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Abstract: This article studies the Coleman-Gurtin thermoelastic model with second-gradient effects
on the temperature from both analytical and numerical perspectives. Semigroup theory is used to
obtain the existence, uniqueness, and continuous dependence of the solutions on the initial parameters.
In the one-dimensional case, the polynomial decay of the solutions is obtained. The numerical analysis
of the problem is then considered. Employing the finite element method to approximate the spatial
variable and the implicit Euler scheme to discretize the time derivatives, fully discrete approximations
of a weak form of the thermoelastic problem are introduced. A discrete stability property and an a
priori error analysis are also provided. Finally, some numerical simulations are presented to show the
numerical behavior of the approximations and the discrete energy.

Keywords: Coleman-Gurtin model; second gradient; existence and uniqueness; stability and energy
decay; finite elements; error estimates

1. Introduction

It is very common to describe heat conduction by using Fourier’s law. That is, we juxtapose the
energy equation

cf = qi,i
with the constitutive relation

qi = k0. (1.1)

In these equations, 6 is the temperature, ¢ = (g;) is the heat flux vector, c is the heat capacity, and « is the
thermal conductivity. Moreover, we denote by a subscript i after a comma the spatial derivative of the
variable with respect to the coordinate x;, and a dot over a variable represents the usual time derivative.
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However, this description has some limitations. For example, these relationships do not take into
account the history of the material. This is why, in the 1970s, different theories for heat conduction
were developed which considered its dependence on history [1,2]. One such theory is associated with
Coleman and Gurtin [3]. It replaces the classic Fourier law (1.1) with a relation of the form

g=ab;.+(-a foo ki1(8)8(t — s)ds, (1.2)
0

where « is a real number between zero and one, and «;(s) is the relaxation function.

Although this approach takes into account history effects, it is worth remembering that in recent
years, different heat conduction theories have been introduced considering long-distance effects. It
is appropriate to recall that a possible motivation for this can be found in [4], and that lesan [5-8]
has done extensive work developing this type of study by introducing higher-order derivatives into
the constitutive equations and following the basic axiomatics of Green and Naghdi [9-13]. Moreover,
several contributions concerning effects of this kind have been obtained recently (see, e.g., [14-17]).

Inspired by Iesan’s work, it seems reasonable to extend Coleman and Gurtin’s theory (1.2) using
the constitutive equations

g=a0;+(-a) fm ki($)0(t = s)ds, Gij=p0;+(1-p) fw k()0 ;;(t — s)ds
0 0

and the energy equation
ct =gqi;— Gij,ij,

where S is again a real number bigger than zero but less than one, k, is a new relaxation function,
and G;; is a new tensor, which is usual for the second gradient heat conduction theories. It is worth
recalling that that the influence of the temperature at long distances is determined by the existence of
the tensor G;;".

Given the proposed heat conduction theory, we can naturally consider an associated linear
thermoelastic theory. Our objective in this article is to study different qualitative and numerical
properties for the solutions linked to this theory. Specifically, we propose a system of equations
associated with the Coleman-Gurtin theory with a second gradient for heat conduction. Using the
semigroup theory, we will obtain the existence and uniqueness of the solutions to the problem
associated with this theory as well as an estimate of the decay of the solutions in the one-dimensional
case. An a priori error numerical analysis will be developed by means of the finite element method
and the implicit Euler scheme to provide a fully discrete approximation of a weak form of the above
thermoelastic problem. The discrete stability property and a general a priori error result will be
shown, and we will derive a linear convergence asymptotic behavior under suitable additional regularity
conditions. One-dimensional numerical examples will be also presented.

This paper is structured as follows. In the next section, the thermoelastic problem is presented,
including the Coleman-Gurtin heat conduction theory within the second gradient theory. An existence
and uniqueness result is provided in Section 3 by using the theory of linear semigroup of contractions.
Restricting ourselves to the one-dimensional case, a polynomial energy decay is proved in Section 4.
Then, fully discrete approximations are introduced in Section 5, where the spatial variable is

*A possible justification of these effects can be found in the introduction of the book by Iesan and Ciarletta [18].
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approximated employing the finite element method, and the time derivatives are discretized by the
backward Euler scheme. A discrete stability property and an a priori error analysis are shown, which
allows us to obtain the linear convergence of the approximations under suitable additional regularity.
Finally, in Section 6, some numerical simulations are described to demonstrate the accuracy of the
approximations and the decay of the discrete energy involving one-dimensional examples.

2. The strain gradient thermoelastic model with the Coleman-Gurtin law

In what follows, the thermoelastic problem is presented obtained by using the Coleman-Gurtin
model within the second gradient theory. Therefore, let B C R4, d = 1,2,3 be the thermoelastic
domain, and denote by x € B and ¢ € [0, co) the spatial and time variables, respectively. In general,
nonlinear theories could be considered (see, e.g., [19,20]). However, to obtain the results that we
propose, we will restrict ourselves to linear and isotropic materials.

Our aim in this paper is to solve the following thermomechanical problem, which is written in terms
of the displacements of the solid elastic material # and the temperature difference 6.

Find the displacements u; : B x [0, 00) — R and the temperature field 6 : B x [0, c0) — R such that

piii(t) = (p; j(1) + (A + (1) = B'0,(1) in Bx(0,00), @.1)

o

ch(t) = aAO(t) + (1 — ) foo k1(S)AO(t — s) ds — BA%6(t)
0

-(1-p58) foo ko ($)A*O(t — 5)ds — Bdivae(r) in B x (0, 00), (2.2)

0
u;(x,0) = ugi(x), i;(x,0) =vy(x) fora.e. x € B, (2.3)
0(x,0) = 6y(x) fora.e. x € B, 2.4)
0(x,—s) = Op(x,s) fora.e. (x,s) € Bx(0,0), (2.5)
ui(x,t)=6(x,1) =0, 6;(x,Hn; =0 forae.xe€dB, andt >0, (2.6)

where n = (n;) is the outward normal vector to the boundary dB, which is assumed smooth enough
to allow the use of the divergence theorem, and p, A, u, B*, ¢, @, and B are constitutive coeflicients.
Moreover, in order to have couplings among the equations, we need to assume that 8* is different from
zero, although we do not have any restriction on its sign.

Remark 1. A one-dimensional version of Problem (2.1)—(2.6) can be obtained. Thus, the one-
dimensional domain (bar) B = (0, {) is defined with € > 0, and the one-dimensional thermomechanical
problem is written as follows.

Find the displacements u : [0, €] X [0,00) — R and the temperature field 6 : [0,{] X [0,0) —» R
such that

pi(t) = i, (1) — B70.(1) in (0,¢) X (0, 00), (2.7)
CQ(Z‘) =l () + (1 - a’)f K1(8)0(t — ) ds _ﬁgxxxx(t)
0

—(1-5) fw K2()ruxx(t = ) ds — Bt (1) in (0,£) X (0, 00), (2.8)
0
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u(x,0) = up(x), u(x,0)=vo(x) fora.e xe(0,0), (2.9)
0(x,0) = 6y(x) fora.e. x € (0,0), (2.10)
0(x, —s) = Go(x, s) fora.e. (x,s) € (0,€) x (0, ), 2.11)
u(x,t) = 0(x,t) = 60,(x,t) =0 forxe{0,f}andt >0, (2.12)

where i = A + 2u, and the subindex is used to indicate the spatial derivative with respect to the
x variable.

3. Existence of solutions

In this section, we want to provide an existence theorem for the Problem (2.1)—(2.6). To this end,
we prove that the solutions to the problem are generated by a semigroup on a suitable Hilbert space.

First, the conditions should be imposed on the constitutive coefficients and functions. Thus, we
assume that

(a) p, ¢, u, 1 + u, a, and B are positive.
(b) @ and B are less than one and bigger than zero.
(c) Forae. se Randi= 1,2, &(s) <0, ki(s) > 0, and k;(s) < —Ck;(s) for a positive constant C.

(d) —f ski(s)ds < oofori=1,2.
0

3.1. Functional frame

In this subsection, the problem is rewritten as a Cauchy problem in a suitable Hilbert space. To
handle with our system, the following auxiliary function is introduced for t > 0 and s > 0:

U’(S)=f0 O0(r — &) de,

where we omit the dependence with respect to the material point to simplify the notation. It is worth
recalling that this new variable is often called “summed history”.
It will be useful to define

M= {n: R — H(B): - f f (iR + k()| An(s)P) dVdds < oo},
0

B

Here, HS(B) is the well-known Sobolev space (see, for instance, [21]).
In this space, we consider the scalar product associated to the norm:

= [ [ (== a6 -1 - peeisnsF) avs
B

The following operator 8 : M — M is introduced:

0
Bin=-51

with domain Dom(8B) = {n € M; 1 € M, n(0) = 0}.
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A very well-known argument using the equality

. on\ _1d, _ o 1 )
i VnV (a) = 5 7= (lVnP) = Ski()Ivr

allows us to see that

1

Re{(Bi.mumt = -3 fo f ((1 = @ (DI + (1 = Bica()|An(s)*) dVids.
B

Based on this functional structure, we introduce the space
H = Hy(B) x L*(B) X L*(B) X M,

where L*(B) = [LX(B)]%, Hy(B) = [HL(B)]¢, and L*(B) and H\(B) are the usual Sobolev spaces. The
space H is endowed with an inner product associated with the norm

G, v, 6, )II” = fB (ovivi + s j + (A + g + ) dV + Il

where we have denoted by v = (v;) = & = (i;) the velocity field.

In view of Assumptions (a)-(d), this norm is equivalent to the Sobolev norm in H.

Now, we denote by U = (u,v, 8, 1), and so, Problem (2.1)—(2.6) is written as a Cauchy problem in
the form

d
d—tU(l‘) =AU, U(0) = (uo,vo,6,n0),

where
\%

o i + (A + @ —,3*9,1'10
ﬂU — c_l[a/e,jj —,89,,~,'J~j - (1 - a)f kl(S)T],jj(S) dS
. 0
+(1-pB) f ka(s)n jji ds = B |
0
Bn+6

3.2. Existence of solutions

In this subsection, we show that the operator A generates a contractive semigroup.

The domain of the operator A consists of the elements of the Hilbert space H such that
v € [Hé(B)]d, Huiji + (A + wuj; — B°6; € [L*(B)]Y, aAd — (1 — a) fooo ki($)Ands — BA?0 + (1 —
B) fooo k2 (8)A’n(s)ds € L*(B), and € Dom(8B). It is clear that the above domain is dense in H.

After the use of the divergence theorem and the boundary conditions, it leads to

Re(AU, U) = —al[VOI* = BIAGI® + Re(Bn, mypm < O
for every U at the domain of the operator.
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In view of the previous comments, to prove the existence of a semigroup, we only need to show that
zero belongs to the resolvent of the operator. Then, we consider (u*,v*, 8%, 7*) € H, and we need to
solve the system:

v=u’,
uAu + (A + w)V(divu) — p*Vo = pv*,

a0 — BA*0 — (1 — @) f ki()An(s)ds + (1 = B) f ) ko ()A’n(s)ds — Brdivy = b,
Bn+60=n" ’ ’

Observe that v is easily calculated and also that

)
—n=-n +0.
551 =

Therefore, it follows that
n(s) = s6 - f (&) déE.
0

This leads to the equation

~([e- (1 - ) f siki(s)ds]AG — [B— (1 - B) f sk () ds]A’0) = —(c6" + fdivu’
(-0 f fa(s) f My (€ deds + (1 = ia(s) f N2y (€) dids).

It is clear that the right-hand side of this expression belongs to H~2(B). On the other hand, the left-hand
side allows us to define the bilinear form

P, 6,) = f V6,V6,dV — (1 — @) f ( f skl(s)ds)Vé’lVOde
B B 0

+B f AG,AG, dV — (1 - B) f ( f ) ska(s) ds)A0|AB, dV.
B 0

B

In view of the assumptions (a)—(d), this form is bounded and coercive in the space HS(B). Therefore,
the Lax-Milgram lemma implies the existence of a solution 6 satisfying the equation. In fact, it is
obtained that 6 € Hg(B). Thus, the equation

uAu + (A + w)V(divu) = pv + V6

also admits a unique solution (again, by using the Lax-Milgram lemma to this last equation). In fact,
there exists a positive constant K such that

@, v, 0, < K@, v", 6", 1),
and the existence of a semigroup follows. This is summarized in the following theorem.

Theorem 2. The operator A generates a contractive semigroup in the Hilbert space H.

It is worth recalling that the existence of a semigroup guarantees existence, uniqueness, and
continuous dependence with respect to the initial data and the supply terms (if they are imposed).
Consequently, we have seen that the problem is well-posed in the sense of Hadamard.
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4. Energy decay in the one-dimensional case

In this section, we restrict our attention to the one-dimensional Problem (2.7)—(2.12), and we prove
a polynomial decay estimate for the solutions. Moreover, we assume here that 8* # 0.

It is worth recalling that the coupling term given by 8" is not enough to guarantee the exponential
decay of the whole system in the case of second gradient thermoelasticity of type I [22]. Therefore,
exponential (fast) decay cannot be expected in our case, and we instead look for polynomial behavior.

To this end, it will be convenient to recall the characterization of the polynomially stable semigroups
defined by Borichev and Tomilov [23].

Theorem 3. Let (¢} be a bounded Cy-semigroup in a Hilbert space H such that iR C o(A). For a
fixed r > 0, the following conditions are equivalent:

(a) There exists Ly > 0 such that
IGLI = A) Ml gz < OCLE),  VILI = Lo.
(b) There exists to > 0 such that
le A A | gy < O, Vit 2 1.

It is also convenient to recall the problem for the one-dimensional case. That is, we must solve
the system

pI/t = lauxx _ﬁ*em

CQ = b — (1 - a’)f kl(s)nxx ds _ﬁgxxxx + (1 _ﬂ)f k2(s)77xxxx(s) ds _ﬁ*ux’
0 0

Y=g on

= ds’

where we recall that fi = A4 + 2u. For the sake of clarity in the writing, we use the notation y instead

of fi. Moreover, even if we should impose homogenous boundary conditions, in order to simplify the

analysis, we assume Dirichlet boundary conditions for the displacements # and Neumann conditions

for the temperature 6. That is, we work on the interval [0, £], where ¢ > 0 denotes the length of the bar,

and we assume that

w0, =u(t,t) =0forae. >0, @.1)
0.0,1) = 0,(£,1) = 0,,,(0,1) = 0, (€, 1) = 0 fora.e. t > 0. ’

4.1. Semigroup of contractions and decay

It can be shown that there exists a semigroup of contractions determining the solutions to this
problem with boundary conditions (4.1). In this case, the arguments are very similar to those used in
the previous subsection. However, we prefer to work with these new boundary conditions to simplify
the calculations of the analysis. Moreover, the Hilbert space would be H = H(I)(O, £) x L*0,¢) x
L*(0, £) x M., where

4
L}0,6) = {f € L*(0,0); f f(x)dx =0},
0
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and

M. = {n: [0,00) = H*(0,0), ff (=1 ($)lne($)* = ka($)lnx($)) dsdx < oo,
0 / 0

and f n(x, s)dx = 0 for every s}.
0

In this setting, the inner product is defined in a similar way to that used in the previous section but
in the one-dimensional case. Thus, the proof of the existence of the semigroup is omitted. We recall
that the operator can be now written as

1%

P_l [,uuxx - ﬁ*gx]

\l/j c_l[a'exx _lggxxxx - (1 - a’) f kl(s)nxx(s) ds
A o |= - 0
" +(1-p) fo ko (e ds = BV,
P
os

Note that the domain of the operator is the subspace made by the elements such that yu,, — 86, €

LZ(O’ 0), vy € H(l)(oa 0), O = Mxxx = 0 for x € {0,¢}, and ab,, — (1 - a’)f kl(s)nxx ds _ﬁgxxxx +
0

(1-58) f K (S)Nxxxx(8) ds € L*(0, ¢). Tt is also worth noting that, in this case, we can obtain again that

Zero bel(g)ngs to the resolvent of the operator and that Re{( AU, U) < 0. However, the proofs have been
omitted for the sake of clarity and to avoid repetitions.

To prove that the imaginary axis is contained in the resolvent set of the operator, we argue by
contradiction. Let us assume that there exists a real number & such that i belongs to the spectrum.
Then, there exist a sequence of real numbers &, — & # 0 and a sequence U, = (u,, v, 6,,1,) of unit
vectors in the domain of the operator such that

iEu-v—0 in HY0,0), (4.2)
i&v — p Nuue — B70y) = 0 in L0, 0), 4.3)

i€ — ¢ (@b — (1 - @) f(; i k1 ($)xx(5) dS = BOrxax
H1-8) [ () ds =g 20 i 0.0, @4)
ién — (6 - %) -0 in M, 4.5)
where the indices have been omitted for simplicity in the notation. Moreover, the dissipation inequality

implies that
Ous Osrs [ ki ($)7(8)ds, [ ka(INun(s)ds —> 0 in L2(0,0).

By integrating the convergence (4.4) with respect to x and in view of the boundary conditions, we have
lggxxx - (1 _IB)f kZ(S)nxxx(S) ds +,8*V — 0 in Li(O, 5)
0
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Now, multiplying by v and applying integration by parts, we obtain
<ﬂ9xxx - (1 _ﬂ)f kZ(S)nxxx(s) ds +ﬁ*v, V)
O 00
= =B — (1 —ﬁ)f ko ().(8) ds, vi) + BT IVIP — 0.
0

As v, is bounded, we conclude that v — 0 in L*(0, £), and returning to (4.3), after multiplication by u,
we obtain that u — 0 in Hé (0, ¢), which yields the desired contradiction.

To prove the asymptotic condition, we assume again that it does not hold. In a similar way, there
exist a sequence of real numbers &, — oo and a sequence (u,,, v,,, 6,,,717,) of unit vectors such that

EGu-v) -0 in HY(0,0),
EXigv — p (e - 76,)) > 0 in L*0,0),

fz(lére - C_l(a'gxx - (1 - a)f kl(s)nxx(s) ds _ﬂgxxxx
0
+(1 _ﬁ)f kZ(S)nxxxx(s) ds _ﬂ*vx)) — 0 in Li(o’ 5),
0
0 .
EXign - (0 - a—Z)) S0 in M.
Once again, the dissipation inequality shows that

£0,, E00iy & [ ki(Mu(5)ds, & [ ka($)n(s)ds = 0 in L0, 0). (4.6)

Proceeding as before, we obtain
Bboss — (1 - ) fo K5V uan() ds + B0, )
~~gon-1-p) [ ka1 ds, v + BINIE
<=0~ 1-p) [ " ka1 ds, i) + NP
= (B0~ (=B [ ko)) i) + BIIE 0,

where the last convergence comes from (4.6) and the boundness of the H'-norm of u.
Therefore, we find that v — 0 in L*(0,¢) and u — 0 in Hé (0, ¢) after multiplication by u. Hence, we
conclude the following.

Theorem 4. The solutions generated by the semigroup associated to the operator ‘A are polynomially
stable; that is, there exists a positive constant M such that the inequality

G, v, 6, iz, < Mt~ [\ AU, vo, 60, 10)Il7
holds.

From a physical point of view, the temperature dissipates the energy of the system. The mechanical
energy becomes thermal energy (note that 5* # 0). Moreover, the diffusion of the system brings to a
uniform temperature, but the assumption stating that the mean value of the temperature vanishes leads
to the fact that the temperature of the system tends to the equilibrium state.
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5. Numerical analysis of the variational problem

In this section, the original Problem (2.1)—(2.6) must be modified because an infinite memory term
appears. Therefore, Condition (2.5) must be replaced by

O(x,t) =0 forae.xeB, andt<O. (5.1

From Condition (5.1), we can conclude that the memories vanish before the initial time. Therefore,
in order to simplify the calculations, we include it into the integral terms, leading to the following
problem.

Find the displacements u; : B x [0, ) — R and the temperature field 6 : B x [0, ) — R such that

pit(t) = (i (1) + (A + (1) —Brév(r) in Bx (0, 00), (5.2)

o

cl(t) = aAO(t) + (1 — ) f K1($)AO(t — s5)ds —ﬁAZQ(t)
0

—(1 —ﬁ)f Kk ($)A%0(t — ) ds —pB*diva(t) in B x (0, ), (5.3)

0
ui(x,0) = up;(x), 1;(x,0)=vy(x) forae.xéeB, 5.4
6(x,0) = 6y(x) fora.e. x € B, (5.5
ui(x,t) =0(x,t)=0, 6;x,0n;=0 forae.xe€dBandr>0. (5.6)

Finally, making a change of variable within the integral terms, the previous problem can be written
in the following form. _ .
Find the displacements u; : B X [0, 00) — R and the temperature field 6 : B X [0, ) — R such that

pii(1) = (s j(0) + (A + puji(0)) = B'éea(t) in B x (0,00), (5.7)

v/

cl(t) = aAO(t) + (1 — ) f k1(t — $)AO(s) ds —ﬁAZG(t)
0

-1 —B)f ko (t — $)A*0(s)ds — Brdiva(r) in B x (0, c0), (5.8)

0
ui(x,0) = up;(x), 1;(x,0) =vy(x) forae.xeB, (5.9
0(x,0) = 6y(x) fora.e. x € B, (5.10)
u(x,t) =6(x,1) =0, 6;(x,nHn;, =0 forae.xecdBandr>0. (5.11)

Remark 5. As in the second section, a one-dimensional version of Problem (5.7)—(5.11) can be
obtained defining the one-dimensional domain (bar) B = (0,{) with € > 0. Therefore, the
thermomechanical problem corresponding to the one-dimensional setting is written as follows.

Find the displacements u : [0, €] X [0,00) — R and the temperature field 8 : [0,{] X [0,00) — R
such that

pil(t) = fut (1) = Brax(n) in (0,£) x (0, o), (5.12)
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Cg(t) = agxx(t) + (1 - a’)f Kl(t - S)Hxx(s) ds _ﬁgxxxx(t)
0

—(1 —ﬁ)f kot = $)0rxex(s) ds — B () in (0,£) X (0, 00), (5.13)

0
u(x,0) = ug(x), u(x,0)=vo(x) fora.e. xe€(0,0), (5.14)
0(x,0) = 0y(x) fora.e. x € (0,¢), (5.15)
u(x,t) = 0(x,t) = 60,(x,t) =0 forxe{0,f}andt >0, (5.16)

where we recall that fi = A+ 2u, and the subindex has been used to indicate the spatial derivative with
respect to the x variable.

Now, in order to perform the numerical analysis of the second-gradient thermoelastic problem, we
derive its variational formulation. Then, the deformation of the body is studied over a finite time
interval [0, T'], where T > O is the final time.

Let us define the variational spaces Y = L*(B), H = [L*(B)], Q = [L*(B)]**‘, E = H}(B), and
V= [Hé (B)]“ and denote by (-,-)x and || - ||y the inner product and norm associated to the Hilbert space
X, respectively.

Therefore, applying the divergence theorem and using the boundary conditions (5.11), the following
weak problem is obtained, written in terms of the velocity field v = & and the temperature 6.

Find the velocityv : [0, T] — V and the temperature field 0 : [0, T] — E such that v(0) = vy = (vy;),
0(0) = 6y, and for a.e. t € [0, T] and for allw € V and r € E,

P (0), W) + u(Vu(t), Vw)g + (A + p)(div u(?), div w)y + 7 (VO(E), w)y = 0, (5.17)

c(0(), )y + a(VO(1),Vr)y + (1 — @) (f k1 (t = s)VO(s)ds, Vr)
0 H

+B(AO(t), Ar)y + (1 — ) (f Kk (t — $)AO(s) ds, Ar) + B*(divv(r),r)y =0, (5.18)
0 Y

where the displacements u are recovered by the expression

u(t) = f v(s)ds +uy with uy = (uy;). (5.19)
0

Note that in Problem (5.17)—(5.19), supply terms have not been included, although the analysis
provided in this section could be easily extended to the general case. Anyway, for the sake of generality,
in Section 6, that modification has not been included.

In this section, the variational problem (5.17)—(5.19) will be studied numerically. To this end, we
first provide a numerical scheme based on the classical finite element method and the implicit Euler
scheme, and we derive a discrete stability property and some a priori error estimates.

5.1. Fully discrete approximation

Now, some fully discrete approximations are introduced of the variational problem (5.17)—(5.19).
We proceed with its approximation both in space and time. In a first step, we obtain the spatial
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approximation by using the classical finite element method. Therefore, assume that B represents a
polyhedral domain with a regular triangulation 7" (in the sense of [24]), and the finite element spaces
V" c V and E" C E are defined as follows:

E'={"e C'B)NE; r! €Py(Tr) VTreT"),
Vi={wh e [CB)I NV ; wh e[P(TPH] VTreT™",

where P,(T'r) represents the set of polynomials of global degree equal to or less than g for each finite
element 7r. Now, we can define the discrete initial conditions as

h _ pl h _ ph h _ ph
u, = Pl’uo, vy = Plvo, 90 = P290,

where P and P% are the finite element interpolation operators over the finite element spaces V" and
E", respectively (see, for details, [24]).

Regarding the discretization of the time derivatives, let 0 = ¢y < ... < T = ty be a uniform partition
of the time interval [0,T] with nodes t, = nk forn = 0,..., N and a time step k = T/N. Furthermore,
let w, = w(t,) be the value of a continuous function w(¢) at time ¢ = ¢,, and for a sequence {w,,}fl\’:o, let
ow, = (w, — w,_1)/k be its divided differences.

Applying the well-known implicit Euler scheme, we have the following fully discrete problem.

Find the discrete velocity v'* = {vhk}nN=0 C V" and the temperature field 6" = {Qhk}ﬁlvzo c E" such that

n n

vgk = vg, 98" = 96’, andforn=1,...,N, and wh e V" and " € E",
PV Wy + u(Vul*, Vwh) o + (A + p(divu’®, divw")y + g5 (V8w = 0, (5.20)
c(O0, 1"y + (VOIS Vi + (1= ) (I, V") + BAGY, Ay
+(1=B) (S5, AF) + B (divvit, My = 0, (5.21)

where the discrete displacements u’™ are recovered by the expression
n
hk _ hk | o h
u" —kaj +ul (5.22)
=1

with I"* and J"™ being approximations of the integral terms involving the relaxation functions
defined as

Il];k =k Z Kl(n_j)VHI;-k, (523)
j=1

I =k kg pAdE, (5.24)
=1

The existence and uniqueness of the solution to the above fully discrete problem follow from the
well-known Lax-Milgram lemma.
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5.2. An a priori error analysis

In this subsection, a discrete stability property is established, and an a priori error result is derived,
which implies the linear convergence of the approximations under a suitable regularity assumptions on
the continuous solution.

First, we have the following.

Lemma 6. Under the assumptions (a)—(c), we have the following stability estimates:
VG + IVl + dive|s + 16015 < € for n=1,...,N,

where C > 0 is a constant which is independent of the discretization parameters.

Proof. First, some terms are estimated involving the discrete velocity. Thus, taking as a test function
in (5.20) w" = v"* € V" we obtain

POV VYV + u(Vul™® Vv + (A + p)(diva™, divv™)y + BH(VEH, vy, =
and using the estimates that follow from the parallelogram identity
POV VY 2 2k[uv 1, = 12,15
HOVH W) > L IVu G — 1V 1)

(A + p)(div '™, div vy, >

+ U,
|ldiv 2153 — lidiv ), 13 .

we find that
P [ 11,5k 12 hk (2 H hk) (2 hk (2
el WU = I3 | + 2 (191, = 19 16 |

2k
+
[Ildlv w1 — Ildiv a1 + 87 (VO vy < 0.
2k n n
Now, we proceed with the estimates for the discrete temperature. Choosing " = 8% € E" as a test
function in (5.21), we have

n°>“n

c(O0, 1)y + VOl + (1 — ) (1%, Ver) +BIAGHI
+(1 = B) (%, AG) + B (div v}, 04y, = 0

Thus, keeping in mind the estimates

ik hk k ik
(@0, 0y = (1615~ 12,15
together with

B (divt, 0y = =B )k, Ve,

n’>-n

and using Young’s inequality, we deduce that
c
SN = NS I | = 870, V60 + CAVEI + IAGIR) < CALAE + 1R,

where C denotes a generic positive constant that may change from line to line, but it remains
independent of the discretization parameters.
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Combining the above two estimates for the velocity and the temperature, we obtain
h h € T k
LW = W 5]+ 2 (191 = 19,15 + = (16315 = 16 15

A+u
+ = div a5~ Idival, 13 ] + CAVOR + 1A01R)
< CI™M 2, + 1T™2).

2k

Multiplying these estimates by k£ and summing it until n, we have

n
hk2 hk2 . hk|2 k2 ik |12 k|2
210, + Il + idiv I+ 162415 + CK > [IVEIE, + 1A02413
j=1
n
hk 2 hk 2 hp2 hy2 2
< Ck Y (I, + IB) + CAWGIE, + Il + 165)1).
j=1

Now, in view of assumptions (a)—(c), it holds that

n n J n J
"Z I, = "Z ||kZ cag-n VO < Ck Yk D IVERE,

jl 11

anJ’”‘n2 —kZIIkZlQ(, pAGHIE < Ckz ZIIAH’”‘IIZ
J=1 =1 j=1 =1

Finally, using a discrete version of Gronwall’s lemma (see, for instance, [25]), the desired stability

estimates follow.

Now, the numerical analysis of the approximations to Problem (5.17)—(5.19) is provided, obtained

from the fully discrete problem (5.20)—(5.22). This is summarized in the following theorem.

Theorem 7. Let the assumptions (a)—(c) still hold. Denoting by (u,v, 0) the solution to Problem (5.17)—
(5.19) and by { phk 6’1"}" o the solution to Problem (5.20)—(5.22), we have the following a priori

1’n

error estimatesfor all (wh_ c V" and (7]} C E":

hk hk hk ik
max {11, = v + IV = G + idiv @, = w1 + 116, - 611

N

. 2 . 2 2 2 hy2

< Ck Y [19;= 6w I3 + lli; — 6w, + 18 = SO,115 + llv; = whE
=1

N-1
C
h h h 2
10 = FJE + WErr iy +NErraj ] + = > [y = w) = 0y = whlE
J=1

+16; = 7§ = @1 = LI | + € max (v, —willy +116, — il

hp2 h 1
+C(IIvo = velIF, + lluwo — ugly, + 6o - eony),

where C denotes a positive constant independent of h and k but dependent on the continuous solution

and the constitutive data, and Err\; and Err,j are approximations of the integral terms defined as

1 J
Erry = f ki(t; = V(s ds = k ) k1 V6,
0 =1

(5.25)

Electronic Research Archive Volume 34, Issue 8, 5144-5165.



5158
! J
Erry; = f kalt; = HAO(s)ds — k ) kxjpAG). (5.26)
0 I=1

Proof. Evaluating the variational equation (5.17) at t = t,, taking w = w" € V" C V and subtracting the
discrete variational equation (5.20), we obtain, for all wh e Vi,

P, — v why + u(V, — ult), Vwhg
+(A + p)(div (u, — u™), divw")y + g*(V(6, — 6"), w")y = 0.

Thus, we conclude that

Py = Vi v, = VI + u(V(w, —ult), Vv, —vi*)),
+(A + (div (w, — u*), div (v, =)y + BV, — 025), v, — vy
= p(Vy — VI v, — Wy + u(V, — ul), Vv, —wh)o
+(A + p)(div (u, — u™), div (v, — wh))y + B*(V(6, — 0%),v, — wh)y.

Now, applying the parallelogram identity, we deduce that

p8¥, = 9w =i = T = Vi = s = VI
3 M
u(V (e, —u)t), V(ou, - up)g > %[IIV(un — G = IV @y — kIR,
(A + p)(div (w, — u™), div (6u,, — 5u’™))y
A+pur .. ) .
2 —7 [ldiv (e, — w1 lIdiv (o — 2l DI,

and taking into account that

BV, — 8),v, —why = —B*(6, — 9, div (v, — w"))y,
it yields, for all w" € V",
P

k(2 hk (2 H Rk (12 Rk \|[2
o L " 7 = e = vl |+ 2 IV e = I, = 19t = w1
Ju)

. hky(12 . hk 2 * hk  q: hk

Sy [lldiv @, = ) = lldiv o — wl DI = B7(6, — 61, div (v, = Vi)

' 2 ; 2 2 2 2

< C(“vn - 6vn||H + ”un - é‘un”\/ + ”vn - wh”V + ||vn - vZk”H + ”V(un - qu)”Q

+Idiv @, = wE + 116, — OB + (6, — VI, v, = W) ).

Next, we obtain the error estimates for the temperature field. Subtracting the discrete variational

equation (5.21) from the variational equation (5.18) evaluated at r = 1, with r = 7* € E" C E, we
arrive at

c(By = 60, ")y + a(V (B, = 0), V) + (1 — o) (I, — I, V")
BB, — 0), A"y + (1= ) (1, — T, Ar)
+(1 = a) (L, = L, Vrh)H +(1=B) (T = Arh)y
+B*(div (v, — Vi), )y = 0,
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where 7, and 7, denote the evaluation of the integral terms, and I, and J, are their corresponding
approximations defined below:

I, = fn ki (t, — $)VO(s)ds, T, = fn Kko(ty — $)AH(s) dss,
0 0

In = kZKl(n_j)VH', Jn = kZKz(n_j)Aej.

Jj=1 j=1
Therefore, it follows that, for all #* € E",
o, — 50,6, — 91)y + ||V (6, - B,
+(1 =) (I, = I,V (6, = 1))+ BIAG, — O
+(1 = B) (J = T, AB, = 05)) + B*(div (v, = V%), 6, — 61%)y
+(1 =) (2, = 1, V0, = 0)) + (1 = B) (T = T, AG, — 01)),
= (b, - 605,60, — ")y + a(V(8, — 1), V(6, - ™")n
+(1 =) (I, = 1%, V(0, — ")) + BB, — 05), G, — ")y
+(1=B) (Jn = T, MG, = 1))+ B (div (v, = Vi), 6, = 1)y
+(1 =) (L, = 1, VO, = ™), + (=B (T = T, MO = ), .
Using the estimates
(86, — 56,6, — 0y > =116, — 0412 ~ 1161 — 02,17 ]
2k
and recalling that
B (div (v, =), 0, = ")y = =B (W, = v\, V0, = ")
yields the following estimates:
16, = 24115 = 16,1 — 625,113 | + CUIV (G, = BN, + ClIA®G, - A1
+ﬁ*(le (vn - vzk)’ Hn - QZk)Y
< (16, = 001 + 116, = 1B + 116, = 0213 + b, = V2, + | Errall,
UL, = IHE, + 1, = T + | Errg|l + (66, — 661%,6, — )y ).

c
xl

If we combine these estimates for the velocity and the temperature, we obtain, for all wh € V" and
" e E",
1 hk) (2 k()2 1 Tk (2 Bk Npj2
Sl =V = W = vl | IV e = I, = 19 Gt = w1

L | 1
v Gy = I = iV G,y =l DI] + 1966, - OO,

o180 = 01 = 16,1 = 5117 + 186, = 0915
< C(I19n = 6wl + Nty = Suapl, + llv = WA, + llv = VI, + 1V (aty — )
+|div @, — w)ON5 + 10, = OHE + 6V, — VI, vy =W + | Errlly;
116, = SO, + 116, = 12+ 1 = I, + 1 = T + IErrall
+(86, — 661, 6, — ")y).
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Multiplying these estimates by k and applying induction, we have, for all {w"}"_, c V" and {r}}_, c E",

I, = VI, + IV e, — N, + 16, — 649 + Nldiv (e, — w3
+k " [1960; = OO + 1@, - 913 ]
j=1

: 2 : 2 hy2 hk)|2 2
< Ck Y (19 = 6w 15, + Nt — 6,115 + vy = whIE, + llv; = VAU, + 1Err I
=1
: 2 k|12 2
+ldiv = wE + 110, = OHE + (0v; = v, v, — wihy + V(@ — wb)I,
16; = 66,11, + 110 = P41 + 115 = FME, + 11T, = SR + 1 Err 1R
+(00; = 8%, 0; = y) + Cllivg — VIR, + llwg — ull + 11 — 4IR).

Finally, using the estimates
n
hk / hk h h /
kZ(évj —ov; ;- w})H =Wy =V, Va—W)u + ¥y =70, Vi —W))u
j=1

n—1
hk h h
+ Z(Vj =V V=W = Vi = Wi ),
j=1

k )" (60; = 60,0, = )y = (6, — 01%, 6, — )y + (6 — 60,61 — 1)y
j=1

n—1

+ Z(Qj - Q?k’gj - ”? — (041 — ”?H))Y,

—1

J
K = PHE < Ck Yk IV (6, — 021,
j=1 j=1  m=1

n n J
kY ;=TI < Ck Yk D 11AG, - 601,
j=1 j=1  m=1

and a discrete version of Gronwall’s lemma (see, again, [25]) we obtain the desired a priori
error estimates.

It is worth noting that, applying the error estimates provided in Theorem 7, the convergence order
of the approximations given in the fully discrete problem (5.20)—(5.22) can be analyzed. For instance,
if we assume that

u € W3([0, T]; [LA(B)]*) N C*([0,T1; V) n C'([0, T1; [H*(B)]Y),
6 € W2=([0, T]; L*(B)) N C'([0, T); HA(B)) N C([0, T]; H(B)),

then the linear convergence of the approximations follows; that is, there exists a positive constant
such that

hk hk k
max {|v, = vl + llw, — wllly + 116, = 0lly} < C(h + k).
0<n<N

Electronic Research Archive Volume 34, Issue 8, 5144-5165.



5161

6. Numerical simulations in one-dimensional examples

The aim of this section is to describe the numerical scheme implemented in MATLAB for solving
the fully discrete problem (5.20)—(5.22) in the one-dimensional setting. Two numerical examples are
presented: one illustrating the accuracy of the approximations and another one showing the discrete
energy decay.

6.1. Numerical scheme

First, given v*  and 6%, at time #,_,, the variables v* and % are computed by solving the discrete
linear system, for all w" € V" and v € E",

LMW + @+ DR wh) = ROI ) = a4 D@ ) W)
B (G, W + (Fis W), (6.1)
ZO 1) + (O 72) + (1 = )k OO, T2 + B s Th)
+(1 = B Ko (O (B ). 7,
n—1
= 2 = (1= 0) Y = KO )
=1
n—1
~(1=B) (ko = PO P2 = B ()0 P+ (Fa "), (6.2)
=1

where F; (i = 1,2) represent artificial supply terms which are introduced in order to make the system
more general. Moreover, in this case, we have denoted by (-, -) the usual inner product in the one-
dimensional space Y = L*(0, £).

The numerical scheme (6.1) and (6.2) took about 0.68 sec of CPU time on a 2.9 GHz PC using
MATLAB, for a run with parameters 4 = kK = 0.01. Moreover, we recall that k denotes the time step,
and 4 is the mesh size obtained from a uniform spatial partition.

6.2. First example: Numerical convergence

To demonstrate the accuracy of the approximations, the following example is studied:
T=1, p=2, u=2, A2=1, a=05 =05 c=2, p =2, ki(?) = ko(t) = 7"/,
Regarding the initial conditions, we consider, for all x € B= [0, 1],

uo(x) = vo(x) = x(x = 1), Gp(x) = X’(x = 1)’,

together with homogeneous Dirichlet boundary conditions for v and 6. Furthermore, the (artificial)
supply terms are defined for all (x,¢) € B X (0, 1) by

Fi(x, 1) = e'(12x° = 30x* + 24x° — 4x% = 2x — 10),
Fy(x,1) = €/(2x% — 6x° — 9x* + 28x3 + 162x% — 173x + 34)
2
—g(e’ — e ?)(15x* = 30x° — 162x% + 177x — 36).
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Thus, the exact solution to the above problem can be easily computed and is given by
u(x, ) = e'x(x—1), 0x,0)=ex(x-17 V(x,1)eBx(0,1). (6.3)
As a result, the approximation errors estimated by

hk hk k
max {I[v, = vi¥lly + llw, = u¥llzn .y + 16, = 0¥y} (6.4)
0<n<N

and obtained with the exact solution (6.3) are presented in Table 1 for several values of the
discretization parameters /4 and k. Moreover, the evolution of the numerical errors (6.4) with respect to
h + k, obtained from Table 1, is plotted in Figure 1. We observe that the convergence of the algorithm
is clearly visible, and the linear convergence stated at the end of the previous section is achieved.

Table 1. Example 1: Numerical errors for some values of / and k.

hlk— 001 0.005 0.002 0.001 0.0005 0.0002 0.0001

1/23 0.550818  0.551062  0.551417 0.551651 0.551834  0.551982  0.552040
1/2¢ 0.277704  0.277900  0.278264  0.278486  0.278652  0.278813  0.278893
1/2° 0.138493  0.138450  0.138531  0.138600 0.138661  0.138722  0.138755
1/26 0.069587  0.069376  0.069394  0.069432  0.069462  0.069489  0.069503
1/27 0.035878  0.035427  0.035398  0.035440 0.035473  0.035498  0.035508
1/28 0.019794  0.019031 0.018928 0.018983  0.019029  0.019063  0.019076
1/2° 0.012406 0.011354 0.011145 0.011207 0.011266  0.011309  0.011325

1/210 0.009221  0.007928 0.007613  0.007668  0.007730  0.007769  0.007793
1/21 0.008023  0.006601  0.006174  0.006142  0.006177  0.006331  0.006301

0.6

05

0.4

031

Numerical error

0.2

0.1

0 0.02 0.04 0.06 0.08 0.1 0.12 0.14
h+k

0

Figure 1. Example 1: Asymptotic error.

6.3. Second example: energy decay

The purpose of this second example is to numerically demonstrate the polynomial energy decay of
the discrete problem, which was obtained analytically in subsection 4.1.
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We assume now that there are not supply terms, and we consider the following data:
T=70, p=2, u=2 A=1, a=05 =05 c=2, =2, K)=k@)=e"?
along with the initial conditions, for all x € [0, 1],
up(x) = vo(x) = 107x(x — 1),  Gp(x) = X’ (x — 1)°.

The discrete energy of the problem is defined as
1
E = E[pllvzkll2 + Qu+ DN + clley|?

+ 2wl = G2 )P + T wogll@0 = 0% )P

J= J=
Thus, taking the discretization parameters & = k = 0.001, the time evolution of the discrete energy (6.5)
is plotted in Figure 2 (in both natural and semi-log scales). On the right-hand side of this figure, the
function log(Ct™!) has been included with C = 2.5107 to illustrate that a polynomial energy decay
is observed.

125 : : : : : : 2 : : : : : :

log E(t)
a4 log(c't")| |

1
08
Sosf

04r

02r

0 16 1 1 1 1 1 1
0 10 20 30 40 50 60 70 0 10 20 30 40 50 60 70
t t

Figure 2. Example 2: Time evolution of the discrete energy (natural and semi-log scales).
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