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Abstract

In this paper we study the equations of semi-linear thermoporoelasticity. Starting
point is the dimensionless formulation in van Duijn et al [7] (C.J. van Duijn, A.
Mikelié¢, M. F. Wheeler, T. Wick, Internat. J Engng Sci., Vol. 138, 2019), which
was obtained by a formal two-scale expansion. Nonlinearities in the equations arise
through the fluid viscosity and the thermal conductivity, both may depend on tem-
perature, and through the coupling in the heat convection by the Darcy discharge
in the energy equation. The coupled system of equations involves as unknowns the
skeleton displacement, Darcy discharge, fluid pressure and temperature. We treat
the system in its incremental (i.e. time-discrete) form. We prove existence by apply-
ing a fundamental theorem of Brézis on pseudo-monotone operators. Moreover we
show that the free energy of the system acts as a Lyapunov functional. This yields
global stability in the time-stepping process. Our theoretical results are substantiated
with two-dimensional numerical tests using a monolithic formulation. Temporal dis-
cretization is based on the backward Euler scheme and finite elements are employed
for the spatial discretization. The semi-linear discrete system is solved with Newton’s
method. In the proposed numerical examples, different source terms are employed
and spatial mesh refinement studies show computational convergence.

Keywords: Thermoporoelasticity equations, heat convection by Darcy’s velocity,
free energy and stability, monolithic numerical scheme
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1. Introduction

In this paper we consider the equations for non-isothermal fluid flow through a de-
formable porous medium. Such equations arise, for example, in geothermal reservoir
modeling when the withdrawal or injection of fluid affects the mechanical properties
of the porous medium. They also arise in models for radioactive waste disposal in
geological clay formations, or when modeling non-isothermal hydraulic fracturing in
reservoirs, see e.g. [21, 17]. More details and related references are given in the work
of McTigue [13], Lewis & Schrefler [11, Section 10|, and Rutquist et al [19].

This work is motivated by suggestions and collaborations with Professor M. F.
Wheeler of the University of Texas at Austin. She pointed out the importance of
thermoporoelasticity as well as the lack of a mathematical foundation of the equations
wnvolved. This work is a first step in that direction.

The emphasis here is on the mathematical analysis of the equations. Therefore we
restrict the complexity of the underlying physical model and consider the case of a
homogeneous and isotropic porous medium that is fully saturated with a single fluid.

We also consider the fluid density and the density of the skeleton material to be
constant. However, we allow for a temperature dependence of the fluid viscosity and
we impose a certain (quadratic) growth of the thermal conductivity with temperature.
We return to this point at the end of this section, see Remark 1.

There are two main approaches that lead to the equations of thermoporoelasticity.
One is based on mixture theory, see for instance Bredford and Drumbheller [2], and
uses the macroscopic mass balances of the fluid and solid grains as starting point.
This approach is detailed in Coussy [5], Lewis & Schrefler [11], and in the survey
article of Rutquist et al [19]. It yields a coupled system of equations for the skeleton
displacement, the fluid pressure and the temperature of the mixture.

The other is the multiscale approach, which uses as starting point the linear fluid-
skeleton interaction at the pore scale. This approach has a rigorous mathematical
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foundation in the isothermal case, see Mikeli¢ & Wheeler [15]. We also refer the reader
to the monographs of Mei & Vernescu [14] and Sanchez-Palencia [20] for derivations
using two-scale expansions. In the non-isothermal case, the derivation of the macro-
scopic equations by means of a formal two-scale expansion was considered by Lee &
Mei [9, 10] and more recently by van Duijn et al [7]. The equations obtained in the
latter paper form the basis of our analysis.

The equations on the pore scale involve physical quantities that appear in the
description of the hydraulic, mechanical and thermal behavior. As shown in van
Duijn et al [7], these quantities can be combined into a number of dimensionless
parameters. This allows one to compare different physical effects. The result of the
two-scale expansion is a (dimensionless) formulation in terms of pressure (p, includes
the hydraulic component ), skeleton displacement (u, a vector in R” (m = 2,3)) and
temperature (). It comprises the equations:

Mass balance

9,¢ + a divv®? = Q, (1)
where
vl = —%Vp, (2)
and
¢= p_TKSﬁ + b divu; (3)
Momentum balance
—dive =F, (4)
where
o = Ge(u) — (bp + (1 — H)Ks¥) L, (5)
and
Ge(u) = 2ue(u) + A divu L. (6)

Energy balance




% + KT%( — ¢+ divu) + Cpv"” - VI — div(B(9)VY) = H. (7)

1
In this expression ( is the incremental fluid content, e(u) = a(Vu + Vu’) the

linearized strain tensor, v¥ the Darcy specific discharge, n = n()) the temperature
dependent viscosity and (1) the temperature dependent thermal diffusivity. Further
() and H are source terms for, respectively, fluid volume and heat, and F is a given
body force. All other quantities are dimensionless parameters®. They are listed in
Table 1, where also their order of magnitude is given for typical rock and clay type
materials. This table is essentially taken from van Duijn et al [7].

Symbol  Quantity Rock value  Clay value
a macroscopic length/ characteristic 103 102
displacement or transport time/
consolidation time

b Biot’s coefficient 0(1) 0(1)
/M compressibility coefficient o(107 1) o(107 1)
k permeability 0(10~%) 0(10~%)
Bo thermal diffusivity 0(1) o(1)
Kg solid expansion coefficient 0(107?) 0(1079)
Kr thermoelastic coupling parameter 0(10~%) O(1077)
o A Lamé’s coefficients 0(1) o(1)
Cy fractional heat capacity 0O(1) 0(1)

Table 1: Dimensionless parameters and order of magnitude

We consider equations (1)-(7) in a bounded domain 2 C R™ (m = 2,3), whose
boundary 92 is C', and we take the time ¢t € (0,T], where T' > 0 may be arbitrarily
chosen. As initial-boundary conditions we have

divu=§&, 9=9;, and p=p;,, inf2ast=0, (8)
and

u=0, vP-v=¢? and BW)VI-v=0 at 92 for 0<t<T. (9)

3The coefficient (1 — b)Kg is frequently taken as an independent parameter, not directly linked
to Kg or b (see e.g. [5]). Our results remain valid if (1 — b) K is replaced in the momentum and
energy equations by some other parameter.



Hence along the boundary of the domain, the system is mechanically fixed, isolated
for heat flow, but with prescribed fluid flow. We could have considered more general
boundary conditions. The choice in (9) was made for simplicity.

In equation (7) the heat transport has the form v - V4, i.e. with Darcy discharge
multiplying the gradient of the temperature. This is a direct consequence of the ALE
(Arbitrary Lagrangian-Euler) formulation used in van Duijn et al [7]. This term also
arises when applying the full Eulerian formulation in the energy equation at the pore
scale, as was shown in Lee & Mei [9, 10]. In Lewis & Schrefler [11] or Néron &
Dureisseix [16] it was derived from the mixture theory of Bredford & Drumbheller [2].

Alternatively, one uses in the macroscopic description a direct formulation in terms
of the heat flux. This results in the convective transport term

div (9v?) (10)

Clearly, when div vP = 0, both formulations coincide.

In this paper we mainly focus on (7). However, we do show that if (10) is used,
the analysis goes along the same lines.

An important role in the analysis is played by the free energy associated with
system (1)-(7). As in van Duijn et al [7] it is given by

1 (p — Ks¥)* | Kgv?
L= —Ge: —F. 11
296 e+ Wi + 21, u (11)
or, in terms of the incremental fluid content ¢,
1 (C—be:1)?  Kgi?
L= =-Ge: —F-u. 12
296 e+ Wi + 21K, u (12)

This expression reduces to the free energy in Biot [3] when ¥ = 0, i.e. the isothermal
case. It also has qualitatively the same form as the reduced potential in Coussy et al
[6]. Note that from (12)

oL oL
aza—i—Kgﬁ]I and a—gzp—Kgﬁ. (13)

In this paper we treat the time discrete version of system (1)-(7), i.e. we replace time
derivative in (1)-(7) by backwards finite differences.
In Section 2 we prove existence for the corresponding incremental problem and

we show that
/ L dx (14)
17}



acts as a Lyapunov functional. This ensures global stability for the time discrete
problem. Section 3 gives equivalent results for the case where the heat convection
is given by expression (10). In Section 4 we demonstrate the effect of the thermo-
mechanical coupling by means of several numerical examples. Conclusions are given
in Section 5.

Remark 1. The existence proof of the incremental problem borrows ideas from van
Duijn & Mikeli¢ [8]. Key point is to formulate the time discrete form of (1)-(7) in an
abstract framework and to show that the resulting operator is pseudo-monotone and
coercive. This approach was taken from the monograph of Rubicek [18], who in turn
uses the theory of pseudo-monotone operators of Brézis [12]. To prove coercivity of
the operator and to show that (14) is a Lyapunov functional, we need to assume that
the thermal diffusivity B(19) satisfies a growth condition. This is required to balance the
effect of the thermal transport in the weak formulation. With respect to the viscosity
and diffusivity we assume

A1l n € C(R) and there exist constants 0 < Npmin < Nmaz Such that Ny < (1Y) < Mmaz
for all ¥ € R;

A2 5 € C(R) and there exist constants 0 < Cpin < Ciaz and By > 0 such that

Bo + Crnin?? < B(W) < By + Crae?  for all 9 € R. (15)
Here -
1K
Cmin el __S ! .
a KT Nmin

According to Table 1, we have

107°,  rock values;

Cmin 2 { 1072, clay values. (16)

Since 9 = O(g),
Ty

a reference temperature, we have in practical terms ¥ = O(1071) for which the

lower bound is nearly constant. Only for very large (unrealistic) values of ¥ the

growth of the lower bound has significance.

where AT is a characteristic temperature variation and Ty

With respect to the other data we have

A3 Q,H € C([0,T]; L3(02)), F € C([0,T]; L*(£2))™ and ¢* € C([0,T]; L*(812));
& € L2(Q)



Remark 2. (Compatibility). As shown in this paper, conditions (8) and (9) suffice
for the existence of the incremental problem. Howewver, in the numerical solutions or
when considering the continuous time case, e.q. see [8], one needs in addition the
compatibility condition

/Q Eo dz = 0. (17)

2. Existence and stability for time discrete problem

Our goal is to develop a mathematical theory for semi-linear thermoporoelasticity,
giving a stable discretization in a time. Since most of the thermodynamic modeling
corresponds to the time discrete quasi-static setting (see for instance [5]), we limit
our consideration to the incremental formulation. Correct modeling of the continuous
time case would require taking into the account other non-stationary phenomena.
This is outside the scope of this paper.

Following the classical time discretization of parabolic PDEs, we choose a small
discretization step 7 > 0 and an integer N, such that N = T'/7. At each discrete
time t; = j7, j =0,1,..., N, we set

W (z) = u(z,t;), V() =9z, t;), () =p(x,t;), x€ 0,
for the unknown functions and
Fi(z) = F(x,t;), Q' (v) = Q(x,t;), H'(z) = H(x,t;), v € 2; ¢ (x) = ¢*(z,t;), * € IN
for given body forces, source/sink terms and boundary terms.

For convenience we rewrite (7) as

0 K . KsC Kg .. K
E(aoﬁ - ﬁsp—i- (1 —b)Kg divu) + ;;—vaD -V — K_f“ div (6(19)V19> = K_iH =: H,
(18)
where ag = Kg/Kr + K2%/M.
Then we replace (2)-(6), (18) by its time discrete form, for j =1,..., N,
— div <2u€x(uj) + A dive/T —bp? T— (1 —b) K’ ]I) =F/, (19)
0, <T +bdive? | —a dlv(WVp]) =, (20)
- Kg o KC , :
o, (aow - ﬁspj +(1-b)Ks dlvu]) + ;;—vaDﬂ v
Ks . N :
— div (5(19])V193> = H’, (21)
Kr



with

vPi = —#ij. (22)

Here 0, denotes the backward time difference, i.e. 9,® := (7 — dI71) /7.
Initially, for j = 0, we have
divu’ =&, =9, and p°=pi, (23)
and at the boundary 92 we have
w =0 vP7.v=¢® and B(WVYI-v=0. (24)

2.1. Existence of a solution to the incremental problem

The variational (or virtual work) formulation of equations (19)-(22), initial con-
ditions (23) and boundary conditions (24), reads:

Problem (IP) (incremental problem):| Let W := Hj(2)™ x H'(£2)?. Then for
given (U, 7w, ©) € W, find (u,p,d) € W, \/B(9)VY € L?(£2)™, such that

/ 2ue(n) : e(&) dr — / (bp + (1 — b)Kgd — A divu)div & dadz = / F& dz,
[0} 2

(0]
VE € Hy(2)™. (25)
P — Kslg . k .
/(287<T+bdlvu>w daz+a/9wVp-Vw dr =
/ Q) dz —/ ™ dS, Vi € H'(92); (26)
(9} o

K K
/8T(a019——sp+(1—b)KS divu)@ dx—ks—cf/ vP . V0 de+
o M Kr Jg

T

ﬁ/ BV -V d:c:/HQ dr, V0 € W' (), r>m. (27)
Kr /g 0

Remark 3. (i) Note that the "initial” conditions (U, w, ©) are hidden in the back-
ward time differences:
_U _ 9 —
8Tu:u , GTp:p " and 0 = @.

T T T

(ii) Only for numerical purposes one needs U as initial condition. In (IP) only
div U is needed as initial condition.



(iii) Concerning the notation in problem (IP): the data, i.e. Q,H,F and q% are
taken at times that correspond to the time of the discrete solution (u,p,v).
Superscripts are therefore omitted.

Problem (IP) is semi-linear through the nonlinearities n(¢) and 5(¢) and through
the heat convection due to the Darcy discharge

/ (vP - V)0 dx. (28)

Using the weak topology of W, problems arise with the continuity of expression (28).
In fact, for € H'(£2) (28) is not defined. No a priori information on the regularity

of div v? is available and no maximum principle for ¥ is to be expected.

To remedy this difficulty in the incremental setting, we follow the approach from
[8] and introduce a Friedrichs mollifier IC., where ¢ is a small positive parameter (see
e.g. Rubicek [18, page 203]). The Darcy velocity v in the nonlinear heat convection
term is replaced by the convolution v” % K.. Furthermore, in the same term and in
the heat conduction term, ¥ is replaced by the cut-off

/e, for 0> 1/e;
R.(¥) =< v, for |9 < 1/e;
—1/e, for ¥ < —1/e.

These changes allow us to use the theory of pseudo-monotone operators to study
the following regularized incremental problem:

Problem (IP).:| Given (U, m, ©) € W, find (u®,p®,9°) € W such that

/ 2ue(u’) :e(&) dx — / (bp" + (1 = b)Kg0® — X divu)div & dx = / F¢ dz,
17 17

0
VE € Hy(92)°. (29)
P — K _ ) / i
Oy ————— + bdivu® de+a | —Vp° -V de =
/Q < M v (o) VY
/ QU do / g dS, vy € H'(Q), (30)
(9 on
/ o agy® — ﬁps + (1 - b)Kg diva® )0 do + KS—Cf/ K.« v VR.(99)0 da+
17 M Kr Jg
K
—S/ B(R.(9°))V* - VO dz = / 0o dv, Vo e H'(0). (31)
Kr Jo Q



Remark 4. Note that in problem (IP)., the temperature test function 6 € H'(02).
This is allowed because of the presence of the cutoff R.(9) in equation (31) and the
boundedness of K. x vP<. Later, this allows us to test (31) with the solution ¥° €
H'(2).

Proposition 5. Let € > 0 be a small positive constant and let assumptions Al — 3
be satisfied. Then Problem (IP). admits at least one solution (u®, p°, ¥°) € W.

Proof. Following Rubicek [18] and van Duijn & Mikeli¢ [8], we introduce a nonlinear
operator A, defined on W and with values in its dual W’. It results from adding
2.(29), (30) and (31), which we write as, with (u, p, ¥) € W,

A(u,p, ¥) = b, (32)

where

(A(w,p, 9), (E,1,0)) = %/(ZQMe(u);e(a) dx—l/g ((bp+(1—b)KS19(1—b)

-
p— Kgv

—X divu)div & + ( i

K
+ b divu)y + (agd) — Msp +(1-b)Ks divu)e) dz

k KsCy D
+a/—Vp-V¢dx+—/ICE*V - VR.(9)0 dx+
o (V) Kr Jg )

Kg
= /Q B(R.(9))V - VO dv, (E,,0) € W, (33)

with v = —kVp/n(9), and

(b, (£,1,6)) == %/Q (F e (# + b divU)e + (a6 — %H

(1-b)Ks divU)H) dz +/ QY dx —/ ¢’ dS +/ HO dx, Y(E,¢,0) € W
(04 0 (0]

(34)

?

Obviously b € W',

The idea is to show that A is a perturbed monotone operator: i.e. A is monotone
in its principal part containing derivatives of u, p and . To be precise, we show that
A is pseudomonotone and coercive. This allows us to apply Brézis’ theorem to (32)
(see [18, chapter 2]) to conclude existence for problem (IP)..

10



For the comfort of the reader we recall that an operator A : W — W' is pseudo-
monotone if and only if A is bounded and

{u,p, 0, } — {u, p, 9} weakly in W, V(v,v,0) e W,
limiup(A(ur,pr,ﬁr), (uy, pr, 0r) = (A(u,p,9), (u,p,9) — (v,9,0)) <
_(uap7 19)) S O, ligl—i}{.loﬂA(ur’p“ 197“)7 (umpraﬁr) - (V,@D, 8)>7

(35)
The boundedness of A is immediate. It is enough to show that (35) holds for the
thermal convection operator

(AT (p, 9),0) := /QICE*VD-VRE(ﬁ)H de.

For the other terms in A weak continuity and lower weak continuity are clear.

The weak convergence in W implies weak L2-convergence of vP = kVp,/n(9,).
Using the regularization properties of the convolution, we then have as r — oo

KexvP — K. xv?, uniformly in 2.

Hence as r — 0o, we have

(AT (pr, 0,),0) ://CE*V,P-VRE(MQ dx—>/QICE*vD~VR€(19)0 o
02
and

(AT (pr, 0,).0) = | Kexv?- VR(9,) 9, de = | KoxvP - VR(9)9 da.
0 —_—— —~~ o
weak 12 conv.strong L2 conv.

This establishes pseudo monotonicity for AT and hence for A.

It remains to prove coercivity of the operator A.
Taking & = u, ¢» = p and 6 = ¥ in (33) yields

2 2 1 o (p— Kg0)? | Kg9?

At 0 0) = 2 [ et doe 2 [ (3 dv o B BT
KSCf/lCE*vD~VRE(79)19 dm+—KS/B(RE(19))|V19|2 iz,

T 0 Kr 0

K
(36)

k
+a/—Vp2dx+
o)

with vP = —kVp/n(9).

11



By Young’s convolution inequality we have
e v P12y < 1IVP |20

Hence the thermal transport term is estimated by, for any ¢ > 0 and with x[_1/¢,1/¢(-)
denoting the characteristic function of the interval [—1/e,1/¢],

) 1
|/QIC€*VD -VR.(09)9 dx| < §||VD||2LQ(Q) + 2—5||x[,1/571/5}(19)19w9||§2(Q)

aKTnmin

Choosing § = FRsC;

and using x[—1/c1/¢(9)9? < RZ(¥), this gives

Kscf

/IC *V VR (19)19 d$>— nmmH DHL2(Q)

k Kscf
m(K—T) |R(9) V|72

Then we estimate in (36), using assumptions Al and A2,

Ky
a/ ——|Vp|* dov + —— € K.xvP - VR.(9)9 dx +—/B 9))|VI|? dx
2 1) Kr Jo
ANmin D12 KS 1 KS C k 2 2
> ) — () — — 9 I|° d
> U Pl + 32 [ (SR - 5 E L R) ) V0P da
ak nmzn KS 2 k KSCf 2 2
> 7nmaz||VP||L2(Q K—T50||V19||L2(9)m + m(K—T) [ R () V[ 120
(37)
This shows the coercivity of A and completes the proof. n
Corollary 6. We have
k
div vP*© = — div(——=Vp°) € L*(2)™. 38

Proof. Testing (32) with & =0, §# = 0 and arbitrary ¢ € H'(§2) gives the weak form
of (20), (24). Then the result is immediate. O

Proposition 7. Let A1 — A3 be satisfied. Then Problem (IP) admits at least one
solution (u, p, V) € W, such that \/B(9)VI € L*(2)3

12



Proof. Dropping the last term in (37) yields a coercivity estimate that is independent
of €. From this we deduce that there exists a constant C' > 0, not depending on &,
for which the coercivity estimate from the proof of Proposition 5 is independent of
the regularization parameter €. Hence we have

0|z 2 + D7) + ([0 e) < C (39)

and
|| div v 120y < C. (40)

From these estimates, using weak compactness, we conclude that a subsequence
{(u®,p%,¥°)}, denoted by the same subscript, and a triple (u,p, ) € W exists such
that

u® —u weakly in  H}(£2)3 (41)

div u® — divu weakly in L*(£2), (42)

p°—p weaklyin H'(£2), (43)

p° — p strongly in  L*(£2) and (a.e) on 2, (44)

¥F — 9 weakly in H'(£2), (45)

¥° — 9 strongly in  L*(£2) and (a.e) on §2, (46)

vPe = —n(i;)VpE —~vP = —%Vp weakly in  L*(£2)?, (47)
div (vP* —vP) =0 weakly in L*(£2) and

(vPe —vP).v =0 weakly in HY2(012), (48)

as € — 0. The above convergence properties allow us to pass to the limit € — 0 in the
variational equations (29) and (30). Hence the limit (u, p,?) satisfies equations (25)
and (26). Furthermore, subtracting equations (30) and (26) and testing the result by
Y = p° — p yields

vPe vl = —%Vp strongly in  L*(2). (49)
n

Passing to the limit ¢ — 0 in equation (31) is slightly more involved. We use again
the coercivity estimates (37).

1 K C7k
a KT Nmin
1 KS C]%k: 2 1 Omin

First notice that, with C,,;, := , we have for any s € R

20771(133

=25 _ = 2
ot 2a Kt nmins 2 Chaz ( Crin Bo + Cinazs’)
L Omin 2Cmax 1 szn 2 1 Omin .
T2 - 5 L th A2.
2 Cmax (( szn 1)60 + 9 Cmam (50 + Cma;vs )) > 9 Cmaxﬁ(S)), W1

13



Applying this inequality to (37) yields

1V B(R(9°)) V[ 2(ym < C (50)

where C' is independent of €. Then we deduce

R.(0°) =¥ weakly in H'(£2), (51)
VB(R(99)) VY — /B(9)VY  weakly in L*(£2), (52)
B(R(9°))VI° — B(0)VY  weakly in L¥?(02)?, (53)
/ K. vP€ . VR(9) 0 do — / vP .V 0 dx, Vo € C(92), (54)
7} I7;

as € — 0.
Using these results we may pass to the limit ¢ — 0 in equation (31) without
difficulty. It completes the proof of Proposition 7. O]

2.2. Time discrete Lyapunov functional and stability estimates for the time discretized
problem

To complete the study of the time discrete problem, we need to estimate the
behavior of solutions after at least O(1/7) time steps.

In problem (IP), where the time step 7 enters as parameter, one finds after in the
first step (u!, p*,¥') from the initial values (div u,p,?)|i—o = (€0, Yin, pin). The idea
is to repeat this procedure for an arbitrary number of steps. If L e N, L < N =T/,
then (ul, p%, ¥*) denotes the time discrete approximation of the original quasi-static
equations, at t =t = L.

The corresponding free energy at t = ¢, reads

1 ) (pt — Ks9F)?  Kg(9F)?
L_ Ly2 1 L2
J —/Q(u]e(u )| +2()\] divu™|® + i + K,

) —FL. uL) dz.
(55)
It satisfies the following Lyapunov estimate.

Theorem 8. Under the conditions of Proposition 7 we have for each L € N, L <
N =T/t, the estimate:

L . .
L dj, i (B —F7) G0 i i )
J+T;(/mq p]dS—l—/( - u Q'p) — H'W) da )+

2

L
ARfhnin 1 2, Lk KsCrigsi j|2 0
1 o
T;/ﬂ( 2 w@p P 20 G By ) PV ) eSS

(56)
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Here

1 in — KsUin)?  Kg0?
= / (ule(uo)\2+§(A!8°|2+(p Bstu) ;m)—Ff)-u“) dz.
2 T

Proof. We cannot use § = ¥ as test function in the temperature equation (27). How-
ever, see Remark 4, this is allowed in equation (31) of the regularized problem (IP)..

At time ¢t = t;, with j = 1,..., N, the equations in problem (IP). read

/ 2ue(u?) : e(&) dx — / (bp™ + (1 = b) K97 — X divu™)div & do = / F/¢& dx,
Q Q Q

VE € HL(02). (57)
& — K o) k .
/987<st + b divu® )1/1 dx + a/ U(ﬁa’j)vp&] -V dx =
[@var [ qbvas. ey (59)
of2
/ 0, (aoﬁs’j Ks ooy (1—b)Kg div u™ )e dz + B5Cs / vPIE 9 0 da+
0 M T Jo
ﬁ/ BFVY - VO dr = / Hi0 dx, YO € H'(1) (59)
Kr Jg 17

Next, we test (57) with & = (u®/ —u™~1) /7, (58) with ¢ = p*7 and (59) with 6 = 7.
The resulting equalities are added and summed-up with respect to j from j = 1 to
7 = L. Using the observations

(i) the cross terms containing the pressure, the volume strain and temperature cancel;

(ii)

L
D 2ue(u?) s e(ut — ) > ple(u ) — ple(u’)
7=1
(iii)
L
> <(bp€’j + (1= b)Ks9*? — X divu™)div (u™ —u™ )+
j=1
67j _ 67j_1 — K 1967‘7‘ J— 1987‘7‘_1 . . .
(p p S( ) + b diV(uE’J _ ua,g—l))pa,j

M
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(a0 = 9797) = ZEP =) + (1= b) K div (u —u®” 1))19&)

1 oL (ps,L _ KSﬁE’L)Q KS<19€’L)2 1 )
§(A| divu®t|? + i + e ) — 5(/\| divu’[?
(pln — Ksﬁm)Q Ksﬁlzn .

+ Bi + % );

(iv) directly from inequalities (37) and (50)

K
§ : £,712 S f D.je V 96 95 98 v95 2
/ ( 195] ]| ’C v o R( J) I K 5( ])| ]| )

1 1 k KsCy ., — cili2
> ot momawmiﬁ K | IVBERDVI oy

(v)
L
Z/ (Fj(ue,j — w4 Qip + szge,j) do — Z/ ¢p dS =
Q ‘= Jon
L
/(FLuE’L —F%) dx + Z/ (— (F/ — FIHu 4+ QIp™ + Hjﬂs’j> dz
0 ple

we obtain inequality (56) for (u®7,p*7,9=7) . Then using the convergence properties
from the proof of Proposition 7, and the convexity of J and the dissipative term, we
conclude that inequality (56) holds for (u’, p?,97) as well.

O

Having established existence for the discrete problem (IP) in Proposition 7 and a
Lyapunov estimate in Theorem 8, we are in a position to obtain an estimate that is
uniform in the time step 7.

Corollary 9. There exists a constant C > 0 such that
L
a®[[F gy + 11P" 1222y + 19" Z2(0) +TZ/Q(!VP7!2 +|VP) de < C, - (60)
=1

for all L and 7 such that 1 < L < N =T/7, with T sufficiently small.
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3. Existence and stability for time discrete problem with thermal convec-
tion through heat fluxes, i.e. expression (10)

The goal of this section is to show that the theory developed in Section 2, applies
also to the model, where the heat transport through convection has the dimensionless
term div (CyvP9).

Then system (19)-(21) becomes

— div (Que(uj) Fadive ] — bpf 1— (1 — b)K gt ]1) — FI, (61)
pj - KSﬁj . j . k ey
87< % + b divua adlv(n(ﬁj)Vp]) =, (62)
0~ (a(ﬂ?] — ﬁsp] +(1-0)Ksg divu]> + K_S div(CpvP7y — B(97)VY7) = H’, (63)
T

with v given by (22).
The variational (or virtual work) formulation of equations (61)-(63), (22), subject
to conditions (23) and (24), reads:

Problem (IPdiv) (incremental problem):| Let W := Hj(£2)™ x H*(£2)?. Then

for given (U,w, ©) € W, find (u,p,9) € W, with \/3(9)VY € L*(2)™, such that
variational equations (25)-(26) are satisfied and

/& aoﬁ—ﬁp—i—(l—b)Kgdivu Hdzv—f—ﬁ/ (= CyvP 9+ BW)VY) - VO dx
0 M Kr /o

K
+—££/Q¢W9ML:/}MdL Vo € WH(82), r > m. (64)
K ofn (9}

T

Problem (IPdiv) meets the same difficulties as problem (IP). Accordingly we
introduce the regularized incremental problem

Problem (IPdiv).:| Given (U, m, ©) € W, find (u®,p®,9°) € W such that
variational equations (29)-(30) are satisfied and

/ 0, (aoﬁg — %ps + Kg(1 —0) divu5>«9 dx + ﬁ/ ( — O, * vPE R (9°)+
Q Q

Kr
KsC}
Kr

B(R.(9°))V9°) - VO dx + L/q%wﬂhﬁz/HMMVMﬁﬂm.wa
o 9}
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Proposition 10. Let £ > 0 be a small positive constant and let assumptions Al — 3,
where we take ¢ € C([0,T]; L=(092)), be satisfied. Furthermore, let

1
g 205 Cor (|6 || 02) (66)

where Cy,.(§2) is the constant in the trace inequality between W1 (2) and L*(992).
Then Problem (IPdiv). admits at least one solution (u®, pf, ¥°) € W.

Proof. The proof is identical to the proof of Proposition 5, except for the coercivity
estimate.

Taking & = u®, ¥ = p® and 0 = ¥° in (29)-(30), (65) yields

F — Kg0%)?
(A, p7, 09), (0, p%, 09)) = /| ) dx + = /(Aldivu€|2+%
n

Ks(ff‘s)Q) / ) KsCy / D
+ dxr + a —Vs dx — Ke* v - VIR () dx

B / BRIV de+ 25 [ iR 07y as, (67)
Kr Jo Kr Jog
with v = —kVp® /n(0°).

The 4th integral containing the Darcy discharge is estimated in exactly same way
as the equivalent integral in the coercivity estimate of the proof of Proposition 5. We
only need to estimate the boundary integral in (67).

Using the trace theorem for the space W11 (£2) yields

[ atRe(599" dS] < gl | R0 L) < Nl / (1R.(5)0F]
HIVR(09)9)]) d < (1% g Cn(2)( / ()2 da + 2 / IR.(0°)||V9°] de) <
(9) 0

£\2 ﬂ(RE(ﬁE)) €
||qd||Loo<mGtr<rz)(/Qw> o+ [ VIR 00 o

The term in the last inequality containing / V B(R:(¥%))|VY*| dx is controlled by
0

the L%-norm squared of \/SB(R.(9¢))V¥° in (67) and the term containing /(195)2 dx
0

can be collected with other / (%)% dx terms in (67). With the coefficient Kg/Kr
7
multiplying 92, this yields

Kq 1
7 (& = CrCu ()]l 1~ 02) / (0°)* d.
T T n
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Hence condition (66) on the time step 7 implies the coercivity. O

Next, ¢¢ € C([0,T]; L>(9£2)) and adding (66) to the assumptions of Proposition
7, gives us, with an identical proof, the analogue for Problem (IPdiv):

Proposition 11. Let the conditions of Proposition 10 be satisfied. Then Problem
(IPdiv) admits at least one solution (u, p, ¥) € W, such that \/B(9)VV € L*(£2)3 .

The results from the time discrete Lyapunov functional from Section 2.2 are again
valid, with a minor change in the dissipative part. We omit the details.

4. Numerical examples

In this section, we confirm our theoretical results with several numerical tests. We
use the open-source finite element library deal.Il [1] and specifically an adaptation of
the multiphysics template [22].

4.1. Solution algorithms and discretization

The discretization of the variational system (25),(26), and (27) is undertaken
in a monolithic fashion in which the three equations are solved all-at-once. The
technique and a corresponding implementation are discussed for a similar-type three-
equation-problem in [22]. For temporal discretization a backward Euler scheme is
used as usually done for porous media applications. Spatial discretization is based
on a Galerkin finite element scheme. We introduce H' conforming discrete spaces
(see e.g., [4]), which consist of continuous bilinear functions Q. The temperature
equation is semi-linear due to the term Vp’ - V197, For high Péclet numbers this
transport term would require upwinding. However, Assumption A2 on 3(9) (see (16)),
limits the effect of the Péclet number. Hence we use a Newton linearization (with a
tolerance of TO Ly, = 107%) for which we again refer to [22]. For more comments
on the numerical treatment of this term we refer to [16]. All other couplings are
linear. Therefore, we have a slightly nonlinear behavior for which Newton’s method
converges in a few steps (in the below examples, we observe 2 — 3 Newton steps).

4.2. Configuration and parameters

We work on the domain {2 = (0, 1)%. The parameters are taken from the numerical
section in [7] and given in Table 2.

The domain is decomposed into quadrilaterals and are three times uniformly re-
fined. In some tests, we perform mesh refinement studies and work on four, five, six,
and seven times refined meshes. We compute N time steps with the time step size
At =1, i.e., the final time is ty.
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SYMBOL  QUANTITY PARAMETER VALUES

n dimensionless viscosity 1
P porosity 0.082
b Biot’s coefficient 0.95
1 1st Lamé-Gassmann coefficient 0.656
A 2nd Lamé - Gassmann coefficient 0.429
1/M compressibility coefficient 0.183
k scalar permeability 1.77-1074
Kg solid expansion coefficient 5-1072
Kr thermoelastic coupling parameter 3.1071
ao = Kg/Kr + K%/M 166.7
Bo thermal diffusivity 0.98

Table 2: Data description

For simplicity we take a constant viscosity n and a constant thermal diffusivity
B(¥) = By. The values of ¥ are not large and C,,;,9% is negligible. Hence the effects
of the nonlinearity in § are not visible.

4.3. Example 1: Program verification with manufactured solutions

In this first numerical test, we construct manufactured solutions and compare
them to the numerically obtained values.

4.3.1. Initial and boundary conditions
As initial conditions, we set:

Plio=po=2x—y in 2
19‘15:0 =0 in 2.

As boundary conditions, we use:

u = (0,0 on 92 x (0,T)
vPov=—k(1,-1)'v=¢% ondN2x(0,T)
pVYI-v=0 ondf2x(0,T).
4.8.2. Manufactured solutions and resulting right hand sides

For the manufactured solutions p and 1, the right hand side in the momentum
equation will be

F=—pAu+V(bp+ K1 —0b)0 — (A + p)div u)
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where
u=a(zr— 1222y — 1)%2 = (1,17
with w = 0.1.

Next, in order to have limited in time source terms for the pressure and tempera-
ture equations, we introduce time cut-off terms for p and 6 such that for ¢ > ¢,, and
t < Cjow With ¢,y = 40 and ¢jo,, = 10 the manufactured right hand side is independent
of the time t. It guarantees that the time evolution starts at ¢t = ¢4, and the solution
will stabilize exponentially fast to a stationary solution with Vi = 0 for ¢t > c,,,.

Such a setting allows us to simulate a situation with concentrated point heat
sources, which can represent e.g. a buried nuclear waste, and with water coming
from the outer boundary and through production and injection wells. With this goal
in our mind, we use for the pressure and temperature the following manufactured
terms simulating point sources:

We chose the radius r = 0.1 and the middle point (z1,31) = (0.5,0.5) for point
source 1 and (xq,y2) = (0.7,0.3) for point source 2. For the pressure, we take the
function

_7*2

rP—(z—m)’ = (y—u)

—(z—23) — (y — yQ)Q)XB(u,T)) .

Here, Fy = 1. Clearly, for t > ¢,;, and t < ¢y, the gradient of p is given by:

p=a— g+ Polt — o) s (cup — )+ - (exp< NXtorn)

2

+€Xp<r2

Vp=(1,-1)" fort > cyup, t < Clow-
For ¢jp <t < ¢yp, we have
Vp = (1, _1)T — 2Po(t — Clow)+(Cup — 1)+

2 2 T
| exp( - X B r’(z —x1,y — )
PP =y =2 = ) (y - )2

—2 2z — 29,y — )" )

O e = ) P P e — P — (-

We infer from these constructions that for ¢ > ¢,;, and ¢ < ¢jo,, We should have
k
vl = —=Vp=—k(1,-1)" = 107%(1, -1)".
n

We use this expression to check our Darcy velocities in our numerical simulations
below.
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For the temperature, we propose a very similar construction as for the pressures:
—r2

r?—(z—21)> — (y — y1)?
)XB(:L‘Q,T)) ,

with &y = 0.1 and ¥y = 0. With this, we have

¥V =y + Op(t — Clow)+(Cup — 1)+ (exp(

2

2= (v —x9) — (y — ¥2)?

)XB(Ilﬂ”)

+exp
-

U =19=0 fort>cy and t < ¢

These formulas allow us to calculate the right hand sides for @) and H:

=K T
Q = Oy i ) - div(kVp)
B K, . K.C; , K, ..
H = 8t(a019 ﬁp) + K—TV -V KleV(BV’l?)

Clearly, with all constructions and cut-off times, we have
H =0 fort>cy and t < ¢jop.

For time t € (¢jow, Cup), the source terms @) and H are large, due to the steep deriva-
tives of the concentrated pics in p and ¥). It would drive the whole system and the
final temperature will take a different value from the initial one.

4.8.83. Numerical simulations with one point source

We plug-in the previous terms into the system (25),(26), and (27) and solve nu-
merically as described above. Graphical results for ¢t = 30 and ¢ = 100 are shown in
the Figure 1 and 2. The evolution of several quantities of interest are shown in Figure
3. Therein, we observe a very good agreement of our theoretically predicted Darcy
velocities.

Table 3: Norm ||pp(t) — p(t)||r2 at ¢ = 100 on different spatial meshes, where pp, is the numerical

solution.

h [P (t) — p(®)||r2
1.76777e-01 | 1.70216e-01
8.83883e-02 | 1.74386e-01
4.41942e-02 | 5.94341e-02
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Pseudocolor Pseudocolor
Var: x_dis Var: y_dis
0.06048 0.06001
— 0.03055 — 0.03008
—0.0006108 | —0.0001408 |
-0.02979

-0.02933
-0.05973
Max: 0.06001

Min: -0.05973

-0.05926
Max: 0.06048
Min: -0.05926

4 0.6 0.8

0.2 0.

0.2 0.4

Pseudocolor
r:temp

Pseudocolor
Var: press

7737 6.819
L 57.61 Lss
~37.86 ~3.410
18.10 1.705
-1.661 0.000
Max: 77.37 Max: 6.819
Min: -1.661 Min: -1.069

Figure 1: Example 1 (manufactured solution). Going from top left to bottom right: u,,u,,p, v at
t = 30s with N = 30.
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Pseudocolor

Pseudocolor
Var: x_dis Var: y_gis
0.0006302 0.0001516
0.0004727 9.555e-05
~0,0003151 —3.9540-05 |
0.0001576 -1.646e-05

0.000
Max: 0.0006302
Min: 0.000

Pseudocolor Pseudocolor
Var: press r: temp
0.9367 Constant.
M. »
—-0.05941
0.5575
1.056
Max: 0.9367 Max: -1.188
Min: -1.056 Min: -1.188

7.246e-05
Max: 0.0001516
Min: -7.246e-05

Figure 2: Example 1 (manufactured solution). Going from top left to bottom right: u,,u,,p, v at
t = 100s with N = 100. The temperature 9 stabilized to a constant values ¥ = —1.188 # 0.
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0.0002 T T T T T T T T T 8 T T T T T T T T
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o 0.0001 B 6 B
Z 5005 1 g 5 1
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—
4+ 1 -150 ,
2 L 4
0 L L n n n n n -200 L L L
0 10 20 30 40 50 60 70 80 90 100 0 10 20 30 40 50 60 70 80 90 100
Time [s] Time [s]

Figure 3: Example 1 (manufactured solution; one point source). Evolution over divu, the Lyapunov
functional, the Darcy velocities vP and the pressure and temperature L? norms. Furthermore, we
plot the L? norm of the temperature gradient and two mean values. Specifically, for the Darcy
velocities, we observe a very good agreement as predicted in our manufactured solutions. The Mean
1 corresponds to [, (p — Kg¥))(t) dx (the mean of the fluid content multiplies by M) and it is
conserved for ¢ > c,;, and equal to zero. The Mean 2 corresponds to [,,(ao9 — £2p)(t) dz and it
is conserved in time as well. The Lyapunov functional stabilized quickly for ¢t > ¢, to a constant
value, confirming our stability results.

25



4.3.4. Numerical simulations with two point sources
We now present a simulation with both point sources for the pressures and tem-

peratures. Graphical solution plots are provided in Figure 4 and the evolution of the
quantities of interest is shown in Figure 5.

Pseudocolor Pseudocolor

Var: x_dis Var: y_dis
0.08428 0.05175
| 0.05046 - 0.01787
_ool66a | —o0601 |
001718 -0.04989
l.o_osvoo l.o_oesﬂ
Max: 0.08428 Max: 0.05175
Min: -0.05100 Min: -0.08377

Pseudocolor

Pseudocolor
Var: press mp
77.47

Var te
6.014

Ls7.71 Lasn

—37.94 —3.007

18.18 1.504
0.000

Max: 6.014

Min: -1.877

-1.589
Max: 77.47
Min: -1.589

Figure 4: Example 1 (manufactured solution; two point sources). Going from top left to bottom
right: ug,u,,p, ¥ at t = 30s with N = 30. We only plot ¢ = 30s because ¢t = 100s is very similar to
the previous numerical test.
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Figure 5: Example 1 (manufactured solution; two point sources). Evolution over divu, the Lyapunov
functional, the Darcy velocities vP and the pressure and temperature L? norms. Furthermore, we
plot the L? norm of the temperature gradient and two mean values. Specifically, for the Darcy
velocities, we observe a very good agreement as predicted in our manufactured solutions. All the

Time [s]

observations from Fig. 3, apply here as well.

Lyapunov functional

Norm value

Mean values

450
400
350
300
250
200
150
100

0 10 20 30 40 50 60 70 80 90 100
Time [s]

Pressure
Temperature

50

-50
-100
-150
-200
-250
-300
-350
-400

10 20 30 40 50 60 70 80 90 100
Time [s]
[ Mean 1 —— |
L Mean2 ——

0 10 20 30 40 50 60 70 80 90 100
Time [s]

4.4. Example 2: A given right hand side FV for the displacements

In this numerical test, the right hand side of the displacement equation is pre-

scribed:

Fi=(1,1)7,

j=0,...
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with N = 10. Other source terms are set zero, i.e. Q7 = H’ =0 for j =1,...,N..
Further we set

w =0 vP.v=0 and BW)VI-v=0 alongdf, for j=1,...,N (68)

and initially we take
(w,p,?)]j=0 =0, in 2.

We compute the solutions on three different meshes in order to study the compu-
tational stability with respect to mesh refinement. Our findings are shown in the
Figures 6 and 7.

Pseudocolor Pseudocolor
Var: x_dis Var: y_dis
0.06307 0.06307
0.04730 0.04730
—0.03153 003153
0.01577 0.01577

0.000 .
Max: 0.06307 Max: 0.06307
Min: 0.000 Min: 0.000

Pseudocolor Pseudocolor
Var: press Var:temp
3.5360-06 6.6830-11
1.768e-06 1.598e-11
0,000 —-3.487e-11

1.768e-06 8.572e-11

. 1.366e-10
M 6 Max: 6.683e-11
Min: Min: -1.366e-10

Figure 6: Example 2 (volume force in the displacement equation). Going from top left to bottom
right: ug,u,,p, v at t = 10s with N = 10.
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-0.0284 0.32
-0.0286 031t
. 00288 | 03}
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S 0029 | g o026 3
S -0.0298 | 0.25 | Ref.7 —— -
= 003} 024 Ret. & ]
-0.0302 | 0.23 Ref. 4 —— |
Ref.3 ——
_00304 L L L L L L L L 022 L L L L L L I L
0 1 2 3 4 5 6 7 8 9 0 1 2 3 4 5 6 7 8 9
Time [s] Time [s]

Figure 7: Example 2 (volume force in the displacement equation). Evolution of the Lyapunov
functional J™ and the maximum divu.

4.5. Example 3: A source term Q7 in the pressure equation

In this numerical test, a time-dependent pressure source term is prescribed:

Q =1x Gl‘p(—f((fL' - :Bc)Q + (y - yc)z))a Te=Yc = 05a

with a parameter f = 10, t = t;,7 = 0,..., N and with N = 100. For the other
source terms, we use F/ = H7 = 0. The boundary and initial values are chosen as in
Example 2. We compute the solutions on three different meshes in order to study the
computational stability with respect to mesh refinement. In Figure 8, we observe the
final states of the three fields (u,, u,), p and . In Figure 9, the Lyapunov functional
and the maximum of divu are displayed for three different meshes. Here, we observe
qualitative convergence under spatial mesh refinement. Our results are plotted in the
Figures 8 and 9.

29



Pseudocolor Pseudocolor
Var: x_dis Var: y_dis
01210 01210
0.06051 0.06051
~0.000 ~0.000
-0.06051 -0.06051
0.1210 -0.1210
Max: 0.1210 Max: 0.1210
Min: -0.1210 Min: -0.1210
T T T T
0.2 0.4 0.6 0.8
Pseudocolor Pseudocolor
Var: press r: temp
856.6 0.04665
854.7 0.03499
- 8527 - 002333
850.8 0.01166
848.8 [0 000
Max: 856.6 Max: 0.04665
Min: 848.8 Min: 0.04665

Figure 8: Example 3 (pressure source). Going from top left to bottom right: u,,u,,p, ¥ at ¢ = 100s
with N = 100.
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L 351 Max div(u) g
r B
>
L ©
0 10 20 30 40 50 60 70 80 90 100 0 10 20 30 40 50 60 70 80 90 100
Time [s] Time [s]
T T T T 900 T T T T T T T T T
Pressure
800 1
L ] 700 1
o 600 1
=
S 500 - 1
E 400t .
o
Z 300} 1
[ ] 200 1
D
Vox —— 100 B
L L L v \'m 0
0 20 40 60 80 100 0 10 20 30 40 50 60 70 80 90 100
Time [s] Time [s]
0.05 . : . . . . . . .
Temperature
0.045 1
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0.035 1
S 003} ]
3 .
£ 0.025 1
S 002 1
0.015 1
0.01 1
0.005 1
0 L L L L L L L L
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Time [s]

Figure 9: Example 3 (pressure source). Evolution of the Lyapunov functional J, divu, the compo-
nents of v and the norms of the pressure and temperature, i.e., ||p||z> and ||T||.2, respectively.

4.6. Example 4: A heat source H’

In this example, we keep all material parameters, boundary conditions and initial
data as before and take now a nonzero heat source, while setting £V = Q7 = 0. To
this end, we use:

H =txerp(—f((x — 2%+ (y — v)?)),

31

Te = Ye

0.5,



with f = 100 and a parameter t =t;,7 =0,..., N with NV = 100.

Pseudocolor Pseudocolor
Var: x_dis Var: y_dis
2.8200-05 2.8200-05
1.410e-05 1.410e-05
~0.000 ~0.000
-1.410e-05 -1.410e-05

2.820e-05 -2.820e-05
Max: 2.820e-05 Max: 2.820e-05
Min: -2.820e-05 Min: -2,820e-05

Pseudocolor Pseudocolor
r:temp

Constant. 2

[ ] 1896.
~1264.

6320

- 0.000

Max: 126.4 Max: 2528

Min: 126.4

Min: 2528,

Figure 10: Example 4 (heat source). Going from top left to bottom right: u,,u,,p,9 at ¢ = 100s
with N = 100. The pressure and temperature fields are nearly constant, which can be justified by
carefully studying the underlying system and also taking the boundary conditions into account.
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Figure 11: Example 4 (heat source). Evolution of the Lyapunov functional J, divu, the components
of vP and the norms of the pressure and temperature, i.e., ||p||z2 and ||T||.2, respectively.

5. Conclusion

In this paper we have undertaken a study of the equations of semi-linear thermo-
poroelasticity in their incremental- i.e. time discrete - form. We prove existence of
a weak solution and use the natural free energy to construct a Lyapunov functional.
This implies global stability of the solution in the sense that one can repeat the
stepping procedure an arbitrary number of times.
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Our results apply to the setting where the fluid velocity is more important than the
velocity of the structure. In the vocabulary of Coussy [5] it is an Eulerian formulation,
where the main part of the velocity is the Darcy velocity, i.e. the relative velocity
between fluid and skeleton. The characteristic time of interest for us is the heat
convection time. We suppose a growth condition on the dimensionless heat diffusion
coefficient 5(19) in order to control the convection term for moderate Péclet number.

It is well-known that the heat diffusion coefficient is a strictly increasing function of
temperature. In the range of the temperature variations considered in this paper, it is
practically constant. The data, together with a discussion, are presented in Remark 1,
and the conclusion is that the nonlinear regularization of the heat diffusion coefficient
by the term C,,;,99? is negligible for the physical regime of the temperatures.

The nonlinearity of 3 plays a role only for large values of ¥, were the validity of
the model is not clear any more.

Finally, in our numerical tests, we proposed characteristic settings in order to
study the behavior of the different solution components. Using a manufactured so-
lution, we could show very good agreements in Example 1 between analytical sug-
gestions and the numerically-computed values. Moreover in Example 2, we could
computationally show the robustness with respect to mesh refinement. Moreover,
our findings were studied in terms of several quantities of interest. The behavior of
the Lyapunov functional, the volume strain and the Darcy pressures are all plausible
and confirm with our theoretical findings.
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