, so that the stiffness C’ is set as zero.
In the following, the thermal and elastic fields are investigated along the two symmetric lines as shown in Fig. 10. When the depth
h of a tank is large, it converges to the exact solution for a spherical inhomogeneity in an infinite domain with a single material.

5.1. The stress transfer from the surface to the tank

For an underground heat exchanger, the stress transfer can be caused by surface loads, such as nearby parked trucks, where the
load transfer can be considered with a contact problem. However, the distance between the tire to the thermal tank should be much
larger than the dimension of the tire contact area. Although a uniformly distributed load in a rectangular loading area may not be
as accurate as that from the contact mechanics, the difference will be minimal. As an application case study, the parameters are
set as, (i) the radius @ = 1.5 m for the heat exchanger; (ii) the dimension of rectangle loading region is 1.5 x 3.75 m? and (iii) the
load 103 N is uniformly distributed on the loading region as % kPa downward pressure. Since the disturbance displacement and
strain vanish rapidly with distance, only points in the range of [—4a,4a] around the center of inhomogeneity are illustrated. Four
depths, h = 5,10, 15 and h = 20 a, are selected and to control other variables, the stiffness C! equals 100C”. Fig. 11(a) exhibits the
distribution of u; along the vertical symmetry line, and the variations narrow with increasing depth A, which can be interpreted as
the influence of surface loads also vanishes rapidly with depth. Because the heat exchanger is much stiffer than neighbor soils, the
variation of displacement within the exchanger is small. Similar trends can be observed in Figs. 11(b—d). Notice that because the
surface is not axis-symmetric, o;; and o,, exhibits discrepancies for case 4 = 5a and such differences reduces for the other three
curves.

To investigate the effects of stiffness ratios, six stiffness of the heat exchanger are considered as 0.1,0.2,0.5,2,5 and 20 C” and the
depth £ is 10a. Fig. 12(a) exhibits the distribution of u; along the vertical symmetric line that variations of displacement within the
inhomogeneity become narrower with larger stiffness ratios. The disturbance of eigen-fields is approximately limited in the range
of [-3,3]a as minor discrepancies are observed beyond the range. Fig. 12(b) and (c) plots the variation of normal stress ¢, and o,,,
because of the depth A = 104, the differences between o, and o,, of the same case are negligible. When the exchanger is softer,
although the slope of displacement increases, the stress generally is smaller. However, the stress concentrations by discontinuity of
o), and o,, are close to stiffer ones.

13



C. Wu et al Journal of the Mechanics and Physics of Solids 173 (2023) 105207

0.0 r T T T T 5.0x102 T T i ' ]
rrITy {ixi CIEIITTLIL I
-4
2.5%10 ] —
-5.0x10* o | g ;
—_ . ] —
. N 5.0x10
£ =
-7.5%10" )
-1.0x10° ]
-1.0x10° o |
-1.5x10° ]
-1.3x102 T T y ' ;
4 -2 0 2 !
IC
(X3 - X3 )/
(a)
5.0%102 T T j ' I
0.0 ]
. | -2.0%10° |
3 & -4.0x10° ]
£ =
© -5.0x10% 4 | ’
-6.0x10° ]
1.0x10% e —
-1.0x% & |
T T T T 1 -1lOX104
4 -2 0 2 i
(%5 -%3) /2

(c)

Fig. 11. The effect of the depth of the tank on: (a) u; and normal stresses (b) o,,, (¢) 65, (d) 63, Versus depth h along the vertical symmetric axis x;—x}< € [-4a,4d]
of heat exchanger with radius a = 1.5 m under a uniform surface load % kPa.

5.2. Thermal stress in the tank caused by the heat transfer

In the previous section, the effects of depth and stiffness ratios are investigated under a surface load. For heat exchangers, besides
elastic disturbance, one of its purposes is to transfer heat from the roof system. Such process (Yin et al., 2021) has been explained and
the heat exchanger can be treated as a heat source/sink. For a linear thermoelastic system, a heat source and heat sink are equivalent
except for the opposite influence. Without the loss of any generality, assume the uniform volume heat rate ¢;,, = 35.37 W/m> and
thus the exchanger can absorb 500W heat. The thermal properties are specified as, (i) K = 0.519 W/(m K) (Yumrutas and Unsal,
2012), A" = 10 kPa (Campanella and Mitchell, 1968); (ii) K/ = 10 W/(m K), A’ = 20 kPa and C! = 10C”. Let the earth exhibit a
uniform far-field temperature (Wang et al., 2022), the temperature T° = 20 °C (reference temperature), the variation of temperature
by the heat source and ETGs can be written as,

T(x) = / Gx.x")qy(x') + G, (x, X ) KT :(x")dV (x') (29)
ol

and the upper phase is assumed to be perfectly conductive with K" = o, so that the top surface of the soil is the same as the ambient
temperature. The numerical verification of one inhomogeneity and two side-by-side inhomogeneities with prescribed volume heat
sources are elaborated in the Supplemental Material. In the following, the thermal and elastic fields are illustrated along both the
horizontal and vertical symmetric lines across the center of the tank within the range of [—4, 4]a. Fig. 13(a) and (b) exhibit symmetric
distributed temperature and heat flux ¢, along the horizontal line, respectively. Despite the existence of boundary effects, it has no
impact on the horizontal properties, as indicated in the Green’s function Egs. (4) and (22). Subsequently, the comparison in Fig. 13(c)
and (d) illustrated the boundary effects on mechanical properties on the vertical axis. Specifically, the curve 4 = 5a in Fig. 13(c) is
not symmetric; however, when the depth # increases, boundary effects vanish rapidly, and therefore the central symmetry properties
can be observed. Fig. 13(d) indicates that the boundary effects on a higher order are smaller as the four curves almost overlap with
each other.
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Fig. 12. The effect of the stiffness of the tank on: (a) u; and normal stresses (b) o, (¢) 65, (d) o3; versus stiffness along the vertical symmetric axis
X3 — X;c € [—4a,4a] of heat exchanger with radius a = 1.5 m under a uniform surface load %(;U kPa.

Similarly, in Figs. 14 (a—c), the central symmetry with respect to the center x; = xf € also can be found for displacement u; and
normal stresses ¢, and o33, so the boundary effect to the local field is relatively small. Due to the free-surface boundary conditions
at the interface S, the displacement u; and normal stresses of the case i = 5a are smaller compared with the other three cases. As
for properties along the vertical axis, shown in Fig. 15(d), the trends reverses at two ends (i)x; = xéc —4a and (ii) x; = xéc + 4a.
Specifically, the displacement u; of case 4 = 5a is larger at (i) but smaller at (ii). However, the differences within the tank itself
is narrow, which indicates the heat source effects dominate over the boundary effects. In Fig. 14(e) and (f), o;; and o33 exhibits
similar variations that smaller stresses are observed when x5 —xS’C, which is the top of the tank. Such phenomenon is mainly caused
by u; and u, at the inhomogeneity interface as shown in Fig. 14(a).

In order to investigate the effects of stiffness ratio, the thermal expansion ratio is set as constant as A’ /(34 +2u'), so that when
the Lame parameters change, the thermal modulus A’ is adjusted accordingly. The original A’ = 20 kPa is selected as reference
when ¢! = 10C” and there exists a special case that when ¢! = 5C”, Al = A’ = 10 kPa suggesting no misfit expansion strain.
The depth £ is again selected as 10a to be consistent with the previous section. During the linear elastic stage, the solution can be
considered as a superposition of several components. The solution process can be considered as a combination of inhomogeneity
embedded in the full-space and boundary effects of half-space. Figs. 15(a) and 15(d) plot the variation of displacement u; and
u; along the horizontal and vertical symmetric line, respectively. The concept of symmetry and superposition explains the similar
curves in the two figures due to dominating heat source effects and minor boundary effects. It is observed that, in Figs. 15(b-c)
and 15(e—f), the normal stresses exhibit a higher order curve within the tank. Considering the curved temperature distribution in
Fig. 13(a) and (c) and increasing thermal modulus, the increasing misfit stress (A! — A%)5; ;AT causes larger variation of normal
stresses.
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Fig. 13. The effect of the depth of the tank on: (a) T and (b) ¢, along the horizontal symmetric axis x, — x{C € [~4a,4a); (c) T and (d) g, along the vertical
symmetric axis x; — xéc € [—4a,4a] of heat exchanger with radius ¢ = 1.5 m by a volume heat source g, = 35.37 W.

5.3. Effect of the tank interactions

In the geothermal industry, many geothermal heat exchangers may be installed for large-scale applications. Introducing another
heat exchanger with a spacing d to an existing one can significantly change both local thermal and elastic fields due to the tank
interaction, which reduces the efficiency of heat exchange and increases stress in the tank. In the field application, a large space-to-
radius ratio d/a is required so that the effects brought by the heat source and material misfit on the efficiency and performance can
be under control. The detailed investigation of two side-by-side and subsequently multiple heat exchangers is illustrated in Section
2 of the Supplemental Material, and a brief conclusive summary of the study is provided here. In Fig. 16, the radius a, depth h,
spacing d, and volume heat source g, of the equal-sized tanks are 1.5 m, 15 m, 9 m and 35.37 W, respectively.

In the investigation of boundary effects, Liu et al. (2015) concluded the influences of inhomogeneity with eigenstrain field vanish
quickly as only 8 simple cubic distributed inhomogeneity produces a convergent solution of elastic fields. Based on the elastic bi-
material Green’s function in Eq. (4) and the Eshelby’s tensors, the displacement and stresses vanishes at the rate of =2 and r—3,
respectively. Extending a similar analysis to the thermoelastic fields, the displacement and stress vanishes slower as, (i) ° and r~!
for heat sources; (ii) r~! and r~2 for ETGs, respectively. Hence, when the number of heat exchangers increases, their disturbance to
stress field of the vertical symmetry line gradually reduces, however, the displacement keeps increasing because of dimensionless
Green’s function.

To investigate the convergent temperature, flux, and stress fields, six cases of n = 1,3,9,25,81 and 401 heat exchangers in a row
are studied and the local field of the central one is illustrated. Fig. 17(a) shows when n > 25, the temperature converges as very
minor discrepancies can be observed between n = 25,81 and n = 401. As a partial derivative of temperature, the heat flux (similar to
temperature gradient) converges even faster as all curves in Fig. 17(b) exhibit small differences. Regarding to stresses, the trends of
o33 in Fig. 17(d) are similar to temperature in Fig. 17(a), though o35 involves effects of eigenstrain, heat source and ETGs. Since the
temperature differences among n = 25,81 and n = 401 are small, the non-mechanical strain due to the temperature change converges.
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Fig. 14. The effect of the depth of the tank on: (a) u,, (b) 5, and (c) o35 along the horizontal symmetric axis x, — x| € [-4a,4al; and (d) u3, (e) oy, and ()
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Fig. 15. The effect of the stiffness of the tank on: (a) u;, (b) o;; and (c) o;; along the horizontal symmetric axis x, — xfc € [—4a,4a); and (d) u3, (e) o, and ()
oy along the vertical symmetric axis x; — x;c € [—4a,4a] of heat exchanger with radius ¢ = 1.5 m by a volume heat source g, = 35.37 W.

However, the larger variance in Fig. 17(c) reveals the non-negligible role by eigenstrains. As the heat exchangers are placed along
the horizontal symmetric line (x;), the thermal effects accumulate with more tanks, which results in a higher eigenstrain and a
lower convergent rate.
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Fig. 17. The effect of the number of the tanks on: (a) T, (b) a3, (¢) oy, and (d) o;; along the vertical symmetric axis x; — x;c € [—2a,2a] under multiple »n heat
exchangers with radius ¢ = 1.5 m by a volume heat source g, = 35.37 W.
6. Exact solution for a single spherical heat exchanger in an infinite solid

Eshelby’s EIM (Eshelby, 1957, 1959) handled with the elastic problem for an inhomogeneity in an infinite domain subjected
to a uniform far field stress, which can be straightforwardly extended to multi-physical problems, such as thermal, magnetic, or

19



C. Wu et al Journal of the Mechanics and Physics of Solids 173 (2023) 105207

electric problems (Yin et al., 2022; Wu et al., 2021a). However, the thermoelastic problem with an inhomogeneity in an infinite
domain has not been solved in the literature yet. When a heat tank is far from the surface or other tanks, the thermoelastic field
in the neighborhood of the tank can be simplified by an inhomogeneity in an infinite domain. By reducing the Green’s functions
from bi-materials to a single homogeneous material with material constants K, C, A, certain eigen-field terms may exactly satisfy
Egs. (26) and (27) without higher order terms, which has been observed in Eshelby’s EIM for an ellipsoidal inhomogeneity in an
infinite domain Mura (1987), so that DEIM can provide the exact solution. Here the following two thermoelastic problems are
discussed. The exactness of the solution for a spherical tank can be generalized to an ellipsoidal tank as well with the elliptical
integrals (Mura, 1987).

6.1. A spherical inhomogeneity with a uniform heat source
Consider a constant heat source ¢ distributed within the spherical subdomain 2! with K! located at the origin point, where

the far-field temperature is assumed as the reference temperature of zero. The temperature field can be easily obtained by solving
Eq. (26), the ETG field is linear as shown in Eq. (30),

Ix _ _qU(K - KI) (30)
i 3kkl Y
which leads to the temperature field as,
el [@@K -K-xPK] g
T(x) = qv {¢+ u¢ii} = A 5 2K x| < (31)
4zK 3K ’ 3K | < |x| > a

Ix|

By solving Eq. (27), the thermal stress can also be derived. Because a linear ETG field generally caused quadratic disturbance of
the stress field, the solution of eigenstrain is a combination of uniform and quadratic terms as follows,

efj* =eflg; (32)
and
&l = €488, + €8(816 ) + 811161 (33

where the eigenstrain parameters are written as,
a+ v)a[wf — )20 - ,4)] [10KI,11,4(1 )+ 20K Dl (AL = 2v) + p(1 = )] + Kpé + 4K au' (1 = 2v) +
2K UL+ v) + 2 (1 = v)]]

+(A—A’)[3OK’(1 —v)D+K(/4(1 +VE+Aul W 1 —v =20+ 6l (1 —v =201+ 1241 A1 =2v)(2 - 3v) +

2p! (10 = 28v +22v2) + 6pAl (1 — VZ))]

— _azquﬁi'
J
= 34
¢ 30KK! DE (34)
—_ @+ pGSail — AN +2q,171Q2 - 3v)(A - AT) + (1 + V)a(u — )] 35)
ed =
30K!D
and
—  q,(1+vu! —wA!
B q,(1 +v)(u" — ) 36)
30KID
in which D = (1 + Vua! +2[(1 = 2W)A + u(1 = V)]p! and &€ = 2(1 = 20)3A +2p) + (1 + VG +2u1).
Using the Eshelby’s tensors D, R and S, the displacement can be determined as follows,
1 a(l +v)q K-K! =
L= gy { it = nin] + €M Wi = 264 = V)@, ]
+ g_A[qjmm,ihh - 2(4 - V)¢mm,i] + 2£_B[q/mh,imh - 2Vd:’mm,i - 8(1 - V)djim,m] }
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6.2. A spherical inhomogeneity in a uniform far field heat flux

Consider a uniform heat flux passes through a large material domain with K, C, A containing a spherical inhomogeneity 2/ with
K, cT, AT, The linear temperature distribution will be disturbed in the neighborhood of the inhomogeneity. The uniform far-field
temperature gradient is given in the third direction as T = [0,0, TSU], and the reference temperature is taken zero at x; = 0 or
T,,—o = 0, which makes the temperature distribution as an odd function of x;. Without the loss of any generality, let the center x/¢
locate at the origin and the reference displacement keeps zero at the origin without rigid body rotation. From the equivalent heat
flux condition of Eq. (26), the uniform ETG can be determined as,

K -K!
T ———
32K + K1
and the temperature field can be obtained through the superposition of a linear one by the gradient and a disturbed one by the
uniform ETG,

TF =35, (38)

0 @5T; T)x; 3K |x| <a
T(x)=T;x; - = ———X r " (39)
ar 2K+K!' T |QK+K)—(K-K L5 xl>a
When there is no inhomogeneity, the linear temperature distribution will lead to a linear strain field as,
siTj = aT{x35; (40)

which is compatible without any thermal stress induced in an unconstrained domain. The corresponding displacement can be
obtained through integration as follows,

aT?

oo 3
u® = T{Zx,-x3 - 5,-3(x% + x% + x%)} (41)

where the reference displacement is zero at the origin. The solution to the inhomogeneity problem can be decomposed into two
steps, (i) determination of eigenstrain without disturbance of ETG; (ii) determination of eigenstrain caused by ETG only.

Step (i) is corresponding to the case the inhomogeneity exhibits the same thermal conductivity as the matrix, so the linear
temperature distribution is not disturbed but thermal stress is still induced due to the different thermal expansion coefficient and
stiffness of the tank.

Using Eq. (40) as a far field strain, ey, in Eq. (27), we can solve the linear eigenstrain field as,

el =€96,,6,3 (42)

ijm
where
o T =w[AT —a@3a! +247)]
€ (43)
A4+ v)GAM +2ul) = 2v(3A+2u)

and the displacement is obtained as,

0 _c —35a%+33|x|>
a Xix3 +63—————— |x| <a
u;(x) = 73{27‘;753 - 5i3|x|2} + % ;5 ’ ? i3 ¥ @)
= [x,-x3 - T] |x| >a
In Step (ii), the interior (|x| < a) disturbed displacement by ETG in Eq. (38) can be derived as,
0 1
a(l +v aTy (1 +v)(K - K7) x|? - 542
uiE(x) = —¥T,*Y{ij SR AL — [x,-x3 + 653 ll—] x| <a (45)
8z(1—-v) / 51 -v)2K + K1) 2

It is lengthy to write the explicit form of linear eigenstrain S;k/lrr{ caused by ETG through solving the linear equation system of Eq. (27).
However, it is straightforward to implement it numerically, and then solve for displacement with Green’s functions. The entire
solution is the superposition of far-field displacement and two linear eigenstrain, which is an exact solution without higher-order
eigenstrains. The subsequent process is elaborated in Section 3 of the Supplemental Material with the “Mathematica” script.

7. Conclusions

This paper investigates the thermal, elastic, and thermoelastic problems for a spherical thermal tank in geothermal applications.
The thermoelastic Green’s function for a bi-material infinite domain has been re-derived in the form of a Cartesian vector, which
is convenient for analytical volume integral. Using the three types of Green’s function for bi-materials, the temperature and
displacement fields caused by a heat source, body force, ETG, and eigenstrain, which can be in a polynomial function over a
spherical subdomain, can be solved analytically. The DEIM can solve the thermal and elastic problem for a spherical thermal tank
in a bi-material in a coupled way, The following significant contributions of this work are summarized:

1. The Green’s functions for bi-materials are versatile and can recover the case for semi-infinite domain and infinite domain with a
single material;
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2. The DEIM provides a rapid way to solve the thermoelastic fields of a spherical heat tank in a bi-material or single-material domain,
which has been verified with FEM with an excellent agreement;

3. The DEIM provides the exact solutions for a tank in an infinite single material with a uniform heat source or under a uniform
far-field heat flux;

4. The DEIM is demonstrated for the geothermal system design with energy flow and stress analysis, and multi-tank interactions are
illustrated.

Using Hadamard’s Regularization in the x; direction, the present DEIM can be extended to the two-dimensional bi-material
thermoelastic analysis. The accuracy of the method can be tailored by using different orders of the eigen-fields, including ETC
and eigenstrain, through their Taylor series expansion at the center of each subdomain. The formulation can be extended to the
ellipsoidal and arbitrary shapes of geothermal tanks. The extension of this work to finite domains with boundary effects is underway.
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Appendix A. Determination of coefficients X“ A;z

This appendix provides details to construct equations for Eq. (15) in Section 3.2.
(1) Using the continuity condition of u; and u,, the upper phase,

2tlu; = (Ayy + A+ (A — App)ad
and in the lower phase,
2 = A 4 A
(2) Using the continuity condition of u3, the upper phase,
2luy = (A — A + (A + Ap)a — B = &) {(Ay) — Apy)a + Ay} +4(1 = V) {(A3 — A3)a"}
and in the lower phase,
2" uy = A} B + Alyaty — B = 4V {A) o + A ) +4(1 = V) ALa"
(3) Using the continuity condition of y;; and ys,, the upper phase,
13 = (A = AP + (A + Ap)atyy = (1= 2V){(Agy; — Ay + Ay i} +2(1 = V) {(A; = Az)a }
and in the lower phase,
T3 = A;lﬂf‘l3 + quaf‘m -(1- 2\/”){A'21af‘1 + A,22¢,1 }+2(1 - v"){A;a"‘l}
(4) Using the continuity condition of o33, the upper phase,
o33 = (g + A1 B% + (A = Ap)atyy — 201 = V){(Ayy + Ap)ay = Ay 3} +2(1 = V)(A; + A3)ay
and in the lower phase,
033 = A'”ﬂ.‘g3 + A'lzotj‘33 -2(1 - \/”){Aélotf‘3 + AL ¢st+2(1 - \/’)Agoc‘“3

Collecting the equivalent terms in the 4 equivalent conditions, eight equations can be constructed as Eq. (15).
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Appendix B. Green’s functions for semi-infinite domains and an infinite homogeneous domain

B.1. Semi-infinite domain with a Neumann’s boundary condition on the surface

When one material phase is reduced to a vacuum with K’ = C’ = 0, the infinite bi-material is reduced to a semi-infinite single
material domain with a Neumann’s boundary condition of a free surface from heat flux and traction. The Green’s functions are
obtained as follows for both source and field points in D~.

(i) Thermal Green’s function

G(x,x') = @+ (B.1)

Kl/
(ii) Elastic Green’s function

- _
dru" G (x,x') = (5,0 — ‘KT’/\/")) + 6,5 — 2636 — 6 6;3)a
1 _ — — —
T X3 [QJI//,,-/-3 +4(0 =8¢, +2(1 - 20")630,¢ ;- QJX3¢,,-J-] (B.2)
3—4" =l
- aa- V//)QIQJW/t (I+ 2V”)Q‘Iﬂ,,-j

I _ | _ | _ 1 | 34"
where A' = 1,B' =2,C = 30 7 D' = o

(iii) Thermoelastic Green’s function
, (1= VK"
(1=2v"HA"

+ x;4 [4(1 — VT, 4 2( 5+ 201 = 20153 x3$,,.)]

G' =2v" — 1 are applied.

—] _
1674 Gi(x,x) = Ay, +245(1 = V"), + A\ -4y,

(B.3)
+ 83AL[-G - 4)(=a' + 2y 5) - @]
— ' —I —I
where Ag = A, ,Ag =0, L) = Ag(a -4, LY = 2A’3, L =0,LY =401 - v”)Ag and A, =" - 1)A’, = —A are applied.
B.2. Semi-infinite domain with a Dirichlet’s boundary condition on the surface

When one material phase is reduced to an ideally rigid thermal conductor with K’ — o, A = 0, and C' - oo, the infinite
bi-material is reduced to a semi-infinite single material domain exhibiting a Dirichlet’s boundary condition with a fixed uniform
temperature and displacement along the surface. The Green’s functions are obtained as follows for both source and field points in
D~.

(i) Thermal Green’s function

G(x,x') = ) (B.4)

4z K”
(ii) Elastic Green’s function
471.””G[_j(x,x ) (5’J¢ ﬁ)—(ﬁéu +
X3
-G - a)

1 _
leQﬂl’,ﬁ ®5)
[Q,W’m +4(1 = V83, +2(1 - 215,50, — Q,x3$ﬁ]

I__1 Bl = I _ -1 [_ -l I _ ;
where A' = -1,B' =0,C = e D' = 4(1—v”)’G =0 are applied.
(iii) Thermoelastic Green’s function
, (1=V"K" " _ 2x3  [— s T_ .7
167[[4 mGi(X,X ) = l[/’,- - W,i - m |:(l[l’,-3 + 2(1 - 2\/ )5[-345 - X3¢,,‘)] (B6)
863G -4’ + 2y 53+ (3 — 4|
where AL = —4; A" =0, L\ = —A! LL= Al L = 2D gl gl 302V 4l and A = AL AL = —Al are applied
3= 743,43 =0, Ly = -4, 3 = T3 = T3 =434y = 74 pplied.
B.3. Green’s functions for an infinite domain with a homogeneous material
When two material phases are identical, the Green’s functions are simplified as follows,
(i) Thermal Green’s function
[
G(x,x)= — B.7
®X) =Tk (B.7)
(ii) Elastic Green’s function
Gy(x,x') = —= 2 (B.8)

dzp(l—v)  16zu(l —v)
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Fig. C.18. A hollow ball filled with a liquid inside an infinite domain under a far-field uniform test load.

(iii) Thermoelastic Green’s function
a(l +v)

G. N ———
X0 = ek =

(B.9)

Appendix C. Estimation of the effective mechanical properties of a spherical thermal tank

This subsection aims to provide details on the estimation of effective mechanical properties of the spherical geothermal tank.
During working conditions, the spherical thermal tank is filled with water, which can be homogenized as a uniform solid ball with
a certain effective stiffness. Specifically, in most cases, the tank may not be full. In such a case, a partially full tank may exhibit the
same effective stiffness as an empty tank when the inner pressure is negligible. The effective stiffness of a spherical thermal tank can
be estimated through the double-inclusion model proposed by Hori and Nemat-Nasser (1993). Assume the thickness of the thermal
water tank is uniform, shown in Fig. C.18, the ball 22 is composed of (i) space for liquid 2' and (ii) a uniform thin spherical shell
0?2 - Q. Let R, and R, denote the outer and inner radius, and 2! and Q2 — Q! are filled with isotropic material with stiffness C!
and C2, respectively.

Now embed this ball in an infinite domain 2° with stiffness C°, and apply a uniform test load oY (or equivalently £%) in the
far field. Since the geometry of the thermal tank and the space for liquid are coaxial and similar, AS terms vanish in Eq.(3.6 a, b)
of Hori and Nemat-Nasser (1993). Therefore, the effective stiffness tensor can be written as,

T =0 I+ (S2 -1 @R} ¢ (1452 : BF)

@' = —[S' +(C' =0 : Oyt <1
L 3!
1-f
where @R = f@! + (1 — f)®? and f = %; V; and V, are the inner volume and entire volume of the thermal tank; S' and S?
are uniform Eshelby’s tensors associated with source domain Q' and 2, respectively. Notice that the S!, S? only involve interior
field points, and thus S! and S? are the exactly same constants. Obviously, the estimation of effective stiffness is dependent on the
mechanical properties of the matrix C° and the geometry of the thermal tank.

Without the loss of any generality, let the soil be unsaturated clay and its Young’s modulus and Poisson’s ratio are 20 MPa and
0.3, respectively; the spherical shell of the thermal tank is made of structural steel (Young’s modulus 200 GPa and Poisson’s ratio
0.3); the volume fraction f = (0.9)> = 0.723. (i) When the thermal tank is empty, the effective moduli are 7.402 MPa and 0.176; (ii)
when the thermal tank is filled with water (Bulk Modulus 2.1 GPa and Poisson’s ratio 0.5), the effective moduli are 9.434 MPa and
0.499452.

According to Herve (2002), the effective thermal conductivity K of a two-layered structure is,

DT =—{ST+ (- "+

— 2
—K i+ — K { (€.2)
o t3U-0
and the effective thermal expansion ratio is,
2601 — 1_ 922
Z=fa' +(1= fa? +(a —a?) 4p™f(d - O -6 ©3)

(362 +412)0! + 412(1 - f)(©2 - O)

where 0! is the Bulk modulus of the Ith phase; f is the volume ratio of the two subdomain defined above.
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Appendix D. Supplementary data
Supplementary material related to this article can be found online at https://doi.org/10.1016/.jmps.2023.105207.
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