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A Port-Hamiltonian formulation of linear thermoelasticity
and its mixed finite element discretization

A. Brugnoli® (®, D. Alazard® @, V. Pommier-Budinger®, and D. Matignon®

2Robotics and Mechatronics Department, University of Twente, Enschede, The Netherlands; PISAE-SUPAERO,
Université de Toulouse, Toulouse, France

ABSTRACT

A port-Hamiltonian formulation for general linear coupled thermoelasticity
and for the thermoelastic bending of thin structures is presented. The con-
struction exploits the intrinsic modularity of port-Hamiltonian systems to
obtain a formulation of linear thermoelasticity as an interconnection of the
elasjcodynamic's and 'heat gquations. The derivgd mo'del' can be readily dis- thermoelasticity; mixed
cretized by using mixed finite elements. The discretization is structure-pre- finite elements;

serving, since the main features of the system are retained at a discrete Port-Hamiltonian systems;
level. The proposed model and discretization strategy are validated against structure preserving

a benchmark problem of thermoelasticity, the Danilovskaya problem. discretization

KEYWORDS
Linear coupled

1. Introduction

Thermoelasticity is the study of elastic bodies undergoing thermal excitation. It is a clear example of
a multiphysics phenomenon since the heat transfer and elastic vibrations within the body mutually
interact. Over the last twenty years, distributed port-Hamiltonian (pH) systems have attracted the
attention of different research communities [1]. An important peculiarity of port-Hamiltonian sys-
tems (pHs) is that they are naturally modular [2]. This feature is particularly appealing in the case of
multiphysics phenomena like thermoelasticity, since each physical domain can be modeled independ-
ently from the others and subsequently interconnected to the rest in a physically motivated way.

Flexible structures have been largely investigated into the pH framework as well as the heat
equation (consult for instance [3] for the Timoshenko beam, [4] for the Euler-Bernoulli beam, [5,
6] for thick and thin plates and [7, 8] for the heat equation). More complicated models arising
from fluid dynamics have also been considered [9-12]. The development of new models within
the pH framework has been accompanied with an increased interest in numerical discretization
methods, capable of retaining the main features of the distributed system in its finite-dimensional
counterpart. Recently, it has become evident that there is a strict link between discretization of
port-Hamiltonian systems and mixed finite elements [13]. An example of this connection is given
in [14], where a velocity-stress formulation for the wave dynamics is shown to be Hamiltonian
and its mixed discretization preserves such a structure.

Two main contributions are presented in this article. First, a linear model of thermoelasticity is
obtained in the pH formalism. Each physics is described separately and the final system is obtained
considering a power-preserving interconnection of the heat equation and linear elastodynamics for-
mulated as port-Hamiltonian systems. The construction applies to both general linear thermoelastic-
ity and bending of thin structures. For the latter case, the elastic vibrations take place in a reduced
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domain (uni-dimensional for beams and bi-dimensional for plates), whereas the thermal diffusion
occurs in the three-dimensional domain. This generalizes models in which the heat diffusion is
reduced to the same domain of the elastic vibrations (cf. [15] for plates and [16] for beams). The
second contribution is a mixed finite elements discretization method which is structure-preserving.
Two different mixed formulations are presented. One allows incorporating Neumann boundary
conditions directly into the weak form as natural conditions. The other incorporates Dirichlet condi-
tions as natural boundary conditions. The proposed discretization is then applied to the
Danilovskaya problem, assessing the validity of both the model and the associated discretization.
The paper is organized as follows. In Section 2 linear thermoelasticity is constructed as the inter-
connection of the heat equation and linear elastodynamics. First, the heat equation is formulated as a
pH system. Then, the same procedure is applied to the elastodynamics. This methodology is then
applied to the thermoelastic bending of thin structures, i.e. beams and plates in Section 3. The discret-
ization strategy is discussed in §4. By careful application of the integration by parts, two discretiza-
tions, sharing the same structure and properties of the infinite-dimensional system, are obtained. In
Section 5, the proposed model and discretization are tested using the Danilovskaya problem. This
problem has been frequently used, since an analytical solution in the Laplace domain is known.

2. Port-Hamiltonian linear coupled thermoelasticity

In this section, the classical model of thermoelasticity is reformulated in a pH fashion by inter-
connecting the heat equation and the linear elastodynamics problem both seen as pHs. The con-
struction makes use of the intrinsic modularity of pHs [2]. It is shown that the interconnection
preserves a quadratic functional that plays the role of a fictitious energy. The resulting system is
dissipative with respect to this functional.

2.1. Classical thermoelasticity

Consider a bounded connected set Q C RY, d € {1,2,3}. The classical equations for linear fully-
coupled thermoelasticity for an isotropic thermoelastic material are [17, 18]

2
p% = Div(Zgr),
ch% = —div(j,) — Cp : %,

Ygr  =Xp+Xr (1)

Xy  =D(e),

Ly =—Cgl, 0:= (T — Ty)/To,

& = Grad (u),
Jja = —k grad T.

where p, ¢, k, Ty are the mass density, the specific heat density at constant strain, the thermal
conductivity and the reference temperature. The vector field u € R? is the displacement, the sca-
lar field T is the temperature, & € Rdx"l is the infinitesimal strain tensor, Xp € RdXd is the sym-
metric stress tensor contribution due to mechanical deformation, X1 € Rd;d the symmetrlc stress
tensor contribution due to a thermal field, and jo € R? is the heat flux. Tensor D is the stiffness
tensor. For an isotropic homogeneous material, it takes the form

D() = 2u(-) + 2 Tr (Yaxas (2)

where coefficients 4, p are the Lamé parameters. Coefficient k is the thermal conductivity. The
coupling term is expressed as:
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Figure 1. Boundary conditions for the thermoelastic problem, with 4 cases.

C/; = Toﬁ(Zﬂ + 3/1)Id><d> (3)

where f is the thermal expansion coefficient. The operator Div is the divergence of a tensor field

d Zi'
Div I(x, 1) = (Z a’) .
1<j<d

= Ox;

The linearized strain tensor (also called infinitesimal strain tensor) is the symmetric gradient of
the displacement

¢:= Grad u, where Grad u = % [Vu + (Vu)T]. 4)

Operator grad is the gradient of a scalar field, while div is the divergence of a vector field. The
notation A : B=Tr (A'B) = > jAiiBjj denotes the tensor contraction. The reader may consult
[19, Chapter 1] or [20, Chapter 8] for a detailed derivation on these equations.

Given a partition of the boundary 9Q =TEUT% =T L UTY, for the elastic and thermal
domain, the general boundary conditions read (see Figure 1)

Dirichletb.c. : u known on T'% x (0, + o0), T known on I'J x (0, + c0),
Neumannb.c. : Yer - n known on Tk x (0, + 00), jg -n known on I} x (0, + o0),

(5)

where n is the outgoing normal vector at the boundary. Note that there are 4 different cases of
boundary conditions all together, since at each point of the boundary both a vectorial b.c. on the
elastic part and a scalar b.c. on the thermal part must be taken into account. In the following sec-
tions, the pHs formulation of the heat equation and elastodynamics are given. Then, an equiva-
lent coupled system is constructed by interconnecting these two systems in a structured manner.

2.2. The heat equation as a port-Hamiltonian descriptor system

Consider the heat equation in a bounded connected set Q C R% d € {1,2,3}, describing the
evolution of the temperature field T(x, t)

oT
pQE =div (k grad T) + ur, x€eQ, (6)
where p, c., k have the same meaning as in (1) and ur is a distributed heat source. This model
can be put in pH form by means of a canonical interconnection structure. To model the Fourier



law, an algebraic relationship has to be incorporated to obtain a pH system (cf. [8, Chapter 2]).
Here, in the same manner, a differential-algebraic formulation is exploited.

Let Ty be a constant reference temperature (the introduction of this variable is instrumental
for coupled thermoelasticity). The functional

1 T —To\>
Hp == To|l —— ) dQ
! ZJQpC O( To >

has the physical dimension of an energy and represents a Lyapunov functional of this system.
Even though it does not represent the internal energy, which is classically used in thermodynam-
ics, it has some important and useful properties. Select as energy variable

or = pc(T — Tp).
The corresponding co-energy is
(SHT oar T — To
50(]" PCe TO TO

er =

Introducing the heat flux j, := —k grad T as additional variable, the heat equation (6) is equiva-
lently reformulated as

1 0|0 (or B 0 —div er 1
0 oot Jjo | —grad  —(Tok)! Jo * o|""
yr=[1 o] (Z)

where y; represents the distributed output, which is power-conjugated to the distributed heat
source input u7. In matrix notation, it is obtained
Erdr = (Jr — Rr)er + Br ur,
yr=Br er

(7)

(8)
where ar = (OCT,jQ),eT = (eT’jQ) and

1 0 0 —div 0 0 1
ET{O o]’ jT{grad 0 ] RT{O (Tok)_l]’ BT{O]'

This system is an example of pH descriptor system (cf. [21, 22] for the finite-dimensional case).
The Hamiltonian reads

H —IJ 40 9)
T_2 QpESTO '

The power rate is then deduced
O0Hy O
J‘Q . (xT = J erOyordQ,
Q

= er - ET 8t<deQ,
Q

er - {(Jr— Rr)er + Brur }dQ,
o

(10)

Q
|Uq||

u dQ —
Q ror Q kTo

- erjo - ndS,
2= |, e

]

:J ur yrdQ — Q(eT div j, +jq - grad eT—l—H]Q”) Q,
|
|

ur deQ — eTjQ - ndS.
Q oQ
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This choice of Hamiltonian allows retrieving the classical boundary conditions (i.e. temperature,
or inward heat flux) and leads to a dissipative system. Other formulations, based on the entropy
or the internal energy as Hamiltonian functionals, are possible for the heat equation [23, 24].
These provide either an accrescent or a lossless system. Unfortunately these formulations are non
linear and their discretization is a difficult task [25].

2.3. Port-Hamiltonian linear elastodynamics

Consider the linearized equation of elastodynamics [20, Chapter 4]

0*u

pw(x, t) — Div (D Grad u) =f, xeQ, (11)

where u and D have the same meaning as in (1). The term f represents an external force. To
derive a pH formulation, the total energy, that includes the kinetic and deformation energy, is
used

1
HE:EJ (o]0l > + X : £}dO. (12)
Q
Recall that ¢ = Grad u and X = De.
The energy variables are then the linear momentum and the deformation field
o, = pv, A, =g

where v := O,u. The Hamiltonian can be rewritten as a quadratic functional in the energy varia-
bles

1 1
HE:—J {—||ocv||2—|—(DA8) :AS}dQ. (13)
2Jalp
The co-energy variables are given by
oH oH
, = =, E,=—=2%XX. 14
T N T oA, =

The tensor-valued co-energy variable E, is obtained by taking the variational derivative with
respect to a tensor (cf. [26, Chapter 3] and [5]).

The equivalent port-Hamiltonian reformulation of system (11) is then given by (cf. [26,
Chapter 3])

(%) = oma O] () + "]

A, — E>

ot \ A, Grad 0 ) E, 0 (15)
yg = [Taxa 0] EZ ,

where the distributed input ug :=f plays the role of the previously introduced forcing. The

energy rate verifies the following
Hp = {e, - O, + E; : 0:A, }dQ,

. (16)

= J ug ~yEdQ+J e, (E,-n)dS.
Q a0
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Figure 2. Schematic interconnection block diagram for linear thermoelasticity.

2.4. Thermoelasticity as two coupled Port-Hamiltonian systems

Given the pHDAE formulation of the heat equation (7) and the pH formulation of elasticity (15),
linear thermoelasticity can be expressed as a coupled port-Hamiltonian system by considering the
following interconnection

ug = —Div (Cp y1), ur = —Cg : Grad (yg). (17)
The interconnection is power preserving, since it can be compactly written as

ug = Ap(yr), ur = —Ag(yp), where Ag(-) = —Div (Cp -), (18)

where A denotes the formal adjoint (cf. Figure 2). The assertion is justified by the following
proposition.

Proposition 1. Let C°(Q), C°(Q,RY) be the space of smooth scalar functions and vector-valued
functions with compact support in Q. Given yr € C3*(Q), yp € C(QR?), the coupling operator

Ag : C(Q) — CP(QRY),

. 19
yr — —Div (Cpyr) (19
has formal adjoint
yg — +Cp: Grad (yg)
Proof. It is necessary to show
Op Apyr)gry = (Apye Y1) (21)

where for ug, yr € CX(Q), ur, yr € C°(Q)

(e, ye) o ry = JQ ug - ypdQ, (ur, yr)pq) = L uryrdQ. (22)



By applying the integration by parts, the proof is readily obtained

e Apripgry = —L}'E'Div (Cpyr)dQ,
_ L Grad (yy) : CyyrdQ, )
= | Airyrac
= <AEJ’E’ }’T>L2(Q)-
If the compact support assumption is removed, it is obtained
(ur.yr)pe) + (M YepoR) = —L{(Cg : Grad e,)er + Div (Cger) - e, }dQ,
= —JQ div (er Cp - e,)dQ, (24)

_ _J (er Cp-m) - e,ds.
0Q

Using the expression of yr,yg, considering that Tj is constant and applying Schwarz theorem for
smooth function, the inputs are equal to

0
up = Div (X7), ur =—Cg: Grad (v) = —Cp: 6—8
The coupled thermoelastic problem can now be written as
1 0 0 0 o, 0 Div Apg 0 e,
01 00|[d|A ]| |Grd o 0 0 E, 03)
00 1 0|agt|oar | |—Ag O 0 —div er |’
0 0 0 0 Jjo 0 0 —grad —(Tok)™'| \Jg

with total energy given by H = Hg + Hy. The power balance for each subsystem is given by

Hp = J ug - y,dQ + J e, - (E.-n)dS, (26)
Q oQ

Hy < J uryrdQ — J 0j, - ndS, (27)
Q 0
The overall power balance is easily computed considering Egs. (26), (27) and (24).
H=Hg+ Hr < [)o{[E; — erCs] - n} - €,dS — [ nerj, - ndS. (28)

This result is the same as the one stated in [18, p. 332]. From the power balance the classical
boundary conditions are retrieved. This allows defining appropriate boundary operators for the
thermoelastic problem

e e I re e

" OE 50 0 EV 05 7" (G 0 EV
It It I
uy = 0 7Y -y (F/f )0 ¢ ,ya = ' 0 0 01 ° (29)

0 0 7P 0 er 0 0 0 7 er

rh . rr .
0 o0 0 y) Jg 0 0 Yo 0 Jg

By Co

The notation y(l; * (with * = {D,N} and ° = {E, T}) indicates the Dirichlet trace over the set I'_,
> and yz* indicates the normal trace along I",, namely yz*a =a-n

r* —
namely y,“a = a r



System (25) together with (29) is a pH system with collocated boundary control and observa-
tion. Indeed, it shows that the classical thermoelastic problem can be modeled as two coupled
subsystems, demonstrating the modularity of the pH paradigm.

Remark 1. Notice that the boundary operators in Eq. (29) contain a coupling between the ther-
mal and mechanical variables. This is due to the fact that the coupling operator Ay is of differen-
tial nature; otherwise, the coupling would only appear in the domain, but not on the boundary.

3. Thermoelastic Port-Hamiltonian bending

In this section, the thermoelastic bending of thin beam and plate structures is described as a pH
system. Starting from classical coupled thermoelastic models, suitable pH formulations are
obtained. These couple a mechanical system defined on a reduced domain (uni-dimensional for
beams, bi-dimensional for plates) to the thermal diffusion defined in the three-dimensional space.

Here, instead of detailing each physics (thermal and elastic) and the interconnection between
the two, the pH system is derived from the coupled equations. It is shown that the final pH sys-
tem possesses the same structure as Eq. (25).

3.1. Thermoelastic Euler-Bernoulli beam

The model for the linear thermoelastic vibrations of an isotropic thin rod is detailed in [27, 28].
The domain of the beam is uni-dimensional Q = {0,L}, while the thermal domain is three-
dimensional Qr = {0,L} x S, where S is the set representing the beam cross section. For simpli-
city, the set S is assumed to be constant along the x-axis. The ruling equations are

Pw tw g
A—— = —El— — fETy— | z0dydz, 0,L} = Q,
P50 Ox* b O o LZ o {01} " (30)
00 Pw
pce’BTOE = div (kTo grad 9) + ﬁTQEZ%, (x,y, Z) S QE X § = QT,

where w(x, t) is the vertical displacement of the beam, I = fszzdydz the second moment of area,
E the Young modulus and A the area of the surface S. The constant c. p is due to the thermoelas-
tic coupling (cf. [27, 28] for a detailed explanation). The other terms have the same meaning as
in §2. The normalized temperature 0(x,y,z,t) depends on all spatial coordinates. For simplicity,
the physical parameters are assumed to be constant.

The coupling operator is defined as

Ag s(yr) := —PET0x <J zdeydz>. (31)
$
To unveil an interconnection that is power preserving with respect to a certain function, the for-
mal adjoint of the coupling operator is needed.

Proposition 2. Let C;°(Qr),C°(Qg) be the space of smooth functions with compact support
defined in Qr and Qp, respectively. Given yr € C°(Qr), v € C(Qg) the formal adjoint of the
coupling operator is

AE,B()/E) = 7ﬁET0Z axx}/E- (32)

Proof. The formal adjoint is defined by the relation
e ApBYT) 120 = (Ap pIE IT)12(00) (33)



where for ug, yr € C;°(Qg), ur, yr € C°(Qr)
(ue. yE) 2oy = J ugyedx, {ur. yr)i,) = J uryrdxdydz. (34)
Qp Qr

Using Def. (31) and integration by parts, one finds
e Appyripe,) = J.QEyEA/s, pyrdx,
= —JQ YEBET00xx (LZ}’Tdydz> dx, (35)
= *L (OxxyE) BETo (Lzyﬂydz) dx,
Since Qr = Qg x S and thanks to Fubini theorem, it is found

—J Owx(yE)PET) (J z deydz> dx = —J J (OxxyE) PEToz yrdxdydz,
Qr S QpJS

E

— 7J (OxxyE)PEToz yrdxdydz, (36)
Qr
= <A73,ByE’ yT>L2(QT)'
This concludes the proof. |
Using Egs. (31) and (32), system (30) is rewritten as
0 ot
pAS Y = —E S 1 A0,
o2 50 Ox* ’ 9 (37)
. . Ow
ch)BTOE = div (kT, grad 0) — Aﬁ’BE‘
Consider the Hamiltonian functional
1 ow\’ (82w>2 1
H=Hg+Hr== Al — EI\ = | pdx+= 3To0*dxdydz. 38
g+ Hr ZLE{P <8t) + G +2L2TPC,B 0 ydz (38)
The energy variables are chosen as follows
ty = pAOW, we = 2w, ar = pce To 0. (39)
The corresponding co-energy variables read
oH 0H oH
ey = —— = Ow, e = = Elaﬁxw, er :=—=20. (40)
Sot,y Sty ooy
System (37) can now be rewritten as
1 000 iy 0 —02,  Agp 0 ew
01 0 0[0]|o]| | 0% 0 0 0 ex (1)
001 0|ar|oar| |—-Agp O 0 —div er |’
0 00O Jo 0 0 —grad —(kTp)'| \Jo

This system is the equivalent of (25) for the bending of beams. Hence, following the same reason-
ing, it can be obtained starting from each subsystem in pH form by means of an appropriate
interconnection.



3.2. Thermoelastic Kirchhoff plate
For the bending of thin plate, several models have been proposed [27, 29-31]. Here, the

Chadwick model [27] is considered. The thin plate occupies the open connected set Qp X

{ B, %}, where h is the plate thickness. The system of equations describes the midplane vertical

displacement and the evolution of the temperature in the 3D domain

2 T.E h/2
pha_zv = —div Div,p(DyHess;pw) — Lok Asp (J zé)dz), (x,y) € Qp,
8t 1—v h/2
0 ToEz ow h h
pcf,pTOE = divsp(kTy grad spf) + ﬁl 0 A2D<8t) (x,9,2) € Qp X {—5, E} = Qr,

(42)

where w(x,y,t) is the vertical deflection, E is the Young modulus, v the Poisson modulus and
c.,p a constant (depending on the heat capacity at constant strain and other coupling parameters,
cf. [27]). Symbols A,p = 9% + 32 stands for the two-dimensional Laplacian. The notation Hess
denotes the Hessian operator. ThlS operator can be decomposed as Hess = Grad® grad [6]. The
subscript 2D, 3D refers to the spatial dependency of the operators. Tensor D; is the bending
stiffness tensor, defined by

ER’®
The coupling operator is here defined as
T.E h/2
Ap p(yr) == — f 0 Aop (J / zdez>. (44)
~h/2

Analogously to the case of the Euler-Bernoulli beam, its formal adjoint is sought for.

Proposition 3. Let C;°(Qr),C*(Qg) be the space of smooth functions with compact support
defined in Qr and Qg respectively. Given yr € C°(Qr), yg € CY(Qg) the formal adjoint of the
coupling operator is

X ToEz
Ag 5(E) = /)1) "= Aoy (45)
Proof. The proof is completely identical to that of Prop. 2. O
System (42) is rewritten as
O*w o

phﬁ = —div Divop(Dy Hess,pw) + Ag, p0,
a0 ow (46)

pce,pTOE = divsp(kT, grad ;p0) — A;}’P(Bt)

The Hamiltonian functional equals

2

1

H=Hg+Hr = EJ {ph ((;)9_1:) + (DyHessypw) : Hesssz}dxdy
Qg

; (47)
+ = J pcepTy Hdedydz.
2Jq,



The energy and co-energy variables are

= phow, A, = Hessypw, ar = pe.,pTo0, (48)
e, = Ow, E,. = D, Hess;pw, er = 0.
System (46) is rewritten as
1 0 0 O Oy 0 —div DiVZD Aﬁ,p 0 ey
0 1 0 00| Ac]| |Hessp 0 0 0 E, (49)
0 0 1 0] or | | —App 0 0 —divsp er |’
0 0 0 O jQ 0 0 — grad 3D —(kTo)71 jQ

where div Div,p and Hess;p are formally adjoint operators [6]. The final system reproduces the
same structured coupling already observed for (25) and (41) before.

Remark 2. The choice can be made to reduce the thermoelastic bending to two problems defined
on the same spatial domain (cf. [16] for beams in 1D, and [15] for plates in 2D) by introducing
the following approximation of the temperature field

0(x,y,2) =6y +z 6, (50)

where 0y = 0y(x), 0, = 0,(x) for beams, and 0y = 0y(x, y), 0, = 0,(x, y) for plates. This introduces
a strong simplification, since the thermal phenomena typically occur in the whole three-dimen-
sional space, and not only in 1D or 2D as this approach implies.

Remark 3 (Lagnese [29] and Nowacki [32] models in pH form). The models by Lagnese and
Nowacki consider the thermal evolution equation in the variable

1 ("2 h

O(x,y,t) = —J z0(x, y,z,t)dz, where I=—,

I 7h/2 12
corresponding to the first moment of the temperature. In their formulation, a linear term appears
in the evolution equation for the temperature. This term arises from the second derivative with
respect to z in the Laplacian

12 2
= 0(x,y,2,t)dz = (20,0 — 0)|"? = —0|"?.
J_M 0y 0)dz = (0.0 — 0)] "2, = 02,

The term 620|;i/h2 12 is zero because of an assumed zero flux condition on the plate faces (cf. [31]).
For the second term, Lagnese and Nowacki assume that 0(x, y,z, ) is linear in z [31]. This means
that

0(x,y,2,t) ~ zO(x, y, 1).
Then, it holds
0(x.y.2.0)["; Upjy = hO(x,, 1),

so that

h/2 52

J 0(x,y,z,t)dz = —hO®(x, y, t).
—h/2 822

This obviously introduces an inconsistency, as the term in the integral should be zero. However,

it allows to retrieve the damping due the term 9,0(x,y,z t) in the reduced model. After this

clarification, it is possible to state the port-Hamiltonian realization of the Nowacki and Lagnese

model



1 00 0 oy 0 —divDivyp  Aj, 0 ew
0 1 0 00| Ac| _ |Hessyp 0 0 0 E,
00 1 0far|ar | |—Af 0 —Tokh —divap er |
0000 Jjo 0 0 — grad ,p —(kTOI)_1 Jjo

where the underlying variables are defined as

o, = phoyw, A, = Hess;pw, or = pc.,pTolO,
e, = Ow, E, = D, Hesspw, er = 0.
Here the coupling operators A;, P .Affp are given by
BT,EI . BT,EI
Afp() =~ Aop(),  App() = - Aap(-)-

1—v 1—v

4. Mixed finite element discretization

The numerical discretization is illustrated considering the linear thermoelasticity system (25). By
using the expression of the coupling operator (3), and using a pure co-energy formulation, system
(25) takes the form

p 0 0 0 e, 0 Div —Cp grad 0 e,
o D! o of|9d|E Grad 0 0 0 E,
e = . . , (51
0 0 pcTy O|0t] er —Cg div. 0 0 —div er
0 0 0 0 jo 0 0 —grad —(Tok)" | \Jg

where Cy = Tof(2u+ 34). To obtain a suitable mixed formulation, the system is first put into
weak form by considering the test functions v, € C(QRY),V,c C®(Q Rfyﬁf),
vr € C°(Q),vq € C(QRY) :

(v, pOse,)q = (v, DIvE;)q — (v, Cg grad er)g, (52a)
(V. D'OE)q = (V. Grad e,)q, (52b)

(vr. pcToOrer)q = —(vr, Cp div e,)q — (vr, div jo)o» (52¢)
0=—(vo. grad erdg — (vo. (Tok) Yiola (52d)

The notation (-, -), indicates a suitable L> inner product over the domain, depending on the
nature (scalar, vectorial or tensorial) of the considered variables. Two different mixed formula-
tions can be obtained, depending on which lines undergo the integration by parts.

4.1. First mixed formulation

The first mixed formulation is obtained by integrating by parts the Div and grad operators in
line (52a) and the second div operator in (52c). The following system is then obtained
(vy. pOie,)q = —(Grad v,. E;)q + (div v,. Cger)q + (vi. (E, —Cger) - 1) 0
(Vo, D'OE.)q = (V.. Grad e,)q,
(vr. pcToder)q = —(vr. Cg div e,)q + (grad vy, jo)o + (V1. jo M) ons
0= —(vq. grad er)g — (Vo (Tok)ile>Q-
where (-, -),q indicates a suitable L* inner product over the boundary. In this formulation
Neumann boundary conditions are natural ones. Introducing a Galerkin approximation

(53)



n nq
Z¢v Vi V.= Zq)i Vi vr = i:d)lTVIT v = Z‘f’iz%’

':1 i=1 i=1
l - N (54)

Zd)v v’ E - Z(D: s’ er = Zld)lTelT’ jQ = Zl:qbb]lQ’

the following system is obtained

Mp 0 0 0 €.y 0 _Dgrad DI(,; 0 &
0 Mgap 0 0 €. _ Dgrad 0 0 0 G (55)
0 0 M,.1, 0 er —Dy; 0 0 D grad er ’
0 0 0 0 J-q 0 0 _Dgrad RQ Ja

where, for simplicity, homogeneous boundary conditions have been assumed:
(EJI - CﬁeT) : n|BQ =0, jQ : n|3§2 =0.
The mass matrices are defined as follows

My =, pb)  bi€{Lm),
M =@ D), e (L),
M) = (¢ peTodl)g,  hj€{Lnr},
The matrices Dgrad> Dgraq are given by
Dgrad = (@), Grad ¢)q, ie{l,n}, je{lLn,},
Dy =y graddy)o i€ {ling}, je{lnr},

The coupling matrix D 4, arises from the discretization of the coupling operator A
A* = <¢T A/ﬁ¢]>9 = <¢T Cpdiv <75]'V>Q’ i€e{lLnr}, je{lLn}.
The dissipation matrix reads
= < Q ld)]Q i,j € {Lng}.

Suitable mixed finite elements for elastodynamics and heat equations that prove compatible
with this discretization are detailed in [33, 34], respectively.

4.2. Second mixed formulation

The second mixed formulation is obtained by integrating by parts the Grad operator in line
(52b), the first div operator in (52c¢) and the grad operator in (52d). The following system is then
obtained

(v, porey)q (vy, Div E;)g — (v, Cp grad er)q,
(Ve DilazEQQ —(Div Vi, e))q + (Ve 1 e)s0,
(vr. pcToOer)q = (grad vr, Cpe,)q — (vr. div jQ>Q — (vrCp - n, e,) 0,
0 = (div vo. er)g— (vo. (Tok) ‘gl — (v 1 er)pq-

(56)

where (-, -),q indicates a suitable L* inner product over the boundary. In this formulation
Dirichlet boundary conditions are natural:

e,]yq := Velocity, er = T u := DimensionlessTemperature.
C



Introducing the Galerkin approximation (54), the following system is obtained

M, 0 0 0] (e, 0 Dpy Dy O e

0 Mp: 0 oOff[e,| |-D), O 0 0 e (57)
0 0 Mgy Of|er| |-Dj 0 0 —Dg||er[

0 0 0 0]\ijq 0 0 DJ, —Ro|\o

The matrices Dpjy, Dgiy, D A, are given by

Dgiv _ <¢lv Div (])QQ, ie{ln}, je{l,n}
Dy, = {¢r. div ¢)e ~i€{Lnr}, j€{Lng), 9
Dijcl/; = (d)lw A/ﬂlyﬁg = (‘lslw — Cp grad ¢]T>Q’ ic{lLmn}, je{lnr}

For this discretization, stable mixed elements for elastodynamics can be found in [35], and for
the heat equation in [36].

5. Validation of the model: The Danilovskaya problem

In this section the pH discretization of the Danilovskaya problem [37] is performed. For this
problem an analytical solution in the Laplace domain is available [38]. First the pH formulation
is illustrated, second the discretization strategy is briefly discussed. Numerical results are
then presented.

5.1. The Danilovskaya problem

The Danilovskaya problem is a one-dimensional thermoelastic model in the infinite half-space
x > 0. The initial conditions for this problem are all null. The system is excited by a sudden ther-
mal heating at x =0. Furthermore, the variables vanish at co. Consequently, the following bound-
ary conditions apply

T(O, t) = TlH(t), O'ET(O, t) = 0,
lim,_,o T(x,t) =0, lim,_, u(x,t) =0,

where H(t) is the Heaviside function. Since the effect of the elastic vibration on the thermal field
is weak, a dimensionless constant ¢s is usually introduced to strengthen the coupling from the
mechanical to the thermal domain [39]. This dimensionless constant reads
2u+ 2
P R LCAC O, (59)
B (374 20" To

where 6 € {0,1} is a variable for switching on and off the strong coupling from the mechanical
to the thermal domain. The problem can now be recast as a pH system in co-energy variables

P 0 0 0 e, 0 O Ap 0 e,

0 Cu+A" o o|dfe ]| | & 0 0 0 e (60)
0 0 pccTo 0| ot|er | —C(SAE 0 0 —0x er |’

0 0 0 0 Ja 0 0 -0 —(Tok)™'| \Jo

where Ap(-) :== —0,(Cg -) (cf. Eq. (18)). Notice that the coupling parameter cs breaks the
Hamiltonian structure. The boundary conditions in the pH variables read
T —Tp

er (0, t) = T
0

H(t), (e — Cpe,)(0,1) =0, (61)



lim er(x,t) =0, lim e,(x,t) = 0. (62)

X—00 X—00

Remark 4 (Boundary conditions for the numerical simulation). In the numerical simulation, the
vanishing conditions at co (62) are replaced by Neumann conditions at the extremity of the
simulation domain Q = {0,L} [39]

(e — Cpes)(Lt) = 0, jo(L,t) = 0. (63)

5.2. Discretization of the thermoelastic system

The first mixed formulation, detailed in $4.1, is employed here. This choice leads to the following
weak form for the numerical domain Q = {0,L}
<Vv, patev>Q = _<axvv, eé:>Q + <A7jvw eT>Q + <V0VV) yn(eﬂ - CﬁeT»(?Q’
<V8’ (2,u+ i)ilatee)g +<V£J> axev>Qs
(vr, pcToOer)q = —(vr, CéAZ’ev>Q + (0wvr. jQ)a — (Vovr. MQ>aQ>
0 = —(v, der)q — (v (Tok)'¢j)qy
where v,, v, vr, vj are the test functions. For this discretization the boundary condition
T, — Ty

0

—{ (64)
—(

eT(O, l’) =

H(t),

is imposed strongly as an essential condition. The other boundary terms disappear because of
(63). The following system is obtained

M, 0 0 0] /e, 0  -Dg, Dj 0 e
0 M(zuﬂ)’l 0 0 e | _ Dgrad 0 0 0 e, (65)
0 0 My, 0 €.r *CgDA; 0 0 D;grrad er
0 0 0 0 e.Q 0 0 —Dgaa  —Rg eqQ

5.3. Numerical results

To assess the validity of the solution, the numerical results are compared with the analytical solu-
tion in the Laplace domain. The dimensionless displacement field # and temperature 0 are intro-
duced

(44 2u)
CCy

T—-T
To

il - u, T =
In Table 1 the parameters for the simulation are reported. The constant C, C, are the charac-
teristic length and velocity of the problem [39]. The dimensionless constant L, f.,q are the dimen-
sionless length and time of the problem. The solution in the Laplace domain for the
dimensionless variable is given by [38]

A 1 . A

T(s) = 55 [(C} — &) exp (—Cik) — (C5 — 5*) exp (—Co) ],
s(Ct _ICZ) (66)
I:I(S) = — m [Cl exp (—leC) — C2 exp (—Cz)AC)],

where ¥ = x/C, is the dimensionless space variable and C;, C, are given by



Table 1. Settings and parameters for the thermoelastic problem.

Physical parameters

2 0.8510°[kg/(cm - )]
u 0.5610°[kg/(cm - s)]
p 7.821073 kg/cm?]
Ce 4.6110%[cm?/(K - $2)]
1.710%kg - cm/(K - s*)]
B 9.0310 °[K™']
To 309[K]
L Gl
G k/(pc.C)
L 10
Integrator Crank-Nicholson
tend Cv Cxtend
@ V(A+2u)/p
tend 4
At 1073tend
FE spaces CG; x DGy x CG; x DGy
N" FE 200
Dimensionless Displacement at 1 Dimensionless Temperature at 1
0.2 —-— Approx i (§ =0) e
Approx 1 (6 = 1) T
A N P Exact @ (5 = 0) 0.6 = e
0.0 == N e Exact G (5 = 1) 05 o
—-0.2 0:4
0.3 R
—-— Approx T (§ =0)
—0.41 0.2 —— Approx T (5 =1)
0.1 - Exact T (6=0)
—0.6 il &4 |mm Exact T (6 =1)
0.0 05 10 15 20 25 30 35 40 0.0 05 1.0 15 20 25 30 35 40
Dimensionless Time Dimensionless Time
(a) Displacement (b) Temperature

Figure 3. Dimensionless displacement and temperature at x = 1.

—

Ci(s) = %[(1 +045)+ [(14+0+5) —45}%”7,

(67)

—

1
G(s) =15 {(1 +0+s)— [(1 —|—5—|—s)2 - 45}5}

For the semi-discretization in space, Continous Galerkin elements of order 1 (CG,) are
employed for e,, ey, while Discontinous Galerkin of order 0 (DGy) are used for e, jo. This choice
is in accordance with the Finite Elements constructed in [33, 34]. Given the differential-algebraic
nature of the problem, an implicit method is required to perform the time integration. For this
reason, the Crank-Nicholson scheme is used. The matrices are constructed using the FIREDRAKE
finite element library [40].

In Figure 3 the analytical and numerical displacement and temperature at X = 1 are compared
for weak 0 =0 and strong coupling 6 = 1. The inverse of the Laplace transform is computed using
the de Hoog method [41] (available through the invertlaplace function of the mpmath Python
library). The displacement is retrieved from the velocity field using the trapezoidal rule. The
numerical solution matches the analytical one, thus assessing the validity of the model (60) and
its discretization (65). In Figures 4 and 5 the numerical solutions for the dimensionless displace-
ment and temperature are reported for weak 6 =0 and strong coupling 6 =1.
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Figure 4. Displacement solution for the Danilovskaya problem.

Dimensionless Temperature 6 = 0 Dimensionless Temperature 6 = 1

0.75 0.75
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Figure 5. Temperature solution for the Danilovskaya problem.

6. Conclusion

It has been shown that classical linear thermoelastic problems are equivalent to two coupled port-
Hamiltonian systems. This is especially interesting for the simulation of thermoelastic phenom-
ena: each subsystem can be discretized separately and then coupled to the other using the discre-
tized coupling operator. This allows to easily track how the energy flows between the two
physics. Two different discretization has been proposed, depending on which kind of boundary
conditions are to be weakly enforced. The best strategy is of course problem dependent. This new
model of thermoelasticity may be of interest for control theorists and practitioners, given the
increasing importance of port-Hamiltonian systems in control theory.

Finally, this contribution also discusses the results of discretization on a model problem only
in the uni-dimensional case, where all the differential operators reduce to the same. An important
point that deserves additional attention is the construction of stable mixed finite elements for the
general three-dimensional problem. Reliable numerical models can then be employed for generat-
ing model-based control actions. Important future developments may include the reformulation
of thermoelastic linear shells as well as non-linear thermoelasticity within the pH framework.
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