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Abstract

We present and analyze in a unified setting two schemes for the numerical dis-
cretization of a Darcy-Forchheimer fluid flow model coupled with an advection-
diffusion equation modeling the temperature distribution in the fluid. The first
approach is based on fully discontinuous Galerkin discretization spaces. In con-
trast, in the second approach, the velocity is approximated in the Raviart-Thomas
space, and the pressure and temperature are still piecewise discontinuous. A fixed-
point linearization strategy, naturally inducing an iterative splitting solution, is
proposed for treating the nonlinearities of the problem. We present a unified
stability analysis and prove the convergence of the iterative algorithm under mild
requirements on the problem data. A wide set of two- and three-dimensional
simulations is presented to assess the error decay and demonstrate the practical
performance of the proposed approaches in physically sound test cases.
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1 Introduction

This research addresses the numerical modeling of temperature distribution in fluids governed by
the Darcy—Forchheimer (DF) law, which relates the fluid velocity vector to the pressure gradient
and is applicable in regimes where the fluid velocity is sufficiently high. In such cases, the classical
Darcy law—where the velocity is linearly proportional to the pressure gradient—fails to capture the
underlying physics accurately. Previous studies [25], BI] have demonstrated that Darcy’s law provides
reliable predictions primarily for low velocities and low-porosity media. However, nonlinear effects
become significant whenever high flow velocities and/or variable porosity are involved, leading to the
need for an additional quadratic velocity term. The DF law incorporates both the Darcy term and
the nonlinear inertial term, the latter scaling with the square of the fluid velocity and arising from
inertial forces. Moreover, in relevant geophysical processes such as geothermal energy extraction and
greenhouse gas sequestration, thermal effects, modeled via an advection—diffusion equation, are also
particularly relevant since temperature variations strongly influence fluid properties. The resulting
model is therefore fully coupled: the velocity field governs thermal advection, while temperature
variations affect fluid density and viscosity, thereby altering the flow field. Moreover, it is nonlinear
due to (i) the temperature-dependent viscosity, (ii) the quadratic Forchheimer term, and (iii) the
nonlinear advection term in the temperature equation.

Extensive research has been conducted on the Forchheimer equation, starting from experimental
investigations [39]. The mathematical analysis of the DF model has been considered in [36]. Concern-
ing the numerical discretization, we refer, e.g., to [33, [35, 38| for mixed finite element discretizations.
Regarding the coupling of flow models with the heat equation, we refer, e.g., to [15, [16], where a



comprehensive analysis of the Darcy model coupled with the heat equation is presented. Heat convec-
tion in a liquid medium whose motion is described by the Stokes/Navier Stokes equations has been
extensively studied; among others, we mentioned the papers [, 2, O 26, 28]. Recently, there has
been a growing interest in the study of a coupled DF-heat model. In [3 27, [37] the authors propose
an approximation based on standard finite elements (with the introduction of bubble functions for
treating the velocity field). Moreover, in [3] a singular source term for the heat equation is considered.
In [30] the problem is approximated via a block-centered finite difference scheme.

In this work, we study the coupled Darcy—Forchheimer—heat model and present and analyze
two numerical discretization schemes for its numerical discretization. The first scheme (referred to
as dG-dG-dG) employs an entirely discontinuous finite element formulation for the velocity, pres-
sure, and temperature fields. The second scheme (referred to as RT-dG-dG) adopts a conforming
Raviart—-Thomas finite element space for the velocity, combined with discontinuous approximations
for the pressure and temperature fields. The difference between the two approaches lies in the choice
of the discretization space for the velocity field, that is, discontinuous Galerkin [13] for the first case
and Raviart-Thomas [32] [34] for the second one. The two approaches offer complementary advan-
tages. The dG-dG—dG scheme is remarkably versatile, as it supports polytopal meshes (see [4} [14, 22]
for dG schemes on polytopal meshes). We remark that polytopal methods are particularly advan-
tageous in computational geoscience due to their geometric flexibility in the process of mesh design,
efficient handling of highly heterogeneous media, as well as natural support of domain-specific fea-
tures (e.g., fractures) without prohibitive computational costs. In the context of geophysics, PolyDG
methods have been applied to flows in fracture porous media [5)], poroelasticity [6], and thermo-hydro-
mechanical models [10, 18]. For heat-type problems discretized using PolyDG methods, we refer, e.g.,
[23]. We refer to [24] for a comprehensive monograph on PolyDG methods, and to [7] for a review of
the current development of PolyDG methods for geophysical applications.

In this work, we propose a robust treatment of the convection term, following the thermo-
poroelasticity framework in [19], with the key distinction that here the temperature field is advected
by the fluid velocity rather than the Darcy velocity. The corresponding nonlinearities are addressed
via an iterative linearization algorithm, which naturally leads to a splitting-based solution strategy.
The main contributions of the proposed numerical framework are: (a) a detailed formulation of the
dG-dG—-dG and RT-dG—-dG schemes, emphasizing the treatment of the nonlinear advection term and
the corresponding linearization strategy; (b) a unified analysis establishing stability of the discrete
problem and convergence of the fixed-point iteration; and (c¢) an extensive set of two- and three-
dimensional numerical experiments demonstrating convergence properties and validating the method
in established benchmarks.

The rest of the paper is organized as follows: the model problem and its weak formulation are
presented in Section In Section [3, we present the two discretization schemes together with the
corresponding linearization strategy. In Section [4] we prove, in a unified setting, the stability of the
discrete problem and the convergence of the fixed-point linearization algorithm. Two- and three-
dimensional numerical results assessing the convergence properties and benchmark test cases are
shown discussed in Section [l

2 Model problem

Let Q c RY, with d € {2;3}, be an open bounded Lipschitz domain. The non-isothermal DF problem
reads: find (u,p,T) such that in § it holds:

V(DK ' u+ Bluju+ Vp = f, (1a)
Vou=0, (1b)
—V-(OVT)+ (u-V)T =g, (1c)

where |-| denotes the Euclidean vector norm, namely [u[> = u”u. In (I, the variables (u,p,T)
represent the velocity, the pressure, and the temperature, respectively. The function f : Q — R?
represents an external body force, while g : & — R is the heat source. Equations , (1b)), and



represent the DF fluid flow, the incompressibility of the fluid, and the heat transfer, respectively.
The description of the DF flow is characterized by the Forchheimer coefficient 8 that represents the
strength of the inertial effects in the porous medium: it is the ratio between the pressure drop caused
by fluid—solid interactions and the one caused by viscous and inertia resistances. If 8 were null, then
would reduce to the Darcy equation. We observe that the couplings between and are bi-
directional. Namely, we observe that the temperature T" influences the kinematic viscosity of the fluid
v(-); moreover, in the heat transfer equation we have the presence of a convective term of the form
(u-V)T, hence the fluid flow affects the temperature field. The kinematic viscosity v(-) : R — RT
is a bounded C!(RT), globally Lipschitz function. For the numerical investigation, we consider a
particular model function v(S) = 1+ e~ [27].

Symbol | Unit | Quantity Symbol Unit Quantity
v Pas | fluid viscosity B Pas?/m3 | Forchheimer coefficient
K m? | permeability S} m?/s thermal conductivity

Table 1: Model parameters appearing in

In Table |1f we detail the parameters characterizing problem specifying their physical inter-
pretation and unit of measure. To close problem , different types of boundary conditions can be
considered (e.g. Dirichlet, Robin, or Neumann). If a full Neumann condition on the velocity is im-
posed, then the mean value of the pressure must be prescribed. For the sake of simplicity, in the rest
of the article, we consider homogeneous Dirichlet conditions for both the pressure and temperature
fields.

2.1 Weak formulation

In this section, we present the weak formulation of problem . To this aim, we first introduce some
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
HO(X) = L%(X). The notation L?(X) and H?(X) is adopted in place of [LP(X)]¢ and [H9(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
()x = ()r2x) and |[ - |[x =[] - [|z2(x), respectively, with the convention that the subscript can be
omitted in the case X = 2. For the sake of brevity, we make use of the symbol z < y to denote z < Cl,
where C is a positive constant independent of the discretization parameters. We also introduce the
following assumptions on the problem data.

Assumption 2.1 (Regularity assumptions on the problem data). We assume that the problem data
satisfy the following regularity conditions.

1. The permeability K = (K )gjzl and thermal conductivity © = (6)?,]:1 are symmetric tensor

fields which, for strictly positive real numbers ks > ky, and 057 > 0,,, satisfy for a.e. x € Q:

km|C)? < (TK(2)¢ < k¢ and  0,)¢° < ¢TO(2)¢ < Ou|¢)* W € R

2. The fluid viscosity v and the Forchheimer coefficient /3 are scalar fields such that v : Q — [vy,, vas]
and §: Q — [0, Bar] with 0 < v, <wpy and 0 < By

3. The forcing terms satisfy f € L2(Q) and g € L?(9).

We can now introduce the weak formulation of problem (I). Let Z = {z € L3(Q) : V-z € L*(Q)},
W = L3(Q), W = L?(Q), and V = H}(9), the weak formulation formulation reads: find (u,p,T) €
Z x W xV such that:

M, (T, u,v)+ Mg(u,u,v) — (p,V-v) + (¢, V-u)

+(OVT,VS) + (wV)T,S) = (£,v)+(9,5) VY(v,0,8) €ZxW xV, @)



where the trilinear forms M, : V xZ x Z — R and Mg :Z X Z x Z — R are given by
My(T,u,v) = (DK u,v), Mg(w,u,v) = (Blwlu,v).

Remark 2.1. The choice of the Banach space Z follows from the derivation of the weak formulation.
Indeed, applying the Holder inequality, we observe that the regularity we need for correctly defining
the non-linear term Mg(-,-) is L*(Q). The space Z,endowed with the norm ||v||3, = ||v||3: +[|V-v|]%,
is a subspace of H(div, ).

3 Discretization

This section introduces the dG-dG—dG and RT-dG-dG discretizations of problem (2)). In both
approaches, discontinuous elements are employed for the pressure and temperature unknowns. For
the velocity, the first approach uses dG schemes, while the second employs RT elements.

3.1 Preliminaries

We start by introducing a subdivision 7, of the computational domain 2 made of disjoint open
polytopal elements. We remark that, in the general case, the dG method supports general polytopal
meshes, cf. e.g., [ 14, 22| 24]). We define an interface as the intersection of the (d — 1) -dimensional
facets of two neighbouring elements. If d = 3, we further assume that each interface consists of a
general polygon, which may be decomposed into a set of co-planar triangles. We denote with F,
Fr, and Fp the set of faces, interior faces, and boundary faces, respectively. Following [22] 24], we
introduce the following definition.

Definition 3.1 (Polytopal regular mesh [22],24]). A mesh 7}, is said to be polytopal regular if Vk € Ty,
there exist a set of non-overlapping d-dimensional simplices contained in x — denoted by {SI'} pcax —
such that, for any face F' C Ok, the following condition holds: h, < d |SE| |F|~L.

We next introduce the mesh assumptions.
Assumption 3.1. Given {7}, h > 0, we assume that the following properties are uniformly satisfied:
A.1 T, is polytopal-regular in the sense of Defintion

A.2 For neighbouring elements k*,x~ € T, hp-local bounded variation property holds, i.e. h,+ <
h/{* 5 h/ﬁa Pr+ 5 Pr- 5 Prt-

Note that the bounded variation hypothesis is introduced to avoid technicalities. Under
the following inequality (trace-inverse inequality) holds [23]:

1 2

lollzagony S P * € [0llLagey Vo € PX(k), (3)

where P¢(k) is the space of polynomials of maximum degree equal to £ in x and the hidden constant
is independent of /, h, the number of faces per element, and the relative size of a face compared to
the diameter of the element it belongs to.

We also introduce the average and jump operators. We start by defining them on each interface
F ¢ Fp shared by the elements kT as in [I3]:

[ =™ +a n™, [a]=ateon"+a on, [a,=a"-nt+a -n,
CL+ a a+ a~ + _
=00 = fap=2710
T

where a ® n = an’, and a, a, A are scalar-, vector-, and tensor-valued functions, respectively. The
notation (-)* is used for the trace on F taken within the interior of k¥ and n* is the outer normal
vector to Ox*. On boundary faces F' € Fp, we set

[a]]l = an, {a} =a, [a] =a©n, {a} =a, [a],=a-n, {A}=A.



We introduce some further notation for the RT discretization space [I7]. Let us now assume that 7y,
is made of a conforming, shape-regular simplicial elements. We start by considering P¢(x) = (]P’e (n))d

the space of piecewise polynomial vectors of degree £ defined on x. The local RT space RT*(x) [34] is
defined as

RTK(K,) = {v € (]P’e(/-@) + XPZ(K)> s v-ne€ Rg(@/{)} ,

with x = (21,22, ...,74) and Ry(Ok) being the space of L?(0k) functions which are piecewise poly-
nomials of degree £ on each of the faces of k.
Finally, for the sake of simplicity, we assume that the heat conductivity @ and the permeability K

are element-wise constant. Then, we can introduce the following quantity: O, = (|\/ O H]%), where

| - |2 is the £2-norm in R%¢, This assumption is reasonable in the context of geophysics, e.g. for
groundwater flow models, where the data are obtained via local measurements.

3.2 The dG-dG-dG discrete formulation

In this section, we introduce the dG-dG-dG scheme. Given ¢, m > 1 such that ¢ + 1 > m, we define:
d
Vi = {S € L2(Q) : S|, € PX(k) VK € Th}, Vi = [V,ﬂ :
Wit ={qe L3(Q) : ¢l € P"(k) VK € Tn} -

The dG-dG-dG discretization of problem reads: find (up,pn,Th) € Vfl x Wi x V,f such that
V(Vh, qn, Sp) € V‘fl x Wi x fo 1t holds:

My (Th,ap, vi) + Mg(ap, up, vi) — Bu(pn, vi) + Br(gn, un) + An(Th, S)

+ Cr(un, Thy Sn) + Du(un, vi) + Dy(pn, an) = ((£,9), (Vir, Sh)), @

where the discrete bilinear and trilinear forms are defined by:

A(T,8) = @ViT, Vi) - - [ (@VATY (5] + [7]-{OVAS} - al7]-[S]).
FeF
Ba.v) = ~@ i)+ S [ {ad I,
Fe]'-[

Ch(u,T,S) = (u-V,T,S)+ f(Vh-uT 3)

- Y [ Wy sy -5 Y [ Il 47 5

= 2
i1 sz/ [ul -l [T —szj/ u-n)
(u,v) F;I/§
0- 5 o

For all w € V}f and w € Vfl, Viw and Vj-w denote the broken differential operators whose restrictions
to each element x € 7Ty are defined as Vw, and V-w, respectively. The stabilization functions



0,&, 0 € L*(F}p,) appearing in are defined according to [12} 23, 29| 40] as:

0, 2 2
o1  max F e 7y, Q2 max — F e 7y,
welnint \ wetntn-y \ i
Oq@,{f F e Fpg, Oéghf F e Fp,
\ hl@ K (6)
i
a3 min () F e Fy,
o ke{rt,k=} \ M
¢= h
Oégl F e ]:B,
\ m

where a1, a9, a3 € R are positive constants to be properly defined and h, is the diameter of the
element k € Tp,.

To handle the non-linear convective term in the temperature equation, we consider the so-called
Temam’s modification of the trilinear form that classically models the non-linear advection term.
This modification aims to recover the skew-symmetry property of the trilinear form that, in the
semi-discrete framework, is generally lost. Indeed, in this framework, the convective velocity is not
divergence-free, but only weakly divergence-free. To this aim, we add two consistent terms to the
trilinear form. Indeed, we can see the trilinear form C appearing in as:

Ch(w, T, S) = Cr(u, T, S) + (vh uT,§) - Z / (T SY

FE]-—]

where CNh(u,T, S) is the dG-form that discretizes the convection operator with upwind and inflow
stabilizations [19]. At the same time, the last two terms are two consistent terms of Temam’s modi-
fication. We recall the following result.

Lemma 3.1. For allv € V¢, for all S € V,f it holds:

Ch(v, S, S) = Z/H{v}} n| S Z/ (v-n|—v-n)S%>0.

FE]—' FE]—'

We remark that in Lemma we do not recover the skew-symmetry of the trilinear form due to

the presence of the stabilization terms. However, thanks to the Temam trick, we can control the sign
of Ch.

Remark 3.1. In the discrete formulation above, we consider the same polynomial degree for Vfl and
V}f, because we are interested in approximation schemes yielding the same accuracy for the velocity
and temperature. To ensure inf-sup stability of the discrete system, we need the pressure field py to
belong to Wi, with £ +1 > m.

Remark 3.2. In the bilinear forms By, and Dy, the interface terms are summed only on the set of
internal faces Fr of the mesh. This is due to the choice of the boundary conditions (i.e., Dirichlet
boundary conditions for the pressure field).

Remark 3.3. In the trilinear form Cp,, we have added two stabilization terms in the spirit of [19] for
making the scheme robust to the advection-dominated regime. We highlight that this configuration is

relevant in this context, as — with the DF law — we intend to describe phenomena in which the velocity
of the flow is high.

3.3 The RT-dG-dG discrete problem

In this section, we introduce the RT-dG-dG discretization, highlighting the differences with respect
to the RT-dG-dG one. Given the polynomial degrees of approximation ¢, m, and the discrete spaces
Wi, V,f defined as before, we introduce the following discrete space for the velocity field:

={veZ:v|. e RT"(k) Ve € Tp}.



Then, the RT-dG-dG discretization of problem reads: find (uy, pn, Th) € Z7" x W) Vhe such that
Y(Vh, qn, Sn) € Z7 x Wi x Vi£ it holds:
My (T, an, viy) + Mg (up, up, vi) — Br(pn, vi) + Br(an, up) )
+ Ap(Th, Sp) + Cr(up, Th, Su) = ((£. 9), (Va, Sh)),
with R
Bi(p,v) = —(, Vi-v) = Bh(so, v),

C(v.T.S) = (v-V,T,S) + (vh T8 = S / ) {S)

FeFr
+ - Z/|vn] —Z/VHTS Cn(v,T,S)
FGJ: FeFp

forall v.e Z3', o € Wi, and T, S ¢ V,f, and where the remaining bilinear and trilinear forms are
defined as before. Notice that [[z]],, = 0 for z € Z}", which implies that some interface terms vanish.
For ensuring the inf-sup stability, we take W;™ as discrete space for the pressure, where m is the
degree of the RT space of the velocity.

Remark 3.4. We observe that the discrete space Z}' is a subspace of Vf; for £ > m + 1. Following
this observation, in Section[]), the stability analysis is carried out for the dG-dG-dG formulation, and
all the results, naturally hold for the RT-dG-dG scheme as well. Moreover, the Brezzi-Douglas-Marinig
(BDM) discrete spaces [17, [21)] can be seen as subspaces of dG-discrete spaces as well. Then, all the
results presented in this article can be extended to a BDM-dG-dG scheme.

3.4 Linearization

For tackling the non-linear terms appearing in (and in @)7 we introduce a fixed-point iterative
algorithm. Let k& > 1 be the iteration step and let uffl,T,f1 be the approximated velocity and
temperature fields computed at the (k — 1)th iteration, respectively. Then, at the k' step we solve:
find (uh,ph,T/f) € Vf; x Wi x V}f such that ¥(vn, qn, Sp) € Vf; x Wi x V,f it holds:

M, (Tk*l uf,viy) + Mg(uy =t uf, vi) — Bu(pf, vi) + Bh(an, uf) + An (T, Sh)
+ Ch (a1 TE, Sp) + Dy(ul, vi) + Doof, an) = (£, 9), (v, Sh))-

Remark 3.5. We observe that the fluid and heat problems are decoupled. Indeed, a splitting of the
two physics is naturally induced by the linearization scheme (4g)).

(8)

The linearization algorithm is initialized by solving the linear flow problem and using the resulting
velocity field in the temperature equation. Finally, the updated velocity and temperature fields are
fed to the next iteration of the scheme. The convergence of algorithm is established in Section
under suitable assumptions.

4 Theoretical analysis

The aim of this section is to establish a stability estimate for the non-linear problems and ,
and to prove the convergence of the iterative algorithm .

4.1 Stability estimates

We focus on problem and stress again that these results hold automatically for problem .
We start by introducing notation and results that will be used in the analysis. First, the energy
norms are defined V(v, ¢, S) € VfL x Wi x V,f as:



1/2

IV llac.ai = vl + IvIlzs + IVR-vI+ | D0 1€ 0V0alE ]

FeF;
I1S136.r = IVOVLSI?+ > llo*2[S]II%, (9)
FeF
(v, @ ) E =IVIP+ VI3 + 1Vh-vI2+ 3 12 [val3 + B2 gl + [1SI36 -
FeFr

Next, we state the following technical lemmata.

Lemma 4.1. Let Assumptions[2.1] and be satisfied and assume that the parameter o appearing
n @ is chosen large enough. Then, the following bounds hold:

An(T,S) S I Tlacrl|Sllacrs AT, T) 2 | Tligr VT, € VL,
where the hidden constants do not depend on the material properties and the discretization parameters.

For all v € Vi, let |[v]lac = |Viv]? + X per 1EV2[V]||%, we recall the following result and refer
o [8] for the proof.

Lemma 4.2. [§] Let Assumption hold and let the polynomial degrees £ and m satisfy £ +1 > m.
Then, there exists a positive constant B independent of the mesh size h (but possibly dependent on ¢
and m) such that:

B (vh, q 1
qup DR L5y o S Blan] Van € W (10)

ozvpevt |Vallaa
The following result is an extension of Lemma and it is needed for controlling the L?-norm of

the pressure field.

Proposition 4.1. Under the assumptions of Lemmal[].9, there exists a positive constant B indepen-
dent of the mesh size h (but possibly dependent on ¢ and m) such that:

By (v, qn)
sup

1
T+ Dplan,an)? Z Bllanll Yan, € Wit (11)
OyévaVfL |||Vh|||dG,d1v

Proof. We start the proof by observing that:
IVllag.aiv S IVllae Vv € V3. (12)

Indeed, the first two terms of |||v|||4c.qiv are controlled via Poincaré-Sobolev inequalities [20, Theorem
1.6], while the third and the fourth term are trivially controlled by terms of ||v||4g. Then, the thesis
directly follows from and ({ . O

The next result is instrumental for the derivation of an a-priori stability estimate for the non-linear
discrete problem. The target of the Lemma is to obtain and prove two basic estimates.

Lemma 4.3. Let Assumptions [2.1] and be satisfied and assume that the parameter o1 appearing
m @ is chosen large enough. Then, the solution (up, pp,T)) € Vf; X W x V}f to problem satisfies
the following estimates:

2
i) |2
2k

2
. Vm 1 1
WW%Mm+Wmeywmmquwmwi

FeFr

ar
+ 7‘|ThH?ZG,T < My (T, up,ap) + Mg(up, up, uy) + Ap(Th, Th)

2
aT C
+ VB unllgs + < 1 Tullier < 5 HfH2 Sar HgH2 (13a)

(13b)

+ Cp(up, Ty, Th) + Dy(up, up).

where C,, is the constant of the Poincaré inequality.



Proof. We start the proof by taking (v, qpn, Sn) = (up, pp, Th) as test functions in (ED We obtain:
My (T, up,up) + Mg(ap, up,uy) + Ap(Th, Th) + Cp(up, T, T)
+ Du(uha Uh) + Dp(phvph) = ((fv g)a (uha Th))

Now, we observe that, by using Assumption 2.1} Lemma [4.I, and Lemma [3.1] the following results
hold:

(14)

2
My (T, up,up) > H\/ Um/ K uhH , Mg (ap, up,up) = || /B a3,

An(Th, Th) > ol Thll5 7 Ch(an, Th, Th) = 0, (15)
Dulw ) = 3 €2 [wlal >0, Dylonpn) = 3 / ollon])?
FeFr FeFr

By exploiting EI) and using Cauchy-Schwarz and Young inequalities for the right hand side of ,
we obtain (|13a|). For proving (13b)), we need to control also the divergence of the discrete velocity
field. To this aim, we test problem with (vp, qn, Sp) = (0, —Vp-up,0) and we find:

Bh(—Vh-uh, uh) + Dp(ph, uh) =0.

Now, by using Cauchy-Schwarz, Young, and trace-inverse inequality (cf. ), we get:

1 1
(1= 50 = 50 ) 19wl =5 1€ [t - Y [ el <0 (o)

FE]: FGJ:
Last, we fix ¢; = €2 = 3/2 and we combine and to obtain (13bj). O

We are now ready to state the main result of this section, establishing the stability estimate for
the non-linear discrete Darcy-Forchheimer flow problem coupled with an advection-diffusion equation
for the temperature.

Theorem 4.1. Let the assumptions of Lemmata and be satisfied. Then, the solution
(up,pn,Iy) € VfL x Wyt x V}f to @) satisfies the a-priori bound

4
3

2
I (ans oy T) 1E S ENZ + gl + (IEIZ + lall?)® + (IE02 + [lgl1?)®
where the hidden constant is independent of the mesh size h.

Proof. The first step of the proof consists in using the inf-sup condition (cf. Lemma to find a
bound for the pressure field. Taking (v, qp, Sp) = (vp,0,0) in we have:

Bh(ph, vi) =My (Th,up, vpy) + Mg(up, up, vy) + Dy(up, vy) — (£, vp).

By plugging the previous identity into and by using Cauchy-Schwarz and Holder inequalities we
obtain:

2
B2 9 My (T, up, vi) + Mg(up, up, vy) + Dy(up, vi) — (£, vp)
— [lpnll” < sup
OyévherL |||Vh|||dG’,div ( )
17
+ Dp(phaph)

2
< [1(var/Fm) wnl® + [1v/Bunl s + llan i as + 117 + Dp(wn, 1),

where the second bound follows observing that

Mg (up, up, vi) = (Blaplun, vi) < |18 1anlug ||z [1Vallzs < IvBasl2s [IVallac div-

In the second step of the proof, we find a bound for |[v/Buy||1s. From (13a), we can easily see that:

VB = VB YBunlis < Sz 4 SoVB e




and therefore
kv /B \F
VB a7 < ( I£]|* + || ||2> : (18)

We now consider (13D]), we add (eB?/2) ||pp||? to the left and right hand side, and we use (L7):

2
[ Vm
— Uu
H 2kns "
B

2
6
||ph||2 < My (Th, up, up) + Mﬁ(uha up, up) + Ap(Th, Th) + Cp(up, Tn, Th)

1 1 ar
+ 1 ¥/BunlFs + gHVh-uhH2 +3 > 1Y [uallallF + 7|!Th!!?za,T
FeFr

VM
+ Dy(up, up) + Dp(ph, pr) + € (Hk wy|| + [[v/Bunllis + ’Huh|||gzc,div + HfHQ) .
m

We observe that the first six terms at right hand side are equal to ((f,g), (us,T3)) (cf. (14)), we
apply Cauchy-Schwarz and Young inqualities on it and we exploit for bounding the eighth term

at right hand side:
1
+||\3/Buh||i3+§”vh‘uh”2 Z I€Y2 [unllall% + °F HTh”dGT

2
IV
Ty,
4kM FE]-'I
dB ks C; kv VB \F
— llpall®> < == 1| + 75”9”2 +e€ ( I£]1* + H9H2 + e[| £
Vm arm

+e<

Finally, we choose the auxiliary parameter € to be:

1 . [ vmk? 11
e=-—mm| ——>,%,7 |,
4 dkpyr3,7 374

2
Vm
7. Un

km

+ |||Uh||?zc,div) :

we bound the [Juy]|3; contribution appearing from the last term of right hand side as done in
and this concludes the proof. O
4.2 Convergence of the fixed-point algorithm

The aim of this section is to prove the convergence of the linearization algorithm, cf. Section To
this aim, we show that the difference of approximate solutions at two successive iterations defines is a

contracting sequence. Let (u k“,szrl T;f“) and (uf, pf, TF) be the solutions to (§) at the (k4 1)
and k' iterations, respectively. For all k > 1, we define:
&F = ub ! _ ub, 55 — gk — T+ _ Tk,

Then, it can be observed that (8%, 5%, 6%) solves the problem:

u’ po

M (Thv i Vh) — My (Tk ! Uhth)+Mﬁ(uh> uyt! ,Vh)
— Mg(uj " uf, vy) — Bh(5 Vi) + Bi(agn, 6%) + Ah(fséfw Sh)
+Ch(uf, TEH Sp) — Ch(uf ™' T, Su) + Du(8%,v) + Dp(3k, ) = 0.
In the following theorem, we state the conditions under which the fixed-point iterative method con-

verges. We start by observing that, as in this case we are considering the linearized problem instead
of the non-linear one, we want to control the error for the velocity field in the following norm:

IVllEcaie = IVIP + [Va-vIP+ D 162 VIalz Vv eV,
FeFr

10



while the norms for the temperature and pressure fields are the same defined in @D Moreover, we
introduce the auxiliary ||.S ||3G’3-norm of the functions belonging to V;’ as follows:

1516 = 15130 + Va8 IEace) +max _ma }h C 18 By VS € VY

Theorem 4.2. Let the assumptions of Theorem be satisfied. Additionally, assume that:

) v ar Up, k2 Um O oo
||u§\|L°°§mm<k;B7 kMQﬁ) and [THlags 5 /2240 (19
14

where ar has been defined in Lemma [£.1] Then, the linearization strategy defined in Section
converges, namely Vi x W/ x V£ 5 (8%,6% 65) — 0 as k — .

u’ p7
Proof. We start the proof by adding and subtracting MD(T,’L‘“, u’fl, Vi),
M@(uﬁ, uz, vp), and Ch(ui, T,]f, Sp) to (20). Then, expanding the trilinear forms we obtain:
(TR + Bluf]) 85, Vi) = Ba(3h, vi) + Balan, 85) + An(0%, 1)
+ Ch(ulfi? 61%7 Sh) + Du(alfu V) + Dp<5;§ﬂ q) = _Ch((s]fx_lv T}]f, Sh) (20)
+ (T KT = w(THK ™ + Bluf~"| - Bluf) ufvi)

In the second step of the proof, we focus on the fluid flow and incompressibility equations. We consider
(Vhy qn, Sn) = (5u,(51]§, 0) as test functions in (20):

(TR + Bluf]) 6k, 85 ) + Du(8%, 68) + Dy(65, 35)
— (TR = (TR + Bl - Bluf]) uf, 8%)
We start by noting that ((v(TF)K~! + Bluf) o 5k) > m |lek |2 by Assumption Next, we test
problem with (vp, qn, Sp) = (0, —vh-é{“;, 0) and we obtain
Bi(=Vp8%,6%) + Dy(sh, — V- 8%) = 0.

By proceeding as in Section @ (cf. Equation (|16])) and using Cauchy-Schwarz and Young inequalities

Um
S |81 + V-8 12+ 3 11 VEISkTnll} + Dy(6} 6%)
M FeF; (21)
2
(T K = w(TEK "+ Bluf ™ Bluf]) ]|

we get

o

We are left to control the rlght hand side of (| . To this aim, we use the Lipschitz-continuity of the
viscosity coefficient v (we denote by L, the Lipschitz constant) and the triangle inequality to get:

Um
m\\fsﬁw + Va5l + D IVEIBIIF + Dy(55, 65)

FeF;
4k L2 .
e (2104 N + 62108
VUm m

Now, in the third step of the proof, we focus on the temperature equation. We consider (v, qn, Sp) =
(0,0,6%) in and we obtain:

Ah((ﬁ’v 552) + Ch(ui7 55“’ 552) = _Ch(éﬁila T}?) 556“)7
where, due to Lemma we have that Ch(uh7 6k 6%) > 0. Then, we are left with:

aTW:’M’ZG,T < —Cp(85 1 T8, 0F) =T + Tn + T,

11



where, by using Holder, Poincare, Young, triangle, and trace-inverse inequalities [20], we get:
T= — (@ Vo) — 5 (Vs T 5,
<|IVR T3 s 168 IO s + lHTfHLsth-éﬁ’lHH(%IILG
< SIVATRIZ 1512 + 5 1ok I3 + SITEIRSITn- 8512 + - Nok e

_ 3C,
SEHTfH?ng”aﬁ 1H§G,d1v 10,y ”(STHdGTa

- 3 [ (0 m) ey -5 X [ ety o1

FE]—'
+ 3 Z/ 5k L. Th 6T7
FE]'-B
2|1 {55 B + |[[0%
FeF
<) hl/Z 1651 b 22 TN s ey P 105 26
FeF
1/2 1/3 1/6
< | D0 hw 185713 (Z h? ’\[[Ti’f]]\\?i:s(zr)) (Z hy H%’”%G(@a))
KETH FeF FeF
1/3
<cz sk (Z 2 ||[[T,fﬂu%3<F>> 16520
FeF
4 (k2 k—1)2 Cp
<eCullThllae 310u |’dG,div+4 01 H(STHdGTr
I3 =5 Z/ o {17 07}
Fe]—'
< b PN Nnlle BB NTE N ey P/ S 105N 2o oy
FeF
1/2 1/3 1/6
< (Z hy! \\[[513_1]%\%) (Z b ”Tf]fH?i?’(an)) (Z hu H5:]?H%6(an)>
FeF FeF FeF

1/2
<Cg (Z hy ! |[[5ﬁ_1]]n!|%> 1T 2 1165 o

FeF

Cp
k fe—
SEC&HThHZG,?,H‘Su 1||(21G,d1v 10y H5T||dGT

By grouping all the results together, we obtain:

Um
m\\fsﬁw HIVa-08 12+ > IVEISENalF + Dp(5F, 8) + arl|ob )i r <
FeFr

4kpr B2

m

Ak L2
e 15~

[EAAS L

5C)
k k—
+€(1+20é) HThHZG,ZiH(Su 1”?!G,d1v 1c0y; H5THdGT
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we set € = 5C,/(20par) (cf. (4.1)) and we obtain:

2
v k k kaLy ok k-1
= H(suH?lG,div + O‘TH(ST”?IG,T S 21/ HuhH%w HéT H?IG,T
kM mGm
knB? 1 k o
o (U s T s ) 105
Um M aT
Given (19), we infer that the map (6571, (52’;*1, 5;}71) — (&%, 5’;, &%) is a contraction. Then, by applying
the Banach fixed-point theorem the proof is concluded. O

5 Numerical results

This section assesses the performance of the proposed scheme in terms of accuracy and demonstrates its
application to physically relevant test cases. All computations are performed in FEniCS. Convergence
tests are carried out for both the dG-dG—dG and RT-dG—dG schemes, while physically relevant test
cases use only the RT-dG—dG scheme. The two- and three-dimensional meshes consist of triangles
and tetrahedra, respectively. The penalty coefficients oy, ag, and ag in @ are set equal to 10. We
denote by ¢ the polynomial degree for the temperature field and by m the degree for the pressure
field. For the velocity field, ¢ is used in the dG-dG—dG scheme and m in the RT-dG-dG scheme,
with m = £ — 1 in all tests. With this choice, we expect the same accuracy in the L?-norm for the
pressure and in the energy norms for the velocity and temperature fields. In addition, the dG-dG—-dG
scheme gains one order of accuracy in the L?-norm for the velocity field.

5.1 Convergence test case in two-dimensions

We set 2 = (0,1)? with the following manufactured analytical solution:

2% sin(27y)

x
- 2

- cos(2my)
T(x,y) = (—y2 + 2x) cos(27mx);

the boundary conditions and forcing terms are set accordingly. The model coefficients are reported in
Table |2 We test the convergence of the dG-dG-dG scheme with respect to both the mesh size h and

K [m? | I B [Pas?/m?] | 1 O m¥s] | I

Table 2: Convergence tests of Section and Section model parameters

the polynomial degrees ¢, m. The convergence of the RT-dG-dG scheme is tested only with respect
to the mesh size h. For the h-convergence, we consider a sequence of successively fined triangular
meshes and we set £ = 2 and m = 1. For the p-convergence, we fix a mesh made of N = 64 triangular
elements and we vary the polynomial degrees ¢ = [2,3,4,5,6], m = [1,2,3,4,5]. For what concerns the
fixed-point iterative algorithm, a tolerance of 10~® on the relative difference between two successive
iterations is set. In Figure (1| we show the computed errors versus the mesh-size h (loglog scale).

We observe that the L2-error for the pressure field and the energy-errors for the velocity and temper-
ature fields decrease as h? for both the schemes. Moreover, as in both the methods the temperature
equation is discretized with the use of dG method, we see that the L?-error for the temperature field
decays as h3. The only difference we can clearly observe between the two schemes is in the L?- error of
the velocity field; indeed, in the dG-dG-dG scheme it decreases as k3, while in the RT-dG-dG scheme
it decreases as h?. Thus, we gain one order of accuracy when using a full-dG discretization. We re-
mark that by choosing £ = 2, m = 1, we observe the same accuracy when looking at the energy-norm
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Figure 1: Test case of Section Computed errors in L?-norm (left) and energy-norms (right) versus 1/h (log-log
scale).

of the velocity error, at the L?-norm of the pressure error, and at the dG-norm of the temperature
error. On average, 19 iterations of the fixed-point algorithm are required for achieving convergence
of the dG-dG-dG algorithm and 14 for the RT-dG-dG one. It is worth noting that, apart from the
velocity field errors all computed errors (in absolute value) are very similar.

100 [ | —e— uy (dG-dG-dG)
£ —6— pp,(dG-dG-dG)
w o]
5 1072 g . —6— T, (dG-dG-dG)
= 3 10 21 N
— &} P 672.55
g 85
N =
~ =
10_4 | 5a) 10—4 [
polynomial degrees polynomial degrees

Figure 2: Test case of Section Computed errors in L?-norm (left) and energy-norms (right) versus the polynomial
approximation degree ¢ (semilog scale).

For the dG-dG-dG scheme we also test the convergence with respect to the polynomial approxima-
tion degree. In Figure [2f we report the computed error versus the polynomial degree (semilog scale).
We observe that the L2-errors and energy-errors for all the three fields decay exponentially ¢ (and m,
consequently).

5.2 Convergence test case in three-dimensions

In this section, we set = (0,1)3, take the model coefficients as in Table [2, and consider boundary
conditions and forcing terms inferred from the following manufactured solution:

T
2
u(z,y,2) = <x2 sin(27y) sin(27z), . cos(2my) sin(27x), i sin(27y) cos(27rz)> ;
77 T

p(x,y, 2) = (2% 4 3y — 2xy + x2 — 2%) sin(27z) sin(27y) cos(2mz),
T(z,y,2) = (=3z + 24> + 4yz + 2) cos(2mx) cos(2my) sin(272).

We consider a sequence of successively refined tetrahedral meshes and set £ = 2, m = 1. We have
repeated the previous test case and reported in Figure [3| the computed errors versus 1/h (log-log
scale). We observe that the convergence rates are as expected. In this set of simulations, the fixed-
point iterative algorithm is stopped when the relative difference between two successive iterations
is below 1078. On average, 17 iterations of the fixed-point algorithm are required for achieving
convergence of the dG-dG-dG method, while 12 iterations are needed for the RT-dG-dG one.
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Figure 3: Test case of Section Computed errors in L?-norm (left) and energy-norms (right) versus 1/h (log-log
scale).

5.3 Advection-dominated temperature transport in two-dimensions

In this section we propose a test case, inspired by [9], in which we investigate the transport of
temperature by a flow that is governed by the DF law. We set Q@ = (0,4) x (0,2) \ (2,4) x (0,1), with
Iin =0 x(0,2) and T'oyy = 4 x (1,2) and set the following boundary conditions:

(u-n = uyy, on Iy,
u-n = Ugyt on Loyt
u-n=>0 on 9N\ (Tin U Touy)
T =T on Ty,
OVT n+ (T —Text) =0 on Q\ Ty,

where v = 0.1, Text = 0.5. The data ui,, uout, and T, takes the following general form

(

b, fo<z<a
¢m+w(l—cos(wﬁ)>, ifa<z<b
o(z) =< o, ifb<z<ec
¢m+@(l—c08(w§:2>), ife<xz<d
b,y ifd<z<e,

with the following choice of parameters

uin = ¢(x) with (a, b, c,d, e, dm, dar) = (0.5,0.9,1.1,1.5,2,0,1)
Uous = ¢(x) with (a, b, c,d, e, o, dpr) = (1.25,1.45,1.55,1.75,2,0, 1)
Tin = ¢(x) with (a, b, c,d, e, min, Pmax) = (0.5,0.9,1.1,1.5,2,0,5)

As f = 0 and g = 0, the displacement, pressure, and temperature fields are determined only by the
boundary conditions. The computational domain is discretized via a computational mesh made of 4635
triangles with mesh size h ~ 0.08m and we set £ = 2 for the temperature field and m = £—1 = 1 for the
velocity and pressure fields. We use the RT-dG-dG scheme for solving the problem. In Figure EI (left)
and Figure {4 (center), we show the results for the velocity and temperature fields, respectively. For
clarity, velocity streamlines are superimposed on both fields. With the chosen boundary conditions,
we mimic the injection of fluid in the central part of the inflow boundary I'y, and the extraction of
fluid in the central part of the outflow boundary I'syt. The injected fluid is hotter than the reference
temperature of the domain, and a Robin boundary condition is used to model heat exchange with
the surrounding subsoil. In Figure {4 (left), the velocity field is shown; as expected, it is driven by
the inflow and outflow boundary conditions. The streamlines clearly illustrate the flow behavior and
highlight the point of high velocity at the recessed corner of the L-shaped domain. This behavior is
consistent with expectations. Regarding the temperature field (Figure [4] (center)), we observe that,
in this convection-dominated regime, the high temperature is transported by the fluid through the
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Figure 4: Test case of Section computed velocity field (left), temperature field (center), and pressure field (right).

domain, and its distribution follows the flow lines. The temperature results also agree with what
expected. Finally, in Figure (right), we display the pressure field. The pressure is higher in the fluid
injection zone and then decreases in a manner resembling a linear drop toward the outflow boundary.
To close the problem, we consider the pressure as an L? function with zero mean. Indeed, Figure
(right) shows that the computed pressure field satisfies the zero-mean condition.

5.4 Advection-dominated temperature transport in three-dimensions

In this section, we extend the test case presented in Section [5.3]to a three-dimensional setting. Then,
we set Q = (0,4) x (0,2) x (0,2) \ (2,4) x(0,1) x (0,1) and consider a set of boundary conditions that
is similar to the two-dimensional case, where I'in, oyt are defined as I'yy = {0} x (0,2) x (0,2) and
Fout = {4} x (0,2) x (0,2) \ {4} x (0,1) x (0,1). The parameters of the functions uin, uout are taken
as in Section [5.3| and they are considered constant along the z-direction. Moreover, as in the previous
test case, we consider the forcing terms to be f = 0, ¢ = 0. The computational domain is discretized
with a mesh consisting of 40544 tetrahedrons with mesh size h ~ 0.25m; moreover we set ¢ = 2 for
the temperature field and m = £ — 1 = 1 for the velocity and pressure fields. The numerical results
have been obtained based on employing the RT-dG-dG scheme. In Figure |5} we show the computed
velocity field. Recall that this test case concerns convection-dominated temperature transport; thus
a full understanding of the velocity field also provides insight into the temperature field. We observe
that the results are consistent with those obtained in the two-dimensional setting, and, as expected,
peaks in the velocity field occur at the inflow and outflow boundaries and along the edges surrounding
the removed corner of the parallelepipedal domain. This is evident in both the slices that highlight
the L-shaped part of the domain, cf. Figure |5| (top-right) and Figure [5 (bottom-right), but it is also
evident by looking at the rectangular slices, cf. Figure [5| (top-left) and Figure 5| (bottom-left). In
Figure [6] we show the results for the temperature field. As in the previous test case, we consider a
convection-dominated pressure; then, as expected, in the behavior of the temperature field we clearly
observe the convective phenomenon that predominates the diffusive one. We observe that, as in the
two dimensional case, the temperature field follows the shape of the L-shaped domain (cf. Figure |§|
(top-right)). In the correspondent rectangular part of the domain (cf. Figure [6] (bottom-right)) we
still observe that shape of the field follows the L shape and there is no temperature diffusion in the
bottom-left corner of the domain. When looking at the Figure |§| (top-left) and Figure |§| (bottom-
left) slices we observe that also in this direction, the shape of the temperature follows an L-shaped
pattern, coherent with the velocity field observed in Figure In Figure [7] we display the pressure
field. We observe that the pressure value is higher in the zone of the fluid injection and then decreases
with a behavior similar to a linear decay towards the outflow boundary. We can observe from the
slices Figure El (top-right), Figure [7| (bottom-right) that the part of the domain in which we observe
the lowest value of pressure is the outflow boundary of the L-shaped part. In Figure [§] we give a
volumetric representation of the three fields. In Figure |8 (left) it is possible to observe the behavior
of the velocity field; we can observe that the fluid flows from the inflow boundary to the outflow
one following the shape of the domain, with velocity peaks on the edges of the concave part of the
domain, cf. Figure [5[too. In Figure 8| (center) we observe the behavior of the temperature field. By
comparing Figure [8] (left) and Figure |§] (center) it is evident the convection-dominated nature of the
test case, as the regions of high temperature of the fluid follow the flow pattern. In particular, we
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Figure 5: Test case of Section computed velocity field. The domain is clipped at x = 0.5 and the four slices are at
y = 0.95 (top-left), y = 1.05 (bottom-left), z = 0.95 (top-right), and z = 1.05 (bottom-right)

Figure 6: Test case of Section computed temperature field. The domain is clipped at x = 0.5 and the four slices
are at y = 0.95 (top-left), y = 1.05 (bottom-left), z = 0.95 (top-right), and z = 1.05 (bottom-right)

observe high-temperature regions in the inner corner of the domain.

6 Conclusions

In this work, we presented and analyzed in a unified framework two schemes for the numerical dis-
cretization of a DF fluid flow model coupled with an advection—diffusion equation describing the
temperature distribution inside a fluid. The first approach relied on discontinuous discrete spaces
for velocity, pressure, and temperature fields. In the second approach, the velocity was discretized
in the RT space, with pressure and temperature remaining piecewise discontinuous. A fixed-point
linearization strategy—mnaturally leading to a splitting solution approach—was employed to address
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Figure 7: Test case of Section computed pressure field. The domain is clipped at x = 0.5 and the four slices are at
y = 0.95 (top-left), y = 1.05 (bottom-left), z = 0.95 (top-right), and z = 1.05 (bottom-right)
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Figure 8: Test case of Section volume representation of the temperature field (left), velocity field (center), and
pressure field (right).

the nonlinearities. We carried out a unified stability analysis and established the convergence of
the fixed-point algorithm under mild assumptions on the problem data. Extensive two- and three-
dimensional numerical experiments confirmed the theoretical results and demonstrated the efficiency
and robustness of the proposed schemes in physically relevant test cases. Future work could address
the implementation of the dG-dG-dG scheme in the lymph software library [11] to fully exploit the
advantages of this formulation and the flexibility offered by polytopal elements. Moreover, for com-
putational efficiency in three-dimensional simulations, proper preconditioning techniques for the two
subproblems have to be developed. Finally, we can include the DF law for the flow field in more
sophisticated models, e.g., in the thermo-poroelasticity theory.
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