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Abstract. Freezing phenomena in porous media have attracted great attention in geotechnics,
construction engineering and geothermal energy. For shallow geothermal applications where
heat pumps are connected to borehole heat exchangers (BHEs), soil freezing around the BHEs
is a potential problem due to persistent heat extraction or inappropriate design which can sig-
nificantly influence the temperature distribution as well as groundwater flow patterns in the
subsurface, and even lead to frost heave. A fully coupled thermo-hydro-mechanical freezing
model is required for advanced system design and scenario analyses. In the framework of
the Theory of Porous Media, a triphasic freezing model is derived and solved with the finite
element method. Ice formation in the porous medium results from a coupled heat and mass
transfer problem with phase change and is accompanied by volume expansion. The model is
able to capture various coupled physical phenomena during freezing, e.g., the latent heat ef-
fect, groundwater flow with porosity change and mechanical deformation. The current paper is
focused primarily on the theoretical derivation of the conceptual model. Its numerical imple-
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mentation is verified against analytical solutions of selected phenomena including pure phase
change and thermo-hydro-mechanical process couplings.

1 Introduction

Among different coupled processes, the thermal-hydro-mechanical behaviour of solid-liquid
phase change in general and freezing in fluid-saturated porous media in particular is of great
interest in soil construction [1], geotechnics [2], energy storage [3] and geothermal applications
[4, 5]. Considering shallow geothermal energy, ground source heat pump systems (GSHPS) are
increasingly employed as an efficient technology for the heating and cooling of buildings. The
general proposition of a GSHPS is to extract heat from the shallow subsurface (50 m — 200 m
below the surface) by circulating a heat-transfer fluid through single or multiple borehole heat
exchangers (BHE). The energy carried by the circulating fluid is then lifted by heat pumps to
temperature levels suitable for domestic applications. In cold regions, the undisturbed soil tem-
perature is already below 10 °C [6]. When its temperature drops below 0 °C due to continuous
heat extraction or inappropriate BHE/GSHPS design, freezing of the groundwater surrounding
the BHEs will occur [7]. This will not only strongly affect the soil temperature distribution,
hydraulic properties and the heat pump efficiency but may also cause mechanical damage to the
BHEs and the surrounding facilities [4, 8]. For a discussion of implications on the design length
of BHEs and economic aspects, cf. Zheng et al. [5].

In order to quantitatively analyze these coupled multi-physical phenomena on an engineering
scale, a reliable macroscopic, fully coupled thermo-hydro-mechanical model is required which
captures the relevant phenomena. The macroscopic Theory of Porous Media (TPM) [9, 10, 11]
has been selected here as an ideal framework for this task.

A fundamental mathematical model based on mixture theory and thermodynamical princi-
ples was established for saturated porous media by [12]. Another macroscopic ternary model
[13] incorporating liquid, ice and solid was constructed based on the theory of poromechanics
by Coussy. As an extension of this model [13], Zhou & Meschke [2] developed a ternary model
in view of a detailed physical description of ice crystallization. In recent years, the Theory
of Porous Media was employed and Bluhm et al. [10, 14] presented a ternary model derived
from thermodynamical considerations. Later Lai et al. [18] proposed a theoretical model of
thermo-hydro-mechanical interactions during freezing and validated it with experiments. For
the unsaturated cases, Li et al. [15, 16] demonstrated the heat-moisture-deformation coupling
based on a theoretical framework with and without explicit consideration of the gas phase.
Differing from considering gas as an extra phase, Liu & Yu [17] directly employed Richard’s
equation to capture the fluid flow in the unsaturated zone.

In the present paper, a fully coupled thermo-mechanically consistent THM freezing model
for liquid-saturated porous materials is derived based on the Theory of Porous Media by exploit-
ing the entropy inequality. In contrast to some of the previous models, Truesdell’s metaphysical
principles [19] are strictly adhered to for the mixture balance relations. The description of the
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mechanical behaviour of the ice and solid phases accounts for their differing natural configura-
tions.

The fundamental kinematics and balance relations are listed in Section 2. The assumptions
made and constitutive relations derived from the Clausius-Duhem inequality are presented in
Section 3. With the balance relations and constitutive laws, the governing equations are given
in Section 4. The verification of the numerical model is performed in Section 5. The paper
closes with an illustrative numerical example in Section 6.

2 General definitions

2.1 Kinematics

Consider a medium composed of different phases or constituents «, each represented by
a substitute continuum defined on the entire control space. The motion of a constituent « is
described by its motion function Y, that maps the position X, of a material point (particle) in
the reference configuration to its spatial location x in the current configuration:

X = X o(Xa,t) (1
Each phase can then be assigned a deformation gradient as well as its inverse

F, = Grad,x and F,!=gradX, (2)
and the material time derivative following the motion of a phase @ defines the phase velocities

v oo = X o (Xast)
¢ e ot
Based on these fundamental kinematic definitions, the entire spectrum of continuum mechanical
kinematic quantities becomes available, e.g. the material and spatial velocity gradients:

3)

(F,), = Grad,x,, and 1, = gradx), = (F,), F,! 4)

Following the above relations, the right Cauchy-Green deformation tensor and Green-Lagrangean
strain tensor read:

1
C,=FF, and E, = 5(Ca=D (5)

When small-strain conditions are assumed, the finite deformation approach can be reduced
to a geometrically linear one via lin E, = €, and the distinction between reference configuration
and current configuration is no longer necessary in the spatial operators. For further definitions,
see standard texts on continuum mechanics [19].

Based on Truesdell’s metaphysical principles [19], the motion of the mixture is governed by
the same equations as the motion of a single body. Hence, summation of the balance equations
of the individual phases listed in the subsequent section must yield the balance equations known
from continuum mechanics of single phase materials. This condition imposes restrictions on the
production terms. For details, the reader is referred to, e.g., [9] and references therein.
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3 Balance equations and constitutive relations
3.1 Specific assumptions

To maintain a certain level of generality in the conceptual modelling section, a finite strain
setting will be maintained throughout the derivation of the model. A first implementation of the
governing equations will then rest on the assumption of linear kinematics.

Before specifying the balance equations, some basic assumptions of the model shall be clar-
ified.

1. A three-phase mixture consisting of solid (S), ice (I) and the aqueous pore fluid (L) is
considered: @ = {S,I,L}.
2. For all phases we assume incompressibility in the sense o,r = 0or(T).-

3. Deformation and flow occur in a quasi-static fashion such that inertial effects can be
neglected in the final governing equations: a, = 0.

4. The local temperatures of all constituents are equal (local thermal equilibrium): T, = 7.
5. Mass transfer is limited to the water and ice phases, i.e. o5 = 0, oL = —0r.

6. The constituents solid and ice are kinematically constrained once the ice is formed at
time ty, i.e. vs = vi. At that stage, the solid may have undergone a motion already, i.e.
the reference coordinates of an ice particle are given by il = xs(Xs,tr). The current
placement of corresponding solid and ice particles is then given by the motion function
of ice and solid via x = y¢(Xs,?) = /\/I(il,t) = x1 (xs(Xs,1F),1).

Assumption 6 will be captured by a multiplicative decomposition of the deformation gradient
of the solid into a part before freezing (S0) and a part after freezing (I) following [10]

Fs = FFs (6)

It will be assumed that stresses in the ice are only determined by that part of the motion accrued

after freezing has occurred, i.e. by E, while the stress response of the solid is characterised by
Fg itself. Under the small-strain assumption, the decomposition of the motion simplifies to:

€s = € + €50 (7
Based on the general mass balance in the form

¢a(QaR)é + (¢CL’);QQ’R + Q(}'R¢Q’ div Vo = éa (8)

as well Assumptions 5 and 6, the derivatives of the individual volume fractions are obtained
from the above mass balances in the following form
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. (OsR )«
(69} = —psdivs — oS ©)
OSR
A ( )/
(60 = 2L — prdivws — g (10)
OIR OIR
(pL)g = . ¢rdivvy — ¢L(QLR)L — gradgy, - WLs (11)
OLR OLR

Based on Assumption 2, the time derivative of the material density can be expressed via the
temperature rate and the volumetric thermal expansion coefficient Sr,

L 6QaR

6QGR T
©OaR or

oT Lo (12)

(Q(YR);' = = _Qa/RﬂTaTl; with ﬁT(x = -

3.2 Saturation condition

The saturation condition for this ternary mixture can be written in absolute and in rate form
(following the trajectory of the solid) as

Diga=1 and > (ga)s=0 (13)

Substitution of Egs. (9)—(11) yields the model-specific form of the mixture volume balance:

_1) . $s(Osr)g . P1(01R)g . #L(OLR)],

0 = div [vs + ¢rWis] + 01 (91:111 ~OR (14

OSR OIR OLR
3.3 Evaluation of the entropy inequality

The entropy inequality will be exploited following the Coleman-Noll procedure. Invoking
the assumption of local thermal equilibrium, the production-term constraint in the energy bal-
ance, and adding the saturation condition as a constraint to the entropy inequality yields

- 1
0 < Z {_Qa[(@l’a); + T('ﬂ]a] - éa ('ﬁa - EV(Y ' Va/) +
a=1 (15)

1
0o ly —Po Vo — fqa -gradT — /1(¢>a)§}

The Lagrange multiplier A can be understood as a pressure-type reaction force enforcing the
saturation constraint.

Employing the principle of phase-separation [9], the free energy of the solid phase is as-
sumed to depend on solid deformation and temperature, the liquid phase free energy only on
temperature, and the free energy of the ice phase on the ice volume fraction, temperature and
that part of the deformation characterizing ice deformation, cf. Eq. 6. Hence, the following
Ansatz is made for the specific Helmholtz free energies:
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Us =us(Cs,T)  ¢1=yr(CLT,¢1) ¢ =yr(T) (16)

where the right Cauchy-Green tensors Cg = Fng and EI = FIT/I‘:I have been used.
Neglecting terms associated with the kinetic energy of mass transfer, and using the trans-
formed mass balance equations (9)—(11), inequality (15) can be expanded to

s dps
0 < —os(Ws)§ + T (—Qsﬂs + lﬁT OSR

rR OT

1 GQIR) B
or OT

) - o1(Yn)g + T (—le +A——

/ ’ a LR ~ A A
—oL(W) + T} (—QL77L+/lﬂ o ) - 01 (lﬁ1+— —¢L——)+
oLrR 0T OIR OLR

+ (os + A¢sD) :ds + (o1 + A¢1D) :ds + (oL + A¢LD) :dL—

7)

N 1 .
— Z Po - Vo + A grad ¢r - wis — TqSIL -gradT with qgsp = Z (/P

Now, the terms 0'5 = 0, + A¢,I defining the so-called extra stresses can be introduced.

Based on dimensional analyses, it is common practice to neglect fluid extra stresses. Hence, we
find a hydrostatic stress state in the fluid and identify the Lagrange multiplier A with the pore
pressure prRr:

oL =-pr¢Ll with A =pr (18)
The constraint on the momentum production terms yields the relation
—(Ps + Pr) = PL + Or1wWis (19)

Similarly to the stresses, the extra momentum production is the constitutively determined
term in addition to effects contributed by the Lagrange multiplier—i.e. the liquid pressure—
and is defined as

pE = pL — Agrad ¢ (20)

With Eq. (16) and (C,)/, = 2F’d,F, we can now write

OYs 1 E ~ OYp ot oy
0<|oF-20Fs—=FL| :d — 20 —F /1| :dg—
—(0'5 os S@Cs s) s+(0'1 o1 Ic?CI I+QI¢13¢1 S

1 aQwR awa' ’ ~
_ -1 T —
2,00 ("“ (0ar)? T 6T) a
oyn

.. 1
—=T{ - P - Wis — TSI - gradT

1 0 1
v+ — (Mmﬂ) . —] - @
OIR Jd¢1 OLR

This form motivates the introduction of the extra entropy terms 1- such that
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1 6QaR E IBTa

E
e =N+ =n, — — (22)
n Ny (QaR)z oT Ny QaRpLR
Based on the Ansatz defined in Eq. (16), the following restrictions can be derived:
U a
nE: —i and 7, :ng—ﬁLpLR foraw = Sand L (23)
oT OaR
N B i ,BTI N
EF EF
t = L d = - — + _— ith = + -
I oT and - np =1, oR PLR + 01 Pys w1 77 77 o1~ der
Pred
(24)
= —pirdsl + 205Fs LS} 25)
0Cs
0
=41 (pLR + Qli) L+ 200 20§ 26)
0¢ I
————
Pred
Introducing the chemical potential-type quantities
=+ 2 and W =y + 2R 27)
QIR OLR
allows the formulation of the remaining dissipation inequality as
. 1 .
D= —pE - WS — ?qS]L . gradT - o1(Yr — Y)=>0 (28)

Treating physically distinct terms independently, the heat flux vector can be found from the
linear relation

0< —qs- gradT —  (siL = —AsL gradT with a-Aspa>0vVa+#0 (29)

where Agyp is the effective heat conductivity tensor of the saturated porous medium.
Similarly, the flow-law can be derived from a linear relationship as

0<-pf-wis — Pr=-Swis with a-Sa>0Va#0 (30)
Substituting the fluid stress tensor from Eq. (18) and the flow law from relation (30) into the

fluid momentum balance and choosing S™! = K/( ,uquﬁf) recovers a Darcy-like law:

K
¢LwLs = ——— (grad prr — oLrbL) (31
MLR

In which K is the permeability and varies with the ice formation which occupies the porosity.
Finally, a kinetic law for the phase transition can be defined based on the difference in the
chemical potentials of the liquid and ice phases:

0<-01(W1-Y.) —» oOr=crWL-Y) with ¢cg >0 (32)

For an extended discussion of phase change in this context, see [20].
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4 Governing Equations and Numerical Implementation

Free energy formulations for the finite-strain setting can be found in [14, 10, 20] and others.
Based on the general constitutive setting outlined above, considerations are now limited to the
small strain setting using the decomposition in Eq. (7). For an initial implementation with the
purpose of algorithmic testing, some of the physical terms occurring as a consequence of the
above derivations and the chosen energy functionals have been neglected. They will be added
subject to their relevance indicated by an order-of-magnitude analysis. The following set of
governing equations has been implemented into OpenGeoSys [21] for initial testing.

Mixture volume balance

0 = div [(us)§ + ¢wis| + é1 (ork — o) = BrT§ with  Br =" gaBra (33)

Mixture momentum balance

div (—pLrI + Astr(es)I + 2uses — 3arsks(T — Tso)X + Artr(ep)I + 2 urer—

(34)
3ariki(T = Tio)l = 3apki(ér — ¢10)I) + ob =0

Mixture energy balance
(Qcp)effTS/ - AHIéI - diV(/ls[L grad T) + QLRCpL¢LWLS . gradT =0 (35)

The corresponding weak forms are linearized using a Newton-Raphson scheme. The discretized
primary variable field ug is interpolated with shape functions an order higher than those used
for the remaining primary variables pyr and 7.

5 Verification

Due to the complexity of the fully coupled thermo-hydro-mechanical freezing process and
the associated lack of analytical solutions, the initial verification is here separated into a pure
thermo-hydro-mechanical part and a pure phase change part, both using analytical solutions.

5.1 Verification of the THM model

In this benchmark, phase change is neglected and a completely sealed specimen is heated up
homogeneously. The difference of the thermal expansion coefficients of fluid and solid phase
results in a pore pressure which can be determined analytically in the case of an elastic solid
skeleton [22]:

PLR = —Ks¢r(Brr — Brs)AT (36)

where Kg is the bulk modulus of the solid matrix, ¢g is the porosity and Srs= 2.1e-5 and
Bre =2.07e-4 are the volumetric thermal expansion coefficients of solid and fluid. Under a
homogeneous temperature increment of 80 K, a fluid pressure of 0.1042 MPa develops in the
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(a) Radial displacement during unconfined compression. (b) The propagation of the freezing front X over
time.

externally load-free specimen under undrained conditions. This value is recovered by the nu-
merical model with a relative error below 10°°. Numerically, the direct linear solver SparseLU
(http://eigen.tuxfamily.org) and nonlinear tolerances 10 (absolute error) have been
used.

Other tests performed for verification of the THM coupling included transient confined and
unconfined compression tests (Fig. 1a) as well as flow under thermal gradients; further details
can be found in https://dev.opengeosys.org/docs/benchmarks/.

5.2 Phase change verification

In this benchmark, only the thermal problem including phase change is considered and the
propagation of the freezing front is calculated by the Neumann analytical solution [23]. A I m
long water column (achieved by setting the porosity to unity) was connected to a freezing wall
of -3 °C. The initial temperature was given as 2 °C in the entire domain. All parameters used in
the simulation can be found in [5]. The location of the phase change front X (¢) is compared to
the analytical solution in Fig. 1b.

6 Numerical Example

In this section, an academic example of the thermo-hydro-mechanical freezing model uses
an axisymmetric setup of a cylinder with a radius and height of side 1.0cm. The domain is
divided into 100 elements and the simulation time of 1000s is split into time steps of 50s.
The externally load-free specimen has an initial temperature of 5 °C. At the bottom, a constant
temperature of -5 °C is set as boundary condition. In Fig. 1, the evolving ice saturation with the
associated expansion of the specimen is depicted.
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(a)50s (b) 150s (c) 1000

Figure 1: Freezing front evolution (colors) and displacement field (overlay grid) during freezing
propagation.

7 Conclusion

In this paper, a macroscopic fully coupled thermo-hydro-mechanical model under the frame-
work of the Theory of Porous Media is presented for the simulation of liquid-solid phase change
considering effects like the ice volume expansion, hydraulic pressure changes, and the latent ef-
fect. It is verified separately with different transient analytical solutions and will be further used
to predict the frost evolution around bore-hole heat exchangers.
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