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We propose novel semi-decoupled and fully-decoupled iterative algorithms for ef-
ficiently solving the fully-coupled nonlinear four-field thermo-poroelastic model
discretized in space by discontinuous Galerkin method on polytopal grids. We
present the model problem, its four-field formulation, and the arbitrary-order
weighted symmetric interior penalty scheme exploited for its spatial discretiza-
tion. Such a scheme is robust with respect to strong heterogeneities in the model
coefficients. Then, we present the two solution strategies and prove that under
suitable conditions both schemes are convergent. A wide set of numerical sim-
ulations is presented to assess the convergence and robustness properties of the
proposed method. Moreover, we test the scheme with literature and physically
sound test cases for proof-of-concept applications in the geophysical context.
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1 Introduction

Modeling the thermo-poroelastic (TPE) coupling — that refers to the interactions between tempera-
ture, fluid flow, and mechanical deformations — is of crucial importance for modeling many natural
and engineered systems. Some notable applications in which it turns out to be necessary to take into
account the effects of the temperature to the classical poroelastic equations (cf. [14] [53]) belong to
the fields of environmental sustainability, civil engineering, and materials science; with direct impact
also on public safety and economy. Relevant examples include, e.g., COs sequestration, geothermal
energy production, and seismicity /induced seismicity studies.

In the context of geophysical applications, as the ones previously mentioned, the subsoil is often
modeled as a fully-saturated poroelastic material; then, the TPE problem is often formulated starting
from the poroelasticity theory, which describes how the fluid flow and the elastic deformations interact
within a porous medium. The temperature variation plays a key role in the description of the physical
phenomena and for understanding its evolution. Thence, the temperature field is added to the physical
model via an energy conservation equation that leads to a fully-coupled TPE system of equations
[7, 22, 23]. The introduction of the energy conservation equation means that, within the classic
equations of mass and momentum conservation, a reaction term and a contribution to the volumetric
component of stress are added, respectively. Last, the energy conservation for the temperature field
is similar to the mass conservation equation for the pressure, but with the presence of a nonlinear
convective term, which considers the product between the temperature gradient and the filtration
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velocity. To ensure inf-sup stability of the problem, we consider the four-field formulation of the
problem [7, [I7] obtained by introducing one additional scalar equation that is solved in the so-called
total pressure auxiliary variable [47]. Moreover, this formulation gives the robustness of the scheme for
quasi-incompressible media, i.e. with respect to volumetric locking. Alternative formulations of the
TPE problem are discussed, e.g., in [55] under different assumptions on the deformations rates and in
[34] [43] where the nonlinear convective term is neglected as it is assumed that the energy is balanced
only by conduction. Depending on the different applications, in the literature the TPE problem can
be found in the quasi-static regime, where the small deformations regime is assumed [7, 22} 23], or in
its fully-dynamic form [16], where seismic effects are the main focus. In this work, we consider the
problem in its steady formulation [I7], that can be seen as one step of an implicit time advancing
scheme (e.g. backward Euler method) applied to the quasi-static problem. We remark that, in this
case, for establishing a connection between the steady problem and the quasi-static one, the physical
parameters must be scaled by the time-step.

For the spatial discretization of the problem, we propose a discontinuous Galerkin finite element
method on polytopal grids (PolyDG [25]). PolyDG schemes are appealing in this context because their
geometrical flexibility facilitates local mesh refinement and coarsening and allow to easily handle highly
heterogeneous media by better representing inner discontinuities. PolyDG schemes are also suited
for arbitrary-order approximations and p-adaptivity. To further enhance robustness with respect to
heterogeneities we consider a Weighted Symmetric Interior Penalty (WSIP) version of the PolyDG
scheme, in which weighted averages [35, [36 [51] are introduced in place of the standard averages
operators of the discontinuous Galerkin methods [32]. Examples of PolyDG schemes can be found
in [3, 4 TI] for elliptic problems, in [26] for parabolic problems, and in [5] for poroelasticity. In
[7, 16, 17] and in [I5] a PolyDG method for thermo-hydro-mechanics and thermo/poro-viscoelasticity
is analyzed, respectively. In the literature, other discretization strategies for the TPE and closely
related models in geophysics include, e.g., Finite Volume methods [12, 48-50], Hybrid Finite Volume
method [30], Hybrid High-Order [20], Hybridizable Discontinuous Galerkin [33], lowest order Raviart-
Thomas coupled with Lagrangian finite element methods [23], and eXtended finite elements [39].

When solving a multiphysics differential system, it is very important to design the right strategy
for its algebraic solution. In fact, these problems are often associated with large-scale issues, espe-
cially when considering realistic simulations in three-dimensional settings. Considering the monolithic
resolution of the system in these contexts can lead to very large, ill-conditioned, broadband linear
systems and, in three-dimensional (3D) cases, could also lead to memory problems. For this reason,
a valid candidate for the numerical solution consists in a iterative coupling scheme, in which one (or
more) problems are solved separately, in parallel or sequentially. These problems are solved faster,
as they are smaller in size and generally have better properties (e.g. symmetric positive definite)
than the monolithic system, which usually exhibits a perturbed saddle-point structure. Given the
simpler structure of the different subproblems, it is also simpler to design effective (possibly robust)
preconditioning techniques for them rather then for the whole system. The drawback of such a solu-
tion strategy is that an iterative procedure — along with a suitable stopping criterion — is introduced.
However, since the TPE problem considered in this paper is nonlinear, an iterative strategy has to be
introduced even when a monolithic approach is used. In previous works [7), 22] the nonlinear transport
term has been addressed with a fixed-point iterative strategy, and in [I7] a robust linearization of the
advection term has been proposed.

In this work, we propose and analyze two novel splitting schemes (one partially-decoupled and
one fully-decoupled) where the pressure equation is always decoupled from the energy equation. In
this way, at each iteration of the splitting scheme, we need to solve three linear problems, without
the need to introduce an additional linearization procedure. In the context of geophysics, iterative
decoupling strategies have been extensively studied in the literature for the poroelasticity problem [,
18, 28, B8], 40, 42, 45 [46, [54]; moveover, in [41] a strategy for decoupling the thermoelasticity problem
is investigated. For what concerns the TPE problem, in [23] different splitting strategies have been
studied for the nonlinear problem in its five-fields formulation, while in [24, 44] partially-decoupled
algorithms have been studied for the four-field formulation of the linear problem discretized by stable



pairs of Lagrangian finite elements. The major highlights of this paper are: (a) novel partially-
decoupled and fully-decoupled solution strategies for the nonlinear TPE prolem (b) a convergence
analysis of the corresponding numerical strategies based on top of a PolyDG-WSIP discretization of
the problem (¢) a numerical verification of the convergence and robustness properties of the proposed
methods both in a two- and three-dimensional setting; and (d) a verification test where we apply the
schemes in a physically-sound test case (inspired by geothermal energy production procedures [7]) in
a three-dimensional setting, showing the applicability of these schemes for real-life applications.

The rest of the paper is organized as follows: the model problem, the assumptions on the data,
and the four-field formulation are presented in Section 2] In Section [3| we design the PolyDG-WSIP
spatial discretization. In Section[d we introduce the solution strategies for the four-field TPE problem
and in Section p| we report the main results regarding the stability of the discrete problems and the
convergence of the method. Then, in Section [6] we present numerical results assessing the convergence
and robustness properties of the splitting algorithms, while in Section [7] we present the numerical
results related to the application of the proposed schemes to a physically-inspired geothermal model
problem in three-dimensions. Last, in Section [§], we report the preliminaries, the auxiliary results,
and the proof of the theoretical results presented in Section

2 Model Problem

Let Q C R d € {2,3}, be an open bounded Lipschitz polygonal/polyhedral domain. We consider
the coupled thermo-hydro-mechanical problem reading: find (u,p,T') such that it holds

aoT — bop + BV -u — ¢;VT - (KVp) — V-(OVT) = H in Q, (1a)
cop —boT' +aV-u—-V-(KVp) =g in €, (1b)
—V.o(u,p,T)="*f in Q. (1c)

Here T represents the variation of the temperature with respect to a reference value [29] and u, p
represent the solid displacement and the pressure, respectively. The source terms H, g, f are a heat
source, a fluid mass source, and a body force, respectively. The constitutive law for the stress tensor
o (in ) in the linear elasticity regime is given by

o(u,p,T) =2ue(u) + A\V-ul — apl — 5T1, (2)

where I € R?*¢ is the identity tensor and e(u) = 3(Vu + Vu”) is the strain tensor. For the sake
of simplicity, we supplement with homogeneous Dirichlet conditions, namely u = 0, p = 0, and
T = 0 on 9f). More general boundary can be considered up to minor modifications in the variational
formulation, see for instance the ones considered in the numerical validation of Section [7] below.

In Table [1| we detail the parameters characterizing problem — specifying their physical inter-
pretation and their corresponding unit of measure. For a detailed discussion on the parameters and
the relations among them we refer to [7].

Notation Quantity Unit

ao thermal capacity Pa/K?

bo thermal dilatation coefficient K!

co specific storage coefficient Pa~!

@ Biot—Willis constant -

B8 thermal stress coefficient Pa/K

cy fluid volumetric heat capacity divided by reference temperature | Pa/K?
Uy A Lamé parameters Pa

K permeability divided by fluid viscosity m?/(Pas)
[C) effective thermal conductivity m? Pa/(K?s)
¢ porosity -

Table 1: Thermo-hydro-mechanics coefficients appearing in , .



Remark 1. Probleml can be seen as one step of an implicit time advancing scheme (e.qg. backwaTd
FEuler method) applied to the quasi-static problem [7]. In this case, the conductivity tensors K in
and © in are scaled by the time-step 6t, namely K = 5tK and © = §t®, where K and © are the
actual hydmulzc mobility and heat conductivity of the medium, respectively. For a detailed derivation
of the quasi-static model we refer the reader to [2])].

2.1 Notation and assumptions

For X C Q, we denote by LP(X) the standard Lebesgue space of index p € [1,00] and by HY(X)
the Sobolev space of index ¢ > 0 of real-valued functions defined on X, with the convention that
H°(X) = L?(X). The notation L?(X) and HY(X) is adopted in place of [LQ(X)]d and [H?(X)]?,
respectively. In addition, we denote by H(div, X) the space of L?(X) vector fields whose divergence
is square integrable. These spaces are equipped with natural inner products and norms denoted by
(v)x = ()r2x) and || - |[x = || - [|z2(x), With the convention that the subscript can be omitted in
the case X = Q. For the sake of brevity, in what follows, we make use of the symbol z < y to denote
x < Cy, where C' is a positive constant independent of the discretization parameters.

Following [22], we introduce suitable assumptions on the problem’s data:
Assumption 2.1 (Assumptions on the problem data). We assume that:

1. the hydraulic mobility K = [Kij]zjx-il and heat conductivity ® = [@Z]]fjxdl are symmetric tensor

fields which, for strictly positive real numbers kyr > k,, and 0y > 0,,, satisfy
FmlCl < C"K(2)¢ < kurlC? and  Ol¢? < CTO@)C < OnIC? VCER?, ae. z e
2. The shear modulus p and the fluid heat capacity cs are scalar fields such that p: Q — [, pir]
and cg : 0 — [0, cppr] with 0 < py, < par and 0 < cppr;
3. The coupling parameters o : Q — (¢, 1] and : Q — (0, Bar] are strictly positive;
4. The scalar fields A, cg, by, ag € R are such that X\ > 0 and ag,co > by > 0;

5. The forcing terms are chosen such that g, H € L*(Q2) and f € L?(2).

2.2 Four-field formulation

As in [7], we refer to the four-field formulation of the THM problem obtained by introducing the total
pressure auxiliary variable ¢ = AV-u — ap — ST (|20, 47]), in which we include all the volumetric
contributions to the stress tensor.

We introduce the functional spaces V = H}(Q2), V = H}(Q), and Q = L*(Q2). Then, the weak
formulation of (1)) reads: find (u,p,T,¢) € VXV xV x Q such that:

+((P7V'V) - (Vuﬂﬂ) = (Ha8)+(97Q)+(f7V)a
for all (v,q,S,19) € VxV xV x @ where the bilinear form M : V x V x @ — R is given by:

(3)

M((p> Tv 90)7 (Q7 57 w)) :Mp(pa Q) + MT(T7 S) + MAO(‘707 w) + MpT(Tv CI) + MpT(Sa p)
+ Mpp (g, ¢) + Mpp(p, V) + Mry (S, ) + Mry (T, 1)).

" My(p,q) = (cap;q), Mrp(T,S) = (agT,S), My(p,¢) = %@ V),
Myr(S.0) = (0o .00, Myl ) = (§0r0) . Mro(.0) = (§5.0)).
where: 2 e o
Ca=coty  ag=agt baﬁ__b()"‘T



Remark 2. The convection term c¢;NVT - (KVp) should not be tested by an H'-regular function,
since it is only in L'(Q). However, it can be inferred from the thermal energy equation and the
assumption on the problem data that c;VT - (KVp) € H~Y(2), where H=1 () is the dual space of V.
Therefore, the third term in the left-hand side of has to be intended as the duality product

(s VT - (KVp), S) g-1(0), 11 (0)-

For additional details on the well-posedness of coupled Darcy and heat equations, we refer to [15].

3 Discretization

The aim of this section is to derive the PolyDG approximation of problem . We start by introducing
some preliminaries, then, we discuss the PolyDG scheme, in which we exploit the Weighted Symmetric
Interior Penalty formulation (WSIP) [32], in order to make the method able to cope with strong
heterogeneities in the physical coefficients. A particular focus will be devoted to the linearization and
stabilization procedures.

3.1 Preliminaries

The aim of this section is to introduce some instrumental assumptions and results on the PolyDG
method. For designing the PolyDG discretization of Problem we start by introducing a polytopal
subdivision 7 of the computational domain €2 and its features. An interface is defined as a planar,
simplicial subset of the intersection of the boundaries of any two neighboring elements of 7. In
the following, we denote with F, F7, and Fp the set of faces, interior faces, and boundary faces,
respectively. In what follows, we introduce the main assumptions on the mesh 7, [25, 27].

Definition 3.1 (Polytopic regular mesh). A mesh T}, is said to be polytopic reqular if Vi € T, there
exist a set of non-overlapping d-dimensional simplices contained in r, denoted by {SE}rco., such
that, for any face F C Ok the following condition holds: h, < d |SE| |F|~1.

Assumption 3.1. Given {Ty}n, h > 0, we assume that the following properties are uniformly satisfied:
A.1 Ty is uniformly polytopic-reqular;

A.2 For any neighbouring elements k¥, k™ € Ty, an hp-local bounded variation property holds, i.e.
hn+ S hn* ,S hm*'

Note that the bounded variation hypothesis is introduced to avoid technicalities. Under
the following inequality (trace-inverse inequality) holds [26]:

_1
[vll22om) < Cirhin ® €Vl r2ey Vo € P(k) Vi € Th,

where P’(k) is the space of polynomials of maximum degree equal to ¢ in &, h, is the diameter of
Kk € Tp, and Cy > 0 is independent of £, h,, the number of faces per element, and the relative size of
a face compared to the diamater of the element it belongs to.

For the sake of simplicity, we assume that the parameters ©,K, pu, and c; are element-wise
constant. Then, we can introduce the following quantities:

C—)H: (‘\/ ®|f€|%> ’ K/-c: (|\/ K|f€|%> ’ Mk :M|m Cfr :cf’m

where | - |3 is the (2-norm in R?*?. We remark that this assumption is reasonable in the context of
groundwater flow models, where the data are derived through local measurements.



3.2 The PolyDG-WSIP discrete problem

In this section, we present the WSIP method [32] and discuss its application to the THM problem.
The key ingredient of the method is to use weighted averages instead of arithmetic ones. The use
of weighted averages has been introduced for elliptic problems in [5I] and then developed for dis-
continuous Galerkin methods (dG-WSIP) for dealing with advection-diffusion problems with locally
vanishing diffusion [32]. As one of the aims of this work is to inspect the robustness with respect to
the model’s coefficients, we use this modification of the standard PolyDG scheme.

For the definition of the WSIP method we introduce the weight function w™ : F; — [0,1] [32, B5-
37, 51]. Given an interior face F' € F, we denote the values taken by w™ and w™ = 1 —w™ on the face
Fas w|j§ and w| 5, respectively. Given the function w we can introduce the notion of weighted averages
and jump operators, denoted with {{-}} and [[-]], and of normal jump, denoted by [[-]],, [10, B2]:

[a] =a*n*+an", [a]=at@n*+a ©n, [a],=a"-n"+a -n,
fa), =wta* tw @ {a),=wtat twa, A}, =wAT tw A,

where a ®n = an”, and a, a, A are (regular enough) scalar-valued, vector-valued, and tensor-

valued functions, respectively. The subscript w in the weighted-average operator is omitted whenever
w™ =w” = 1/2. On boundary faces F' € Fp, we set [[a]] = an, {a}}, = a, [a] =aon, {a}}, =
a, [[a], = a-n, {A}}, = A. For the averages, this corresponds to consider w* single-valued and
equal to 1.

We start deriving the PolyDG-WSIP formulation of problem by intoducing the discrete spaces
that are used in the following. Given m, ¢ > 1, we define:

Qr = {v € L(Q) : |, € P™(k) ¥ € T}, Vi = {veﬁ(m;m € P'(x) Vneﬁ}, \ - [v,ﬂd.

The PolyDG-WSIP discretization of problem reads: find (ap,pp, Th, on) € VfL X V}f X Vhé x Qp
such that for all (vp,qp, Sh,pn) € Vfl X V}f X Vhe X Q7' it holds

M((Prs Th, 1), (an, Shyton)) + AL (Th, Sk) + Cr(Th, Py Sn) + A} (pr, an) + A (un, vi)

— Bi(#n, va) + Ba(¥n, un) + Drlpn, ¥n) = (£, 9, H), (Vh, an, Sn)) » @
where the bilinear and trilinear forms are defined by:
AL(T, S) = (OV,T,V,S) — / {oviTh, [S]+ [T]-{OVish,, — U[[T]]'[[S]])7
FeF

A5 (p,q) = (KVip, Vig) — Z/ {KV il - lal]l + [p]- {KVral,, —f[[P]]'[[(I]]>7

FeF
Aj(u,v) = (2nep(u Z/ {2uen(a) B, < [[v]] + [u]l - {20en(v) }.,, —C[[uﬂi[[v}]),

FeF

Bulg,v) = — (6. Vv +§;/wﬂ (5)

FeF
Ch(T,p,S) = (= 5 (K Vap) - VT, 8) = 3 / (—cs KVuplt - [T]) 45}

Fer,
+ = Z/ {(—c; KVpp} -n| [T S Z / —c; KVpp) -nTS
2 fer Fef
-3 [l

FeFr

For all w € Vh and w € Vfl, Viw and Vj-w denote the broken differential operators whose restrictions
to each element x € T, are defined as Vw,, and V-w|,, respectively, and e,(u) = (th + thT) /2.
In (5)) we set:
+ _ ‘%n + _ 5I¢<n I
T Ge the, KT +ee T
e, t e, K, Tk, po



where c%n =nt’ ©F nt, 513271 =n*’ K*n*. Note that, the PolyDG-WSIP method requires also a
different definition of penalty coefficients with respect to standard IP method [9, 26] B1) 56]. Thus,
the stabilization functions o,§,(, 0 € L°°(Fy) appearing in are defined according to [32] as:

62 62
e () rem e () rem
— , — ,
Oq@,if F e fB, QQFH— F e ]:B;
" o (6)
02 _ h,.
a3y, max — F e Fy, o4 min — F e Fy,
= re{rt i} \ i 0 = ke{rt,w—} \m
2 hy
O‘3Nf-€h7 F e Fp, KChla F e Fp,

where a1, s, a3,a4 € R are positive constants to be properly defined, h, is the diameter of the
element x € Ty, and the coefficients ve, 7k, 7, are given by:

+ 5= + 5— _
. K= Y=

e = O+ 0. Copt

=5

lg, + e,
We point out that in the discrete formulation above, we have decided to consider the same polynomial
degree for the spaces V,f and Vfb, because we are mainly interested in approximation schemes yielding
the same accuracy for all the primary variables.

Remark 3. Note that, in , we have added an additional weakly consistent stabilization term Dy,
for the total pressure following the dG discretization of the Stokes problem analyzed in [6].

4 Solution strategies

The aim of this section is to present three different solution strategies we can exploit for solving
problem . We first present the fixed-point strategy described in [I7], then we extend two splitting
strategies presented in [23], 24] to the PolyDG approximation of the four-fields formulation of the
nonlinear TPE problem. All these algorithms are based on an iterative fashion, where the solution is
computed using the sequence (uﬁ,pﬁ, T,’f, cpfl) for k > 0, where the iterate (u, p?, 77, ¢?) is a (possibly
educated) initial guess.

The proposed algorithms rely on the decoupling of the subproblems involved in the physical
phenomena. In the following, we use the letters F, H, and M to denote the flow , heat , and
mechanics problems, respectively. We remark that, as a first approach, in the mechanics problem
we consider both the displacement u and the total-pressure ¢ as unknowns. Then, the subproblems
in the continuous form read:

F cp—V-(KVp)=g+bT—-aV-u
H aT —¢/VT - (KVp)—V-(OVT)=H +byp— V-u

M —V-(2ue(u) + ¢I) =f
p—AV-u=—ap— T

We start by presenting the fully-coupled scheme FHM — presented in Algorithm [I] — which only
results in a linearization procedure, coupled with a fixed-point iteration scheme, in which we ap-
proximate the nonlinear convective term as Ch(T,’f, plfb_l, Sp). The main challenge presented by this
algorithm is that is does require the solution of a large linear system generated by FHM at each
iteration k£ > 0. We remark that, the FHM scheme is the solution strategy presented in [I7].

We consider splitting schemes in which we either decouple all the subproblems and solve each
separately at every iteration (three-step algorithm) or decouple only one subproblem from the other
two which are then solved together (two-step algorithm). Following this notation, we refer to the



Algorithm 1 FHM: the monolithic scheme
Input:

. X,L (uh, ph, T,? , cph) — initial condition, > zero solution or solution to the linear problem
e toll,ps, tolle; — tolerance for the absolute and relative errors (between successive iterations),
¢ nmax — maximum number of iterations.
Output:
e X, = (up,phn, Th, on) — solution,
e k — iterations count for convergence
Initialize k <= 0, Eaps < tollaps + 1, and Eye < tolle + 1
while F,,s > toll,,s and FEpe > tolle; and k < nmax do
given p’f“ find X’ZH € sz X Vhé X fo x Q3" such that

My T of ™), (ans Swyn)) + AL (TR, Sp) + Cu(Tr, pf L Sn) + AL () an)
+Ai(uh 7Vh) _Bh(gph ,Vh) +Bh(whauh )+D}L( k—vah) ((f 9, ) (V}L,Qh,S}L))

compute Bups < [ult! — | + o+ = phll + |75+ = TF ] + k! = b
if Juf 0 and [|pf]| #0 and [T} #0 and [k] 0 then

k+1_ k k+1 k k41 k
T phll + 1T, =T | + len T pnll

[y ™ —ugll e,
+ :
TeEl [ A

compute Fq

else
assign Fe < tollyg + 1

end if

update XZ +— Xﬁ“, k+—k+1
end while
Set X, «+ XF

fixed-point strategy in which we solve the linearized problem monolithically at every iteration as a
one-step algorithm. For instance, a two-step algorithm where the flow and mechanics subproblems
are solved together decoupled from the heat subproblem is referred to as FM-H and similarly for
other combinations of coupling/decoupling of the subproblems.

The two splitting schemes we propose are the FM-H and the F-H-M schemes and are presented
in Algorithm [2land Algorithm 3] respectively. We remark that, in these schemes the F and H problems
are always decoupled. Following this strategy, we observe that the problem in which the temperature
is involved is always a linear problem, then we do not need to consider two nested iterative procedures
due to the splitting iterations together with the linearization algorithm to deal with the convective
nonlinear term.

For Algorithms we employ the following stopping criterion:

X
>l —2F) < tolly or > ”x_

ze{un,pn, Th,on} x€{up,pn,Th,¢n}

where toll,, toll, are suitable positive tolerances that can vary according to the employed solution
strategy.

5 Convergence analysis: F-H-M algorithm

The aim of this section is to present the main theoretical results related to the F-H-M splitting
solution strategy. We provide a discrete stability estimate and establish the Convergence theorem
of the iterative procedure. The auxiliary lemmas and the proof of Theorem [5.1] Theorem [5.2] are
postponed to Section [§] for the sake of presentation. First, we introduce the dG—normS that appear in



Algorithm 2 FM-H: coupled flow and mechanics

Input:
. X?L = (u%, pg, T,? , cp%) — initial condition, > zero solution or solution to the linear problem
e toll,ps, tolle; — tolerance for the absolute and relative errors (between successive iterations),
¢ nmax — maximum number of iterations.
Output:
e X, = (up,phn, Th, on) — solution,
e k — iterations count for convergence

Initialize k < 0, Eaps < tollaps + 1, and Epe < tolle + 1
while F,,s > toll,,s and FEpe > tolle; and k < nmax do
Step 1: given T}’Lﬁ find (u k“,pﬁ“,(pﬁ“) € VfL X fo x Q3 such that

My an) + Mo (o3 0n) + Mo (05 ¥n) + Moy (an, @)

+ AP (pF Y qn) + A5 (uf T v) = Br(f T va) + Br(yn, uf )
+Dh( k+1vwh) (( ) (vthh)) _MpT(T}]fth) _MTQO(T}IzC?w)
Step 2: given (u k“,pi“,gpffl) find T}’f"’l € Vi such that
M (Tt Sn) + AL (TR, Sh) + Cr(Tt py ™, Sn)
= (H,8n) = My (Sn, pi ™) = Moo (S, @i ).
compute Eaps  [[up ™ —uf|| + lpp ™ — pfl| + 177 — TF| + [lof ' — of |
if [Julf #0 and [|p] #0 and ||} #0 and |lof] # 0 then

compute Fye HHTI;HUH llp Tplhﬂph\l + HTkHJrTl,i;\Tﬁ” + \I«p"‘T;JFO’EH
else
assign Fye < tollye + 1
end if
update XZ’ — XZ‘H, k< k+1
end while
Set X, Xﬁ

the results:

ISIGer = 1VO VasSI>+ > lo' 2 [S]1IE - VS eV,

FeF
lallde, = IVK Vagl®> + > 1€ [q]) I3 VqeVy, (7)
Fer
IVlidg.e = 1V21 en(V)|I” + Z V2 V] |2 VveVr).
Fer

Theorem 5.1 (Stability of the discrete problem). Let the assumptions of the Lemmata [8.1, [8.3,
. - below be satisfied and let the transport velocity n = —cyKV,py, € V be such that

Mldc,0 S a1 < ao,

with a; > 0 defined in Lemma and hidden constant independent of K, ©. Moreover, let us
define the solution at step k as XF = (ufl,pﬁ,T,lf,cpﬁ) € Vf; X V}f X V}f X Qpt. Then, the solution
XfLH € sz X V,f X th X Q7 to problem ({)) satisfies the a-priori bound

(a0 — ay) | Tal* + collpnl® + Bllwnl* + HuthGe +pnllacy + 1 Thllicr S RHS(E, g, H, XJ)

where RHS(+) is a suitable positive function and the hidden constant is independent of the conductivity
tensors K, © and the mesh size h.



Algorithm 3 F-H-M: decoupled flow, heat, and mechanics

Input:
. X?L = (u%, pg, T,? , cp%) — initial condition, > zero solution or solution to the linear problem
e toll,ps, tolle; — tolerance for the absolute and relative errors (between successive iterations),
¢ nmax — maximum number of iterations.
Output:
e X, = (up,phn, Th, on) — solution,
e k — iterations count for convergence
Initialize k <= 0, Eaps < tollaps + 1, and Eye < tolle + 1
while F,,s > toll,,s and FEpe > tolle; and k < nmax do
Step 1: given (uf,TF, ¢F), find p’fLH € V¥ such that

My an) + AL (01 an) = (9:an) — Mz (T an) — Mo (an, #5)
Step 2: given (uf,¢¥) and p’flﬂ, find T,f“ € V¥ such that

MT(T}]:Jrl? Sh) + Az(Tl]:+17 Sh) + Ch(T}lf+17p§+1v Sh)
= (H,Sp) — Mpr(Sh, i) — Mry(Sh, o)

Step 3: given (pﬁ“,T,’fH), find (quH,TfH) € Vi x Vi such that

Mo (T Sy) + AL (TE, Sp) + Cu (T piT, Sh)
= (Ha Sh) - MpT(Shva+l) - MTcp(Shy (PZ+1)-

k k k k
compute Faps < [[up ™ — |+ llpy ™ = phll + 1T = Tl + [l ™ — okl

if fJuf 0 and [|pf]| #0 and [} #0 and [h] 0 then

ubt —ubll e el ITET =T b =kl
compute Fo +— —2= o b ThD L Lok O
p rel CH] AL ITEl Al

else
assign Fe < tollyq + 1

end if

update XF « Xi“, k+—k+1
end while
Set X, «+ XF

Theorem 5.2 (Convergence of the iterative scheme). Let the assumptions of Theorem hold.
Additionally, assume that for all k > 1

2
52 a bQB a2 al <01 — 7‘;5 — i;)
E>2 9 p <1, > AP —, Tk < 1 ’ 8

with ay, by, ¢1 > 0 defined in Lemma[8]] and hidden constant independent of the model parameters.
Then, the F-H-M splitting strategy defined in Section[]] converges, namely

VixVEXVEX QT3 (eﬁ,eﬁ,e%,eg)%o as k — oo.

6 Numerical results

The aim of this section is to assess the performance of the scheme in terms of accuracy and robustness.
For the two-dimensional simulations, the sequences of polygonal Voronoi meshes has been generated
with Polymesher [52]. All the penalty coefficients a;, i = 1,...,4 in @ are set equal to 10. The
simulations in the two-dimensional setting have been carried out in lymph [§], while we have used
FEniCS [2] for the three-dimensional ones.
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At iteration k > 0, W No—-k=k+1 (- Yes
[given (u*, p*, T, ‘PkU LCheck convergenceH (u,p, T, v) ]

Solve F Solve H Solve M
s phtt _y k1 N

(uk, pEt1 Tk k) (uk, pktl, TR+l k)

Figure 1: Graphical representation of the F-H-M splitting solution strategy

Thanks to the introduction of the total pressure stabilization term, we can use equal order ap-
proximations for the four unknowns of the problem. Thus, in every test we set £ = m and, for the
sake of simplicity, we make use only of the symbol ¢ to denote the polynomial degree.

6.1 Convergence Test in 2D

We start the analysis by assessing the performance of the method in terms of accuracy. We consider
problem in the domain Q = (0, 1)? with the following manufactured analytical solution:

sin(2my) (cos(2mx) — 1) + pry sin(7z) sin(my)
u(:z:,y) = ) 1 . . )
sin(27z) (1 — cos(27my)) + P sin(mz) sin(my)

p(z,y) =sin(rz)sin(ry), T(z,y) = sin(nzx)sin(7y),

through which we infer both the boundary conditions and forcing terms. The model coefficients are
reported in Table [2| see e.g., [44].

ao [Pa/K?] | 0.2 a[-] 0.1 i, A [Pa] 1, 20
bo [K™1] 0.1 B PaK™'] | 0.1 K [m?Pa~'s™] 1
co [Pa™) 0.3 cs [PaK™2] | 0.1 ® [m?PaK 2?57

Table 2: Test case of Section problem parameters for the convergence analysis.

The convergence of the PolyDG scheme is tested both with respect to the mesh size h and to the
polynomial degree ¢. For the h-convergence a sequence of polygonal Voronoi meshes is considered
and we set the polynomial degree ¢ = 2. For what concerns the convergence with respect to £ and
for a fixed mesh size, we fix a computational mesh of 50 elements and vary the polynomial degree
¢ =1,2,...,8. In Figure 2, Figure |3| we show the computed errors in the L?- and dG-norms defined
as in @ versus h and /¢, respectively. In both cases, we observe that the results match the predicted
convergence rates in the framework of PolyDG spatial discretizations [7, Theorem 5.3].

i 100 | | —+—u,(FHM)
1 —&—uu(FM-H)
" L 1071 | ——uy, (F-H-M)
S 1 8 § | —+— pr(FHM)
g 51072 ¢ 4 —o- p(FM-H)
= % _3 B 1 —¢ pn(F-H-M)
1072 ¢ 4 —+ T,(FHM)
4l 1 -6 Tu(FM-H)
10_8 (| L > | 10 § L] Ll & E +Th’(F_H_M)
10! 10” 10! 102
1/h 1/h

Figure 2: Convergence test vs h in 2D: computed errors in L?-norm (left column) and dG-norms (right column) versus
1/h (log-log scale).
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—+— u,, (FHM)

| —©—up(FM-H)
—%— uy, (F-H-M)
| —+ pn(FHM)
—©— pn(FM-H)
—*— pp, (F-H-M)
—— T, (FHM)
—&— T, (FM-H)
| T, (F-H-M)
---exp (—3¢)

1071

10~°

L?-errors
Energy-errors

1079

—13
%4 ¢ s

Figure 3: Convergence test vs £ in 2D: computed errors in L*-norm (left column) and dG-norms (right column) versus
1/h (log-log scale).

For what concerns the convergence vs h we observe that, by using ¢ = 2, the L?- and dG-errors
for all the three unknowns go to zero as h® and h?, respectively, as predicted by the theory (see
e.g., [7]). We point out that the lines representing the error trends for pressure and temperature
are superimposed. For what concerns the L?-errors, we achieve h‘t! convergence. Looking at the
convergence with respect to ¢ we see that in the two cases, both for the L?- and the dG-errors, we
observe an exponential decrease of the error.

We conclude this section by investigating the iteration counts that are needed for achieving the
desired convergence of the three different schemes. We observe that a trivial comparison of the
iteration counts of the three methods is not sufficient, since the specific iteration will have a different
computational cost. For the three methods we consider the same stopping criterion: we stop the
scheme when the norm of the absolute difference of two successive iterations is below 107¢ or when
the norm of the relative difference of two successive iterations is below 1076 as in [23]. In Table
Tablewe display the iteration counts for the three methods and the corresponding speed-ups (for the
splitting solution strategies) in the h-convergence test and in the ¢-convergence test, respectively. The
correspondiing computational times [s] can be found in First, we observe that all the three solution
strategy converge for every refinement considered and that the iteration counts are independent of the
number of elements in the mesh. We remark that this makes the solution strategies extremely scalable
with respect to Ng;. For what concerns the convergence with respect to the mesh size h, we also notice
a significant speed-up for the two splitting solution strategies — that perform in a similar way — with
respect to FHM, while the speed-up is less evident in the convergence test vs the polynomial degree
of approximation. We observe that one of the reasons for which we obtain this speed-up relies in the
fact that Lymph solves the resulting linear systems in a direct fashion. Indeed, in the splitting solution
strategies it is possible to store the factorization of the matrices related to F, M, and FM problems
computed at the first iteration and then exploit them in the remaining iterations.

Nei 50 100 310 1000 3100 10000 31000 100000
FHM #it 4 4 4 4 4 4 4 4

#it 4 4 4 4 4 4 4 4
FM-H Speed-up 1.19 1.31 149 1.73 2.13 2.58 3.30 4.83

#it 3 3 3 3 3 3 3 3
F-H-M Speed-up 0.46 1.31 1.59 1.91 229 2.86 3.69 4.93

Table 3: Convergence test vs h in 2D: iteration counts of the three solution algorithms for the convergence and speed-ups
of the splitting solution algorithms with respect to the FHM scheme versus the number of elements. The computational
times [s] are reported in
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L 1 2 3 4 5 6 7 8

FHM #it 4 4 4 4 4 4 4 4

FM-H #it 4 4 4 4 4 4 4 4
Speed-up 3.19 145 149 159 1.80 182 187 1.96

F-H-M #it 4 4 4 4 4 4 4 4

Speed-up 3.49 141 137 144 158 151 1.17 1.13

Table 4: Convergence test vs £ in 2D: iteration counts of the three solution algorithms for the convergence and speed-ups
of the splitting solution algorithms with respect to the FHM scheme versus the polynomial degree of approximation.
The computational times [s] are reported in@

6.2 Convergence Test in 3D

We now assess the performance of the solution strategies, in terms of accuracy and computational
costs, in a three-dimensional setting. We consider problem in the domain Q = (0,1)® with the
following manufactured analytical solution:

2(cos(2mz) — 1) sin(27y) sin(27z) + p ! sin(7zx) sin(my) sin(27z)

+A
u(z,y) = | sin(2mx) (1 — cos(2my)) sin(27z) + . j_ 3 sin(7zx) sin(7y) sin(27z) |,
sin(27z) sin(27y) (1 — cos(272)) + Jlr ;y sin(mz) sin(7y) sin(272)

p(z,y) = sin(rz)sin(ry)sin(rz), T(x,y) = sin(rz)sin(my) sin(7z),

through which we infer the boundary conditions and forcing terms. The model coefficients are reported
in Table [2| and are the same of Section [6.1} The convergence of the DG scheme is tested with respect
to the mesh size h. To this aim, a sequence of theatrahedral meshes is considered and we set the
polynomial degree ¢ = 1. In Figure 4| we show the computed errors in the L?- and dG-norms defined
as in @ versus h and and we observe that the results match the predicted convergence rates in the
framework of PolyDG spatial discretizations [7, Theorem 5.3]. Indeed, we observe that, by using
¢ =1, the L?- and dG-errors for all the three unknowns go to zero as h? and h, respectively.

109 F® = .

B B 101 | | —— u,(FHM)

i ] i |~ u,(FM-H)
wn 1071 £6 E ” - | —x_Uh(F—H—M)
S g 1 8 0 | —+ pu(FHM)
g B 15 100 |~ pr(FM-H)
W 1072 1R i 1 = pp(F-H-M)
& 1 - S 1 —— T, (FHM)

i Sgol 2 i g ~71| S Tn(FM-H)
1073 ¢ ‘ e 10-1L | U8 | e T (F-H-M)

10° 1095 10! 100 1095 10t
1/h 1/h

Figure 4: Convergence test vs h in 3D: computed errors in L?-norm (left column) and dG-norms (right column) versus
1/h (log-log scale).

As before, we conclude this section by investigating the iteration counts for the three different
schemes and the associated speed-ups. We consider the same stopping criterion as in Section [6.1] In
Table[5] we display the iteration counts needed for the convergence of the three methods and the speed-
ups (for the splitting solution strategies) in the h-convergence test. The corresponding computational
times [s] can be found in As observed for the two-dimensional setting, we can appreciate the
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scalability of the solution algorithms with respect to the considered number of elements. Also in this
case we observe a good speed-up, especially for the F-H-M strategy, even if it is less evident with
respect to the the two-dimensional setting.

Remark 4. In this setting, the linear systems cannot be solved with a direct method, but an iterative
solver meeds to be introduced. To compare the different solution strategies without influencing the
results by the solvers of the individual subproblems, we consider the solution of all linear systems using
GMRES with an ILU preconditioner. We note that a more extensive investigation could be conducted
for the individual subproblems, also taking into account the robustness of the solution strategies with
respect to the model’s physical parameters (cf. . The implementation of these techniques would
improve the performance of splitting methods compared to the FHM strategy, allowing us to achieve
a larger speed-up. This will be the subject of future work.

Nei 48 1296 6000 16464 34992 63888 105456 162000
FHM Fit 3 3 3 4 4 4 4 4
FM-H #it 3 3 3 3 3 3 3 3
Speed-up 1.05 1.39 1.39 1.69 1.73 1.73 1.64 1.60
F#it 3 3 3 3 3 3 3 3

F-H-M
Speed-up 1.00 1.82 1.91 2.38 2.48 241 2.56 3.07

Table 5: Convergence test vs h in 3D: iteration counts of the three solution algorithms for the convergence and speed-ups
of the splitting solution algorithms with respect to the FHM scheme versus the number of elements. The computational
times [s] are reported in

6.3 Robustness test

The aim of this Section is to investigate the robustness properties of the solution strategies. In [7]
the robustness of the four-fields PolyDG approximation of the TPE problem, coupled with the fixed-
point iteration strategy (cf. FHM scheme) has already been addressed for the quasi-static problem.
Moreover, in [I7] the robustness of this formulation has been studied for the steady problem, with a
particular focus on the nonlinear convection term. We focus on the four test (inspired by [7], [44]) listed
in Table @ while the parameters o, 3, u, and ¢y are chosen as in Table @ The space discretization

parameters and the stopping criterion are chosen as in the h-convergence test case presented in
Section [6.11

Coefficient Test (i) Test (ii) Test (iii) Test (iv)
ao [PaK™?] 0 0.2 0.2 0.2

bo [K™) 0 0.1 0.1 0.1
co [Pa™!] 0 0.3 0.3 0.3

A [Pa] 10° 1 1 1

K [m?Pa's™!] I 107°1 I 107°1
© [m?PaK 2s7!] I 107°1 107°1 I

Table 6: Test cases of Section problem parameters for the robustness analysis.

We recall that increasing the value of the first Lame coefficient A > 1 means going towards
the quasi-incompressible limit. In Figure [5| we report the results of the robustness tests for the three
solution strategies. Along the rows of Figure[5] we report the dG-errors for the displacement, pressure,
and temperature fields, respectively, while along the columns we report the errors for the same field
in different model parameters’ configurations. Then, for every subplot of Figure [5| we compare the
performance of the three solution strategies keeping fixed the test case and the unknown of interest.
First, we notice that for (almost) all the test cases and for all the unknowns the computed results
for the three schemes are very similar. The only exception is the first test case (iv) for which the
FHM fails in solving the last refinement. However, the results for previous mesh levels are the
same for the three schemes. In terms of robustness of the method, the results are coherent with our
expectations and with what has been observed in [7], [I7]. Indeed, the schemes are robust in all the

14



four tested scenarios and we always achieve convergence with the desired convergence rate, i.e. h* (as
already shown in Section Section. By looking at the absolute values of the errors, we observe
that the displacement-error values are the same for all the tests. For what concerns the pressure
and temperature errors, we notice that their values are also affected by the absolute values of the
conductivity tensors, that enter in the definition of the dG-norms, cf. @ We remark that, with
the stabilized convective trilinear form, we have achieve convergence also in the advection-dominated
regime (iii). The results are in agreement with what observed in [7, [17].

dG-Errors u dG-Errors p dG-Errors T

o T T \\\\\H\. 1 \\\\H\ T T T T 1 \\\\H\ T \\\\\H\.
100 | (i) | W0 7 107" @ 1) |
101} 07 IR
02| |10 1107 i
| —o-FM-H NEE ] ] i ] 2 |
10-3 | =< F-H-M g | 107" ER ‘ E
E i1l L Lol B C N Cvil Lol 1
10 102 10t 102
r B T T T T
100 | E g | 07 e E
i 1 105¢ E E ]
[ 8 F E -2 L =
107" 1 {1
; ; 10—6; 5 I ]
1072} E | | 10_3? E
i [ 107} 1 ool i
10_3?\\\\\\\ Lol E E\\HH\ Lol E 10 g\\\\u\ Lol g
10t 10 10t 102 10t 102
T T T T E 3
10_15 E F E
100 | E B ] " 1
i | i {1070 E
i : -2 - B i
1071 17 {1070} E
102 : | 108} 1 107) ]
I | 10| | 108} g
1073?\\\\\\\ Lol E 10 E\\\\H‘ Lol % E\\\\H‘ Lol E
10t 102 10t 102 10t 102
T T T T T T T T T T
100 | | 107 e 1 107 @
01| IR |0}
1072 | 107 00}
10_3;\\\\\\\ Lol é 1077?\\\\\\\ Lol é 1077;\\\\\\\ Lol é
10t 10 10t 102 10t 102

Figure 5: Robustness test: computed errors in dG-norms versus 1/h (log-log scale) for the displacement field (left
column), pressure field (middle column), and temperature field (right column) for test case (i) (first row), test case (ii)
(second row), test case (iii) (third row), and test case (iv) (fourth row).
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In Table [7}- [I0] we report the iteration counts for the convergence of the three methods and the
computed speed-ups (for the splitting schemes) versus the number of elements. The corresponding
computational times [s] can be found in As already observed for the convergence test, we see
that all the solution strategies are scalable with respect to the number of elements, as the iteration
counts for achieving convergence are independent with respect to the number of elements considered
in the mesh. Second, we observe that in the first three tests — especially in (i), (iii) — we achieve
a remarkable speed-up with the use of splitting strategies with respect to the FHM scheme. There
is no clear evidence that one of the two splitting strategies can guarantee better results in terms of
computational times, but it seems that when very small coefficients appear in the model, keeping
the coupling and not splitting the overall problem can give better results with respect to solving
the subproblems separately. We remark that these considerations are in agreement with the theory
developed in [7]. This is more evident in the test case (iv), where the FHM performs better in
the first refinements with respect to the splitted strategies. However, we observe that considering a
splitting scheme gets more and more advantageous when increasing the number of elements. Indeed,
in the last refinement, we are not able to solve the problem with the monolithic scheme, but we achieve
convergence with the splitting ones.

Nei 50 100 310 1000 3100 10000 31000 100000
FHM #it 5 3 3 3 3 3 3 3

#it 3 3 3 3 3 3 3 3
FM-H Speed-up 1.59 1.30 145 1.64 1.98 2.34 291 4.12
F-H-M #it 2 2 2 2 2 2 2 2

Speed-up 0.57 1.39 1.66 2.00 2.40 2.99 3.91 5.23

Table 7: Robustness test (i): iteration counts of the three solution algorithms for the convergence and speed-ups of the
splitting solution algorithms with respect to the FHM scheme versus the number of elements. The computational times
[s] are reported in

Na 50 100 310 1000 3100 10000 31000 100000
FHM #it 2 2 2 2 2 2 2 2
#it 4 4 4 4 4 4 4 4
FM-H Speed-up 0.83 0.88 0.97 1.07 124  1.46 1.79 2.86
oM H#it 5 5 5 5 5 5 5 5

Speed-up 0.28 0.67 0.73 080 092 1.0656 1.29 1.93

Table 8: Robustness test (ii): iteration counts of the three solution algorithms for the convergence and speed-ups of
the splitting solution algorithms with respect to the FHM scheme versus the number of elements. The computational
times [s] are reported in

Na 50 100 310 1000 3100 10000 31000 100000

FHM it 5 5 5 5 5 5 5 5
it 5 5 5 5 5 5 5 5

FM-H g cedup 107 133 153 181 227 2.82  3.67 559

H#it 5 4 5 5 5 5 5 5
F-H-M Speed-up 0.44 1.33 1.33 156 1.88  2.32 2.94 4.06

Table 9: Robustness test (iii): iteration counts of the three solution algorithms for the convergence and speed-ups of
the splitting solution algorithms with respect to the FHM scheme versus the number of elements. The computational
times [s] are reported in
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Ne 50 100 310 1000 3100 10000 31000 100000

FHM #it 2 2 2 2 2 2 2 -

#it 3 3 3 3 3 3 3 3
FM-H Speed-up 048 049 0.54 0.60 0.71 0.86 1.21 —
F-H-M #it 2 2 2 2 2 2 2 E

Speed-up 0.21 0.39 0.42 045 0.50 0.57 0.74

Table 10: Robustness test (iv): iteration counts of the three solution algorithms for the convergence and speed-ups of
the splitting solution algorithms with respect to the FHM scheme versus the number of elements. The computational
times [s] are reported in

7 Geothermal test case in three-dimensions

In this section we present the results for a realistic model problem inspired by geothermal energy
production [7]. We consider a box domain = (0,4km) x (0,2km) x (0,2km) and we discretize it
with a tetrahedral mesh. We consider different levels of refinement for the mesh: 96000 tetrahedrons
with mesh size h ~ 0.17km, 324000 tetrahedrons with mesh size h ~ 0.12km, 768000 tetrahedrons
with mesh size h ~ 0.09km, and 1500000 tetrahedrons with mesh size h ~ 0.07km. The approximation
degree is £ = 1. On top of these meshes, we compare the performance of the three algorithms FHM,
FM-H, and F-H-M. In order to mimic the injection and extraction of a fluid (e.g. water) in the
subsoil we impose the following set of boundary conditions:

u=0, D = Pinjs T = Thy;, on [iyj,
u = 07 P = Pext, fV(T - Tref) +OVT  -n= 07 on I‘exm
on =0, KVp-n=0, V(T = Tyef) + OVT - n =0, on 902\ (Tinj U Text) ,

where the parameter v is taken equal to 0.05, Ty = 20°C, I'ip; = {0} x (0,2km) x (0,2km), and
Fext = {4km} x (0,2km) x (0,2km). The injection temperature profile is taken as and Ti, take the
following general form

Om if0<y<a,
¢m+w%¢m(1—cos(7r%>) ifa<y<b,
Py, 2) =  dum ifb<y<ec
(Z)m—Fw(l—COS(W%)) if c <y <d,
( Pm ifd<y<e,

with the following choice of parameters
Tinj = —¢(z) with (a,b,¢,d, e, ¢m, ¢rr) = (0.7km, 0.9km, 1.1km, 1.3km, 2km, 0°C, 100°C).

We supplement our problem with zero loading terms f, g, h, zero initial conditions (ug, pg, Tp). We
perform the simulations with a realistic choice of parameters, in particular they are taken identical to
[16, [17, 23], their values are reported in Table

ap [MPa/K?] | 4.6-107° a -] 1.0 i, A [MPa] 2.475 - 10%, 1.65 - 102
bo [K™1] 3.03-107* B [MPaK™'] | 45.107* K [km? MPa™! ms™] 9.87-107°1
co [MPa™?] 3.03-107* cs [MPaK™?] 4.186 © [km®> MPaK ™ 2ms™] 1.7-1073

Table 11: Geothermal test case in three dimensions: problem parameters for the geothermal energy production test case

In Figure [6] we report the results for the geothermal test case in a three-dimensional setting solved
with the F-H-M solution strategy on 1.5 millions of elements (total number of degrees of freedom
3.6-107). First, we observe that the injected fluid is rapidly brought to the reference temperature by
the system (cf. Figure[f] (bottom-left)). Second, by looking at the pressure field (cf. Figure[6] (bottom-
right)) we observe a zone of high-pressure in the inflow region. Last, by looking at the displacement
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Figure 6: Test case of Sectionlﬂ computed displacement field in y- (top-left) and z— (top-right) directions, computed
temperature field (bottom-left), and pressure-field (bottom-right). The domain is clipped at = 0.05 and the two slices
are at y = 0.9 and z = 1.1. The deformation is magnified by a factor 150. The solution strategy is the F-H-M scheme
and the solution is computed over 1.5 millions of elements (total number of degrees of freedom 3.6 - 107).

field, we observe that the injection of cold fluid induces a negative displacement in the x-direction in
the inflow region and it induces a tighting of the porous media in the y- and z-direction. This particular
phenomena is triggered by the temperature gradient of the fluid and it highlights the importance of
taking into account the thermal coupling with the more classical poroelastic model. These results
are in agreement with the ones presented in [7]. We remark that, for the sake of representation, in
Figure |§| the deformations of the domain are scaled by an appropriate factor (indicated in the figures
caption). No particular differences are observed between the results of the FHM and the F-H-M
schemes, consistent with what was observed in the previous Sections. For what concerns the FM-H
scheme, we can notice that the simulation captures the most important behaviours of the solution
(e.g., the shrinking of the domain in the inflow region), but the results are slightly different with
respect to the other two solution strategies.
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Figure 7: Test case of Sectionlﬂ computed displacement field in y- (top-left) and z— (top-right) directions, computed
temperature field (bottom-left), and pressure-field (bottom-right). The domain is clipped at z = 0.05 and the two slices
are at y = 0.9 and z = 1.1. The deformation is magnified by a factor 150. The solution strategy is the FM-H scheme
and the solution is computed over 768 thousands of elements.

Nei 96000 324000 768000 1500000
FHM #it 3 3 — -
#it 5 5 5 —
FM-H Speed-up  1.76 1.89 - —
FoHLM #it 18 18 18 18

Speed-up  0.24 0.28 - —

Table 12: Geothermal test case in three dimensions: iteration counts of the three solution algorithms for the convergence
and speed-ups of the splitting solution algorithms with respect to the FHM scheme versus the number of elements. The
computational times [s] are reported in

In Table we report the iteration counts and the computed speed-ups for the solution of the
test case considered different number of elements and different solution strategies. The computational
times [s] can be found in [Al First, we observe that the iteration counts needed by the schemes for
solving the problem is independent by the number of elements of the mesh (moreover, we remark
that the tolerances of the fixed-point and of the splitting strategies are independent of the mesh size).
Second, we observe that the FM-H solution strategy is the one that performs the best in terms
of computational times, while the F-H-M 1is the one that performs the worst. These results are
in agreement with the theoretical results presented in [7], where it is clear that the complete fully-
coupling of the four-field PolyDG formulation for this problem can enhance the robustness properties
of the method. However, it is important to highlight that, despite being the scheme with the worst

19



uh' y
-4.8e-04 -0.0002 0 0.0002 4.8e-04 -8.2e-04 -0.0005 0 0.0005 8.1e-04

s -

-1.1e+02 -80 -60 -40 -20 1.5e+00 -4.7e-01 5 10 15 20 25 303.4e+01

Figure 8: Test case of Sectionlﬂ computed displacement field in y- (top-left) and z— (top-right) directions, computed
temperature field (bottom-left), and pressure-field (bottom-right). The domain is clipped at z = 0.05 and the two slices
are at y = 0.9 and z = 1.1. The deformation is magnified by a factor 150. The solution strategy is the FHM scheme
and the solution is computed over 96 thousands of elements.

performance in terms of computational times, the F-H-M is the only scheme that can be employed
for the solution of the last refinement considered, while the FHM and FM-H shows memory issues
after 324000 and 768000 elements, respectively.

8 Theoretical convergence analysis

We recall that the well-posedness of problem , , and the convergence of the FHM fixed-point
strategy have already been addressed in [7, [I7,22]. The aim of this section is to prove the stability and
the convergence of the proposed splitting schemes. More specifically, we focus on the F-H-M scheme,
since the convergence of the FM-H scheme follows by applying similar arguments. We remark that
the proof of convergence of these schemes can be easily extended to the quasi-static problem, where
the splitting iterations are employed at every time-step. Similarly to the results obtained in [I7], for
the quasi-static problem the conditions on the the problem parameters for ensuring the convergence
of the schemes, can be translated into a condition on the smallness of the time-step.

8.1 Preliminaries

For starting the analysis on the convergence of the F-H-M splitting scheme, we introduce some
auxiliary lemmata; the proof, when not explicitly stated, can be found in [6} [7, [17].
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Lemma 8.1. Let Assumptions[2.1] and [3.1] be satisfied and assume that the parameters oy, ag, and
Qa3 appearing in @ are chosen large enough. Then, the following bounds hold:

AF(T, S) ST lacrlISllac,r AL(T,T) 2 T \da.r V1,8 €V,
AP (p,q) < |pllacpllallac p, AD(p.p) 2 IPlla, ¥ p,q € Vi,
Aj(u,v) S [[ullagellvilac,e, Af (w,u) 2 [ullfe. Y u,veVy,

where the hidden constants do not depend on the material properties and the discretization parameters.

Lemma 8.2. Let assume that Assumption [3.1] holds and that the polynomial degrees £ and m satisfy
{41 >m. Moreover assume that the parameter ay in @ is large enough. Then, following inequality

holds true:

B (Vh, ¢n
sup wﬂLDh(@h,%)
ozv,eve [IVallpa.e

N

> Bllenll  Ven € Qp'; (9)
where B > 0 is possibly dependent on £ and m and the hidden constant is independent of the mesh
size h.

Lemma 8.3. Given Assumption for all vy, € Vf; we define the broken L*° seminorm as

2

- v o0 oo
[Vhlagoo = IVnVallzeqe +max  max |l [va] |l )

then
C(Th, oy Th) 2 —1csKVipnlac.ool|Thll?  VTn € Vi

Lemma 8.4. Let Assumptions and be satisfied. Moreover, assume that oy in @ is taken
large enough, and let £ +1 > m. Additionally, assume that at least two of the following requirements
are verified:

(i)bQme>0 (ii)ag—bOZam>0 (iii)CQ—bozcm>O (iv))\<)\M<oo
Then, there exist strictly positive constants a1, b1, and c1 such that

ar||Tull® + billenll® + cillpall® S M((pr: Thy 1), Phs Ths 01)) + Du(ns o) + [unllia.. + 1112

8.2 Proof of Theorem [5.1]

In the following, we report the proof of Theorem that investigates the stability of the F-H-M
problem.

Proof. We start the proof by focusing on the fluid equation Algorithm To this aim, we take
(Vhy Qhy Shy 1) = (O,pﬁﬂ, 0,0) as test function. This choice leads to:

My (PEE ph Y 4 AP (pi T ity = (g, pE ) — My (TF, pi ™) — Mo (i, o),

by using Lemma [8.1] and Young’s inequality we obtain

k k k
D+ I e S g [l9 — bas T - S

from which we can infer a bound for the L?-norm of the pressure, that reads:

I 5 o [l = o T = S (10)

We now take (v, qn, S, ¥n) = (0,0, T;f“, 0) as test function in Algorithm [3—Step?2

Mg (T T 4+ AT, Sp) + CR(TFE pi T, Sp) = (H, Si) — Mpr(Sh, pi™) — Mzu(Sn, ¢F),
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By using Lemma [} Lemma [8:3] Young inequality, and triangle inequality, we get:

2
ag — a1\ ok 12 k+1)2 < 1 Bk bas H k+1’2

2 HTh H + HTh HdG,T ~ 2(aﬁ — al) H )\gp + 2((15 — CL1) p )

and by using (10]), we obtain:
2
ag — 01 k12 k12 oL Bk baﬁ’ 3 K@ kH2
that yields:
1 I6] b
T2 <L _ Pk af H —poTk_ & H 11
H h H N(ag—al)Q /\90 Cgé (ag—a, P) g o ASO ( )

In the last step of the proof we derive a control for the displacement and the pseudo-total pressure.
Taking (vp, qn, Sk, ¥rn) = (V#,0,0,0) as test function in Algorithm [3—Step3| we obtain:

Br(eh ™, vi) = Af(aytt, va) — (£,va). (12)
Plugging into Lemma using Lemma and using the discrete Poincaré-Korn inequality
[19], we get [17]:
k k k k -
B?[lon 12 S Dot en ™) + 1w g e + p IE11°
We now consider (vy, qn, Sh, ) = (uﬁ“, 0,0, golffl) as test function in Algorithm |3—Step3}
k k k1 gk k k
M (90h+1780h+1) +Ae( +1 +1) +D ( +1790h+1)
= (fa uz—i_l) - MPW(pZ—i_lv SOZJFl) MTL,O(T}]erl) sz-i-l)

We observe that, thanks to @, we have:

-1
7
[y g + Dulep ™ it 2 ||<Pk+1||2 = SN+ *Ilukﬂllda,e
that leads to:
1 k112 4 ke+1 (1 Mm 2, i1z, B k2
ot llen 17+ ||u [HEPS o Ty ) IEIE ||P 1%+ 51T (13)
By plugging (10 , into , we get obtain our result. O

8.3 Proof of Theorem [5.2]

We conclude the section by proving the convergence of the splitting solution strategy, cf. Theorem|[5.2]

Our aim is to show that the difference of approximations at two successive iterations defines is a

contracting sequence. We start by deriving the error equations. Let (u k“,pi“ T;f“, Lplffl) and

(uﬁ,plﬁ,T,’f, cp]fL) be the solutions to F-H-M at the (k 4+ 1) and k" iterations, respectively. For all
k > 1, we define:

k E+1 k k E+1 k k _ pk+1 k k E+1 k
5u—uh — Wy, 5 =P, — DPu 5T—Th -1y, 5 =®Yn  — Ph-

Then, it can be observed that (8%, 5%, 5%, 5% o) € Vi x Vi x ViE x QM solves the problem:

w Yp>

Mp(gllj’ qh) + Afl(d;f’ qh) + MT(dé/;? Sh) + A;}F((Sl'f“a Sh) + Ch(TkJrlvpr—i_l Sh) - Ch(T}]f7pﬁa Sh)
Mo (85, ¥n) + A5 (8%, Vi) — Bu(6E, Vi) + Bu(¥n, 85) + Du(65,von) = =My (85", qn)
- MP‘P(th 55_1) - MpT(Sha 5;];) - MT@(Sha 552_1) - Mpso( p> 7/’/1) - MT@((;Ta @bh)
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Now, we add and subtract the terms +C (T}, p} *1.5,) and we obtain

My (8%, an) + M (85, Sn) + M (85, n) + Mpr(Sh, 68) + My (S5, 1) + Moy (7,1n)

+ AP (08 qn) + AL (6%, Sp) + A5 (8%, vi) + Ca(05, o}, Sn) — Cu(T5 .05, Su) — Br(0k,v)  (14)

+ Bh(z/)h, 5ﬁ) + Dh( 7/’h) pT(‘Sk aq}z) MW(Qha 552_1) - MT@(Sha 55;_1)-
We can now proceed with the proof of Theorem [5.2]
Proof. We start the proof by setting (vi, gn, Sh, ¥n) = (6%,0,0,0) in . for bounding 5

AG(6%, 88) — B (65, 8%) = 0.
As in the proof of Theorem this leads to:
B2(|05 )1 < Dr(65, 55) + 16436,

Then, we can use Lemma to obtain —%||0%.(|> < Cp, (6%, pf, 6%), from which we can infer:

ai
5!!5:'?H2 + 0105117 + enllp 12 + 11851 F.e + 107 e r + 165 e, S allof ) + bill6g)? (15)
+er||61” + 164lde e + 105 ez + 10576, + Ch(5:r,ph, oF),
by summing the same terms at left and right hand side. We can rearrange to obtain:
ai
3\\5’:7’3!!2 + 0|05 1% + eallp 1 + 185 e + 107 e + 165 e, S M5, 5':?3, 55), 5y, 0%, 55)) (16)
+Dn (65, 05) + A5 (84, 4) + Ay (07, ) + A7 (85, 6y) + Cr(SF, i, 7).

We now set (v, qn, Sk, ¥n) = (5k ok 5k 5’“ in ., to obtain:

w0
My (85, 68) + M (65, 05) + My (55, 65) + My (85, 08) + My, (35, 85) + My (85, 0%)
+ AL (67, 08) + AL (65, 0F) + A5, (8%, 85) + Cr(05, 0T, 6F) — Cu(T, 05, 6F) + Dp(05,65) = (17)
— My (8571, 08) — My (65,657 1) — My (65, 65~ 1).

We can now sum and subtract Myr (65, 05), My (0%, 65), My (65, 65) in ([17) to get:
M((85,0%,55), (85, 67, 05)) + AL (85, 05) + AfL (0%, 0F) + A5, (8%, 84) + Cr(8%, ppt', 67) + Du(85, 55)
= Cu(T}, 67, 6F) — Myr (85 — 0571, 68) — My, (oh, 8% — 6571 — Moy (85,05 — 6E71).

that combined with ( @ ) leads to:

”5TH2 + blH5kH2 + 01H5k|’2 + |6k HdG et ||5THdGT + H(SkHdG,p S (18)
Qﬂb%%%wmwrﬁ§W®<%M$$—ﬁU—MM@W$%§U

We are now left to bound the right hand side of . We start by the trilinear form, that can be

treated as in [I7], while the bilinear forms can be bounded as follows:

1 1
k+1_kb< b2 - k+1)12 - k2
(@41 = o 1) < bl + 2 + )

where we have used the Cauchy-Schwartz’s, the Young’s, and parallelogram inequalities. The terms
that appear at right hand side of are then bounded as follows:
€c ?M (1 + Czlr)
a

|Cu(T3, 05, 0%) | S 7||5kH2 T3 V0o lI0 12,

b2 b2
k— k—
%pMT%%@KwWW+WWV%£MW?

k sk k—1 k2 k2 k—112
| = Mypp(35, 8 = 5571 | < e85 + 2A2u5u %2\w I?

2
16517 + A

kosk skl k24
| =My (67,05 — 657) | < eryllop]|” + 2\Zer,

2)\2
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By plugging into (|18) we obtain:

k k k k
||5TH2+51||5 12+ cillgpl® + 188136 + 107 1. + 116, IIdc,pN ||<5TH2

eccf (1+Cp) k k k bﬁ k bﬁ k— k
+—ﬂ7—fm%@mﬁmﬂwﬂ;WmW+“MHWHMMP

+ Hé'“\l2 H5k P+ erg 711 + H5kH2 H<5’“ .

2)\2 2)\2 2)\2 2)\2

We choose €. = 2, ;7 = bi5/2, epp = a2 /A%, and er, = $%/A2, to obtain:

2 2 2 4
o g By o 203,(1+Ch)
(4‘v—QMW+@4M%m(q—5——‘W1W%W\WQ

k K k — k—
185 e e + 107 13er + 105 13ep S 6717 + llog 1

Under Assumptions |8 the map (6’371,55*1, 5{?‘1,5@*1) — (%, 6" Sk, (5’“) is a contraction. Then, the

u’ ’po

conclusion follows by applying the Banach fixed-point theorem. O

9 Conclusions

In this work we have presented two different splitted iterative strategy for the solution of a four-field
PolyDG-WSIP space discretization of the non-linear fully-coupled thermo-hydro-mechanical problem.
The stability estimate and the convergence of the iteration schemes are presented. Numerical simu-
lations are performed to assess the convergence and robustness properties of the method and to test
the applicability of such strategies for real problems’ simulations.

Further developments of the present work are possible. In particular, we mention an in-depth
investigation of the preconditioning of subproblems arising from the splitting schemes, but also the
preconditioning of the whole system. Moreover, an extension to unsteady problems, both in the quasi-
static and dynamic regimes, is of interest. Finally, the extension to other non-linear coupled models
and to viscous media can be relevant both in terms of real-life applications and numerical analysis.
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A Computational times

The aim of this appendix is to show the computational times for the test cases of Section [0, where only
the speed-ups have been reported. All the numerical simulations presented in Section [6] Section [ were
performed using the NEMESIS cluster (2 CPU AMD EPYC 9634 84-Core Processor (336 threads), 1.5
TB di RAM — Resource for sequential applications) at MOX, Department of Mathematics, Politecnico
di Milano.

Nal 50 100 310 1000 3100 10000 31000 100000

FHM #it 4 4 4 4 4 4 4 4
CPU [s] 0457 0.905 3.372 13.698 59.116 286.246 1709.860 12415.693

#it 4 4 4 4 4 4 4 4

FM-H  gpeed-up 119 131 149  1.73 2.13 2.58 3.30 4.83
CPU [s] 0.383 0.691 2259 7.910 27.756 111.158 518.363  2572.766

#it 3 3 3 3 3 3 3 3

F-H-M  gpeed-up 046 131 159  1.91 2.29 2.86 3.69 4.93

CPU]Js 0.996 0.691 2115 7.184  25.849 100.247 463.334  2517.394

Table 13: Convergence test vs h in 3D: number of iterations of the three solution algorithms for the convergence, speed-
up of the splitting schemes with respect to the monolithic approach, and computational times [s] with respect to Nei.

l 1 2 3 4 5 6 7 8

FHM #it 4 4 4 4 4 4 4 4
CPUs 1.028 0.488 0.696 1.163 2.146 3.474 5.905 10.817

#it 4 4 4 4 4 4 4 4

FM-H  gpeed-up 3.19 145 149 159 180 1.82 1.87 1.96
CPUJs]  0.323 0.338 0.467 0.732 1.192 1.908 3.150 5.521
#it 4 4 4 4 4 4 4 4
Speed-up 349 141 137 144 158 151 117 113
CPU[s]  0.295 0.346 0.507 0.805 1.359 2.296 5.048  9.558

F-H-M

Table 14: Convergence test vs £ in 2D: number of iterations of the three solution algorithms for the convergence, speed-up
of the splitting schemes with respect to the monolithic approach, and computational times [s] with respect to Nei.

Nal 48 1296 6000 16464 34992 63888 105456 162000
FHM #it 3 3 3 4 4 4 4 4
CPU [s] 0.395 11.802 58.601 232.643 537.915 1071.775 2087.690 4798.707
Hit 3 3 3 3 3 3 3 3
FM-H  gpeed-up  1.05  1.39 1.39 1.69 1.73 1.73 1.64 1.60
CPU [s] 0.375 8480 42.094 137.795 310.286 619.494  1270.269 2999.107
#it 3 3 3 3 3 3 3 3
F-H-M  gpeed-up  1.00  1.82 1.91 2.38 2.48 2.41 2.56 3.07

CPUJs| 0.394 6.496 30.675 97.904 217.334  444.432 815.054  1562.066

Table 15: Convergence test vs h in 3D: number of iterations of the three solution algorithms for the convergence, speed-
up of the splitting schemes with respect to the monolithic approach, and computational times [s] with respect to Nei.
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31000 100000

Nel 50 100 310 1000 3100 10000
FHM #it 5 3 3 3 3 3 3 3
CPU[s] 0528 0.761 2.791 11.073 47.140 223.988 1321.004 9426.582
#it 3 3 3 3 3 3 3 3
FM-H  gpeed-up 159 1.30 145  1.64 1.98 2.34 2.91 4.12
CPU [s] 0.332 0587 1.920 6.742 23.757 95.810  454.086  2288.489
it 2 2 2 2 2 2 2 2
F-H-M  §peed-up 057 139  1.66  2.00 2.40 2.99 3.91 5.23
CPUJs] 0.931 0549 1.680 5.526 19.638 74.890  338.267  1801.705

Table 16: Robustness test (i): number of iterations of the three solution algorithms for the convergence, speed-up of the
splitting schemes with respect to the monolithic approach, and computational times [s] with respect to Nei.

10000 31000 100000

Nal 50 100 310 1000 3100
FHM #it 2 2 2 2 2 2 2 2
CPU [s] 0.321 0.609 2.185 8.419 34.761 161.515 920.434 7564.624
#it 4 4 4 4 4 4 4 4
FM-H  gpeed-up 083 088 097  1.07 1.24 1.46 1.79 2.86
CPU [s] 0.386 0.694 2.262 7.897 27.936 110.904 515.060 2648.855
#it 5 5 5 5 5 5 5 5
F-H-M  gpeed-up 0.28 0.67 0.73  0.80 092  1.0656 1.29 1.93
151.573 711.494 3916.191

CPUs] 1.163 0913 2.981 10.460 37.843

Table 17: Robustness test (ii): number of iterations of the three solution algorithms for the convergence, speed-up of
the splitting schemes with respect to the monolithic approach, and computational times [s] with respect to Ne.

Nal 50 100 310 1000 3100 10000 31000 100000
FHM #it 5 5 5 5 5 5 5 5
CPU [s] 0516 1.045 3.973 16.362 72.099 352.188 2109.475 16006.520
#it 5 5 5 5 5 5 5 5
FM-H  gpeed-up 117  1.33 153 181 2.27 2.82 3.67 5.59
CPU [s] 0443 0.784 2599 9.055 31.820 124.787 574.928  2865.303
#it 5 4 5 5 5 5 5 5
2.32 2.94 4.06

1.33 1.33 1.56 1.88

10.498 38.272 152.071  716.399 3946.521

F-H-M Speed-up  0.44
CPU[s] 1.181 0.786  2.996

Table 18: Robustness test (iii): number of iterations of the three solution algorithms for the convergence, speed-up of
the splitting schemes with respect to the monolithic approach, and computational times [s] with respect to Ne.

31000 100000

Nel 50 100 310 1000 3100 10000
FHM #it 2 2 2 2 2 2 2 -
CPU [s] 0.314 0599 2153 8.322 34.188 159.203 974.375 -
#it 3 3 3 3 3 3 3 3
FM-H  gpeed-up 048 049 054 0.60 0.71 0.86 1.21 -
CPU [s] 0.653 1.223 4.020 13.983 48146 185.011 803.727  4048.949
#it 2 2 2 2 2 2 2 2
F-H-M  gpeed-up 021 039 042 045 0.50 0.57 0.74 -
68.628 278.019 1324.331  7494.267

CPU[s]  1.469 1520 5.186 18.682

Table 19: Robustness test (iv): number of iterations of the three solution algorithms for the convergence, speed-up of
the splitting schemes with respect to the monolithic approach, and computational times [s] with respect to Ne.
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Ne 96000 324000 768000 1500000

it 3 3 - -

FHM CjU [s] 880.48 3307.83 — —
#it 5 5 5 —

FM-H Speed-up 1.76 1.89 — —
CPU [s] 500.95 1746.36 4437.31 —

#it 18 18 18 18

F-H-M Speed-up 0.24 0.28 - -

CPU [s] 3642.24 11713.36 32132.50 64021.62

Table 20: Geothermal test case in three dimensions: number of iterations of the three solution algorithms for the
convergence and computational times [s] of the three solutions algorithms with respect to the number of elements.
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