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Abstract

The present research regards the development of novel nu-
merical methods for the solution of a large class of problems
in the field of generalized thermo-diffusion in visco-elasticity
and in advection-reaction-diffusion systems in incompress-
ible Brinkman flows. Challenges in these complex physico-
mathematical problems regard the strong nonlinearities in-
volved, as well as the presence of dynamical behaviours char-
acterized by very different time scales. To deal with these
problems efficiently, splitting-operator time integration tech-
niques are explored in order to decouple the dynamics of
the various physical phenomena and compared with fully
monolithic strategies. The analysis has played a new incisive
role to make simulations and predictions in many applicative
problems in which a multi-physic approach is needed to cap-
ture fully coupled effects. Applications are the simulation of
the thermo-rheologically complex behaviour of the relaxation
properties of materials with memory, the chemical degrada-
tion process due to aging and moisture diffusion in polymers,
bioconvection in porous media of oxytactic bacteria and fin-
gering instabilities of exothermic fronts in incompressible vis-
cous fluids.
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Chapter 1

Introduction and state of
the art

1.1 Splitting methods for coupled multi-field
problems

Time stepping algorithms for coupled problems in multi-physics can be
divided in two classes (Geill [FA92): (1) Fully monolithic schemes, in
which the time stepping algorithm is applied to the full evolution prob-
lem and in general, if an implicit scheme is applied, they do guaran-
tee unconditional stability of the solution. (2) Staggered schemes, in
which the coupled system is partitioned according to the different cou-
pled fields and each sub-problem is solved separately.

Despite their unconditional stability property, monolithic schemes
can lead to very large non-symmetric systems and do not take advantage
of the different time scales involved in the problem. Staggered schemes
are aimed to circumvent this drawback. On the other hand, operator-
splitting is not always possible, especially if the coupling between the
physical phenomenon described by two or more systems is too strong. In
this case, the monolithic approach is the only possible feasible method.
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Consider an abstract evolution problem of the form:
Ox = Ax (1.1.1)

where A is a differential linear or nonlinear operator applied to the vector
X = (x1,Xx2)T - Suppose that the dynamics can be splitted in a sum Ax =
A1x; + A2xs- The operators A and A, define the sub-problems: d,x; =
Aix; and Jyx, = Axx,. A straightforward splitting strategy to solve
numerically Eq. at each time step t"*! consists in:

1. Given x™ at time t", solve the sub-problem for x| ' defined by:

n+1
X1 - X

= A" 1.
AL 1X7] (1.1.2)

2. Given x| the solution of (T.1.2), solve the sub-problem for x5!

n+1
X2 — X3

_ n+1
o = At (1.1.3)

Depending on the specific dynamical structure of each sub-problem, suit-
able solvers can be employed, so that they can be joined together to form
the global solution algorithms. Unfortunately, the expense in adopting a
splitting scheme instead of solving the fully monolithic problem is that
this strategy can lead to conditional stability only. In some cases the un-
conditional stability can be obtained as well. As an example, consider
the coupled system of linear thermo-elasticity:

0%u .
p—> —div(Ce(u) — 8(T —Tp) I) =0,

a;; o (1.1.4)
pC& —+ TOB le <8t) = kAT,

where u is the displacement field, T is the temperature inside the mate-
rial, p is the density of the material, C is the linear elasticity tensor, ¢ is
the strain tensor for small displacements, T is the initial temperature, 3
is the coupling parameter, c is the heat capacity and & is the thermal con-
ductivity of the material and finally the symbol A stands for the Lapla-
)T

cian operator. Setting the state vector x = (u,u,T)", the operatior A

2



defining the dynamics is given by:

u
1.
Ax = | v (Ce(w) — ST - To)T) | (1.1.5)
Ear— 8 div (a
C C
The operator A can be splitted in the sum Ax = A;x; + A2Xx,, where:
1 o 0
Arxy = | AV (Ce) =B0D | -y, = L] (1.1.6)
B . . —AT
- div (u) c

and this leads to two sub-problems of the form to be solved sequen-
tially. Simo and Armero proved in (FA92) that choosing unconditionally
stable algorithms to solve each sub-problem definend by 4; and A, the
global algorithm is unconditionally stable.

Splitting schemes can be constructed for coupled problems exhibit-
ing multiple time scales (Geill). As an example, consider a nonlinear
coupled reaction-diffusion problem defined as:

—— —div (k(U1, uQ)Vul) = 0,
) (1.1.7)
—= —div (61{/’(“17u2>vu2> = 0,

where the diffusion matrix is given by:

k(ul,u2) 0
D(u) = 0 %k(ul,uQ) ’

being ¢ <« 1 so that the diffusion process involving us (fast dynamics) is
much faster than that of u; (slow dynamics). In other words, the diffu-
sion process of us is almost stationary as compared to u;. The formaliza-
tion of this physical observation leads to the following splitting:

1. Given uf, solve the stationary problem for the fast variable u} '

—div <ik(u?,ug+1)Vu§“> =0 (1.1.8)



2. Then solve for the problem for the slow variable u}*':

un—i—l —yn
1Tt1 —div (k(u™ uy T Vuptt) =0 (1.1.9)

1.2 Thermo-diffusion in visco-elasticity
with applications to photovoltaics

The research activity in the field of visco-elasticity is due to the large scale
utilization of polymeric materials in industial applications. The first part
of this dissertation is focused on studing a class of coupled problems
in the field of generalized thermo-diffusion in visco-elasticity, with par-
ticular focus on photovoltaic (PV) materials. Typical PV modules are
laminates made of a thick glass superstrate, an encapsulating polymer
(usually ethylene vinyl acetate, EVA), a layer of interconnected Silicon
solar cells, another layer of EVA, and finally a polymeric protective back-
sheet. The polymer Ethylene Vinyl Acetate (EVA) is used to encapsu-
late Silicon solar cells and protect them from moisture effects and from
thermo-mechanical loading. In standard qualification tests, PV modules
are exposed to severe ranges of temperatures between 40°C and 85°C
and 85% of air humidity, so that an accurate modelling of the thermo-
diffusive behaviour of polymers is needed to efficiently predict the stress
and deformation as well as the diffusion of moisture and the chemical
degradation process inside the material.

The mathematical theory of thermo-elasticity has a long story dat-
ing back from the work of Nowacki (Now86). Afterwards various au-
thors as Gurtin (GEA10) and Sherief (She04) derived governing equa-
tions of generalized thermo-diffusion in which the fields of temperature
and diffusion of matter are coupled with linear elasticity. The mechan-
ical behaviour of polymers is characterized by a relaxation modulus of
power-law type induced by the so called memory effect. In materials
with memeory, the current state of stress not only depends on the cur-
rent time, but on the whole deformation history up to the current time.
Classical Maxwell or Kelvin-Voigt rheological models used so far gen-
erally assume that the relaxation modulus is a sum of several Maxwell
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arms called a Prony series (Bow09). In order to approximate the exper-
imentally observed power-law trend, a huge number of arms (and thus
of model parameters) has to be taken into account. To significantly sim-
plify the task of parameters identification, modelling the visco-elastic be-
haviour via fractional derivatives has been proved to be very effective
(Mail0; MDP13; MDP11).

On the other hand, polymers like EVA display a strong thermo-visco-
elastic constitutive response, with a variation of the elastic modulus of
up to three orders of magnitude depending on temperature.

In treating problems involving polymers, it is a commmon assumption
the so called time-temperature superposition principle (GM10; IChr13).
This principle states that all the relaxation functions at any temperature
T can directly be obtained from the same master curve at base temper-
ature, Ty, shifted in the time axis by a quantity ar. This quantity is a
material parameter and must be determined by fitting from experimen-
tal data (GN94;IGM10;/Chr13). Unfortunately, for materials like EVA, this
fitting leads to poor results showing that the time-temperature superpo-
sition principle does not apply (PDS™11; [EU10). This is due to the fact
that the EVA polymer contains semicristalline parts and its microstruc-
ture changes with temperature, udergoing phase transitions. Those ma-
terials are called thermo-rheologically complex (Bag91). Moreover, the
EVA polymer suffers of thermo-photo-oxidative degradation, due to the
prolonged exposure of photovoltaic (PV) installations to UV light, en-
vironmental agents and the high working temperature of the PV mod-
ule leading to a deterioration of the optical properties of the encapsulant
(yellowing and browning) and to permeability to moisture.

The theory of thermo-visco-elasticity in presence of mass transfer deals
with the dynamics of a linear visco-elastic structure coupled with heat
transfer and the diffusion of a number of chemical species. The cou-
pled system of thermo-diffusion in visco-elasticity takes place inside a
bounded domain © C R? occupied by the material body in its unde-
formed configuration. Let u = (uy,ug,u3)’, T and ¢ = (c1,...,¢m)
be respectively the displacement field, temperature and a vector of m
chemical species diffusing inside the volume during the time interval



0 <t < ty. The equations of generalized thermo-visco-elastic diffusion
are (cfr. (GFA10;[She04;|Chr13)):

0%u .
P~ div(o) = pF,
oT ou de
iv [ == = 1.2.1
pc oy + TpBdiv ( Fy ) + Toaq Fr EAT + Q, ( )
% _ div (DVe) + BA div(u) + asAT = G,

where p is the density of the material, F = (F, Fy, F3)T is a body force
vector, c is the heat capacity of the material, 3 is the thermal stress cou-
pling factor, Ty is the initial temperature, a1, as are the coupling vector
between temperature and concentration, k is the thermal conductivity,
Q(c, T) is the heat generated by chemical reactions, 3 = (51, ..., 3m)7 is
the coupling vector between concentration and stress , D is the diffusion
matrix and G(c) = (Gi(c),...,Gn(c))T is the reaction vector containing
the kinetics of the chemical species.

Assuming that the material is isotropic, the stress tensor is given by
(see (GFA1Q), (She04), (Chr13)):

o(c,T) = /0 C(r(t—s,T))é(s)ds — (B(T —Ty) —B-o)I, (1.2.2)

where ¢ is the infinitesimal strain tensor, C is the fourth order visco-
elasticity tensor and the function 7(¢,T) is an internal variable depend-
ing on time and temperature and assuming the phisyical dimensions of
a (reduced) time, taking into account relaxation effects on the material
properties due to temperature.

The first two equations in together with the constitutive rela-
tion define the dynamics of a thermo-visco-elastic body (She04),
(Chr13). The second and third equations in represent a coupled
system for temperature and the m diffusing species (moisture, oxygen,
etc.) inside the volume. The generated heat Q(c,T'), the diffusion ma-
trix D(c, T') and the reaction vector G(c,T') depend both on temperature
and the concentration vector c leading to a nonlinear reaction-diffusion
system.



In all the applications in the sequel of this dissertation, it will be as-
sumed that a;, a2, 8 ~ 0, so that the stress tensor is weakely coupled
with the vector ¢ of chemical species. As a result, the first and the third
equations in (1.2.1) are basically uncoupled. The reason for this assump-
tion is that equations in (1.2.1) will be employed in modelling materials
that are typically used as encapsulants in PV modules for preventing
infiltration of moisture ingress from the environment, so that the mass
transfer process does not influence the mechanical deformation of the
body.

An important feature of the problems that are going to be studied in
the first part of this dissertation is that the set of equations presents
very different time scales. In general, the thermo-mechanical process is
typically much faster than the reaction-diffusion dynamics involving the
chemical species, whose products manifest a significant contribution in
long times scenarios. This physical consideration allows using several
splitting numerical techniques as it will be shown later on.

In Chapter 2, the partial differential equations describing a thermo-
viscoelastic structure are presented in the framework of fractional cal-
culus. Using the theory of Mittag-Leffler special functions (see (Mail0;
RS11)), explicit expressions of the time and temperature dependency of
the material properties characterizing the relaxation behaviour of the
polymer in three dimensions and entering the visco-elasticity tensor C
are derived. Moreover, it will be provided a new constitutive formula-
tion to model thermo-rheological complexity, where the time- tempera-
ture superposition principle does not apply. To this purpose, it will be
defined a new material function 7(¢,7), depending on time and tem-
perature history, taking into account the change in the microstructure
of the polymer caused by temperature variations. The proposed mo-
del, numerically discretized by the Griinwald-Letnikov approximation
(Mail0;RS11;1AS02), is implemented within a finite element framework.
Numerical examples are given to show the capability of the numerical
model to represent the relaxation behaviour of material properties of
polymers induced by thermal effects.

In Chapter 3 a computational framework for the simulation of cou-
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pled thermo-diffusive problems in photovoltaic laminates is proposed.
The governing equations describing the thermo-visco-elastic response of
a laminate structure made of linear elastic homogeneous and isotropic
layers separated by polymeric thermo-visco-elastic laminae are derived.
The polymeric layers are modelled using zero-thickness internal inter-
faces with suitable traction-separation relations accounting for the thermo-
visco-elastic properties of EVA (see (RB13)). While the coupled thermo-
mechanical problem takes place in the three-dimensional space of the
laminate, moisture diffusion occurs in a two-dimensional domain repre-
sented by the polymeric layers. A geometrical multi-scale splitting so-
lution strategy is pursued by solving the partial differential equations
governing heat transfer and thermo-elasticity in the three-dimensional
space and the partial differential equation for moisture diffusion in the
two dimensional domain. The thermo-elastic problem, which is much
faster than moisture diffusion, is solved first via a fully implicit solution
scheme in space and time. Temperature 1" obtained by solving the 3D
thermo-mechanical probem is then used to calculate the diffusivity D(T)
of a 2D diffusion problem for moisture. The application of the proposed
method to photovoltaic modules shows that moisture diffusion with a
temperature dependent diffusivity is a much slower process than in the
case of a constant diffusion coefficient (Kem14).

In Chapter 4 it is introduced a mathematical model to study the degra-
dation process of the EVA polymer from the chemical view-point. This
can be formulated as a reaction-diffusion problem involving temperature
T and a vector of chemical species ¢ of the form:

pcaa—T — kAT = Q(e, T),
9 t (1.2.3)
i div (D (¢,T)Ve) = G(e,T).

A computational framework based on the finite element method is pro-
posed to simulate the chemical reactions and diffusion processes occur-
ring in Poly(ethylene-co-vinyl acetate) (EVA) due to aging. The derived
finite element procedure, specifically distinguished for the case of envi-
ronmental degradation or accelerated aging, represents a comprehensive

8



tool for the prediction of the spatio-temporal evolution of the chemical
species in the encapsulant, and the assessment of the lost of physico-
chemical properties. The method allows to quantitatively compare the
degradation resulting from any environmental condition to that from ac-
celerated aging tests, providing a method to design new testing protocols
tailored for specific climate zones.

1.3 Advection-reaction-diffusion systems
in Brinkman flows

The second part of this thesis deals with the equations describing a sta-
tionary incompressible viscous flow (such as Stokes-Darcy, or Brinkman
equations) coupled with an advection-reaction diffusion systems (JK13a}
HA13;|ICBW14). A fairly large class of problems in science and engineer-
ing assume such a particular structure, as it is one of the basic forms
of representing systems where physical, biological, and chemical pro-
cesses exhibit a remarkable interaction. Notable examples are the density
fingering of exothermic fronts in Hele-Shaw cells (SK04), where hydro-
dynamic instabilities are strongly influenced by the chemical reactions
taking place at different spatial and temporal scales; convection-driven
Turing patterns generated using Schnackenberg-Darcy models (MM97);
reversible reactive flow and viscous fingering in chromatographic sepa-
ration (HHA13;[LP94); plankton dynamics (C.L01); forced-convective heat
and mass transfer in fibrous porous materials (CBW14); or the biocon-
vection in porous suspensions of oxytactic bacteria (VA16;HP96} [JK13a).
Phenomena of this kind are also relevant in so-called doubly-diffusive
flows (Ac13; [K13b; [LP00; (QSM16), where convective effects are driven
by two different density gradients having diverse rates of diffusion.

The coupled system of interest takes place in a bounded domain © C
R3, It can be derived from basic principles of mass, momentum, and en-
ergy conservation, and it is written in terms of the fluid velocity u =
(u1,...,uq)”, the rescaled vorticity w (vector (wy,ws,ws)” if d = 3, or
scalar w if d = 2), the pressure p, and a vector ¢ = (ci,. .., cm)T of volu-
metric fraction or total dissolved concentration of m distinct substances:

9



Fora.e. (z,t) € Qp :=Q x [0,T],
Oc+ (u - V)e — div(D(e)Ve) = G(e),
ou + /pecurlw + Vp = pF(c),
w = /pcurlu,

divu =0,

(1.3.1)

where p, 11 are respectively the fluid density and viscosity, o is inverse
permeability tensor, F' represents the force exerted by the species on the
fluid motion, encoding also external forces, D is a (generally nonlinear)
cross-diffusion matrix, and G contains the reaction kinetics (represent-
ing production and degradation) of the species. The first and second
equations in (1.3.1)) are typically called generalized Stokes or Brinkman
problem for a viscous incompressible fluid (see for instance (Gat14)). The
convective term (u - V) ¢ is a vector whose components are:

(w-V)e), = uy Ocr , 1<I<m. (1.3.2)

In Chapter 5 it is presented a partitioned algorithm aimed at extend-
ing the capabilities of existing solvers for the simulation of advection-
diffusion-reaction systems and incompressible flow. The space discretiza-
tion of the governing equations is based on mixed finite element methods
defined over unstructured meshes, whereas the time integration hinges
on an operator splitting strategy that exploits the differences in scales
between the reaction, advection, and diffusion processes, considering
the system as a number of sequentially linked sets of partial differential,
and algebraic equations. The flow solver presents the advantage that all
unknowns in the system (here vorticity, velocity, and pressure) can be
fully decoupled and thus the overall scheme turns out to be very attrac-
tive from the computational perspective. The robustness of the proposed
method is illustrated with a series of numerical tests in 2D and 3D, rele-
vant in the modelling of bacterial bioconvection and Boussinesq systems.
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Chapter 2

Fractional models in
thermo-visco-elasticity

The theory of visco-elasticity deals with the description of materials that
exhibit a combination of elastic (able to recover the original shape after
stress application) and viscous (deformation-preserving after stress re-
moval) behaviour. Quantitative description of such materials involves a
strain-stress relation that depends on time. The classical linearized mo-
del leads to an integro-differential equation in which the elastic stress
tensor o is a convolution product of the strain ¢, which encodes the defor-
mation history of the material up to the current time, with an appropri-
ate memory kernel E(¢) (in one dimension), representing the relaxation
mechanism:

o(t) = /0 E(t — s)é(s) ds. (2.0.1)

The visco-elastic response characteristics of a material are determined of-
ten using creep and relaxation tests. In a relaxation test, a constant strain
go is applied quasi-statically to a uniaxial tensile bar at zero time, if a
visco-elastic material (which is usually a polymer) is loaded in the de-
scribed manner, the stress o needed to maintain the constant strain will
decrease with time exhibiting a typical power-law behaviour. The re-
laxation modulus of the polymer is defined as E(t) = o(t)/eo. Another
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fundamental characterization test for viscoe-lastic materials is the creep
test in which a uniaxial tensile bar is loaded with a constant stress o at
zero time. Again, the load is applied quasi-statically or in such a man-
ner as to avoid inertia effects and the material is assumed to have no
prior history. In this case, the strain ¢ under the constant load increases
with time and the test defines a new quantity called the creep compliance
J(t) = e(t)/oo.

Various mathematical models have been proposed and used to represent
the visco-elastic material functions analytically. The simplest mechani-
cal models for viscoelastic behavior consist of two elements: a spring for
elastic behavior and a damper for viscous behavior. Spring and damper
elements can be combined in a variety of arrangements to produce a sim-
ulated viscoelastic response. Early models due to Maxwell and Kelvin
combine a linear spring in series or in parallel with a Newtonian damper
(see (Bow(09)):

Do De
k+ Ty = knﬁ (Maxwell),

D
o= ke + "Fi (Kelvin-Voigt).

Other basic arrangements include the three-parameter solid and the four-
parameter fluid. A more versatile model is obtained by connecting a
number N of Maxwell elements (arms) in series and adding a spring in
parallel, leading to relaxation function of the form of a Prony series:

n

E(t) = Eo+ Y _ Ejexp(—t/T:), (2.0.2)
i=1

where E;, 7; > 0 are constants to be determined from data. It has to be

pointed out that constants E;, 7; in the Prony series has to be fitted from

real data obtained from realxation tests. This is not a straight forward

task because it involves the solution of a constrained optimization prob-

lem (PDS™11;[EUT0).

Fractional calculus has been proved to be very effective in modelling

the power-law time-dependency of the relaxation behavior of polymers,

with an easier parameters estimation as compared to generalized Maxwell
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rheological models (MP15; MDP11}[EL99). The pioneer in application of
fractional calculus to the analysis of viscoelasticity, as noted by Bagley
and Torvik (Bag91), was Nutting, who established in 1921 that for many
composite materials the relationship between the stress and the defor-
mation is described by an equation of the form:

o(t) = At™%(t), 0<a<l. (2.0.3)

If the relaxation modulus E(t) in Eq. (2.0.1) is assumed to be a fractional
kernel function depending on parametres A > 0,0 < « < 1 of the type:

E(t)=At—/T(1 - a), (2.0.4)

where T'(z) is the Euler gamma function. In this case the constitutive
relation (2 reduces to an elastic spring for « = 0 or to a dashpot
fora =1, suggestmg that visco-elasticity is something in between those
two constituive models. This is the reason why the stress-strain relation
2.0.1) is usually called a spring-pot element (Koe84; [AS02) (see Fig. [I).
The fractional derivative of a function f(¢) of order 0 < « < 1 is defined

Figure 1: Schematic representation of a spring-pot element for 1 < o < 1.

as (Mail0):

1 ‘ ;
Df(t) = 7/ t—38)"%f(s) ds. (2.0.5)
)= = (t =)
Adopting this notation, the constitutive relation (2.0.1) can be rewritten
in terms of fractional derivative as ((AE03} Koe84; [Fab14; [ DLWZ15)):

o(t) = AD°c(t). (2.0.6)

In three dimensions the material functions characterizing completely
the response of a visco-elastic solid are the Young modulus E(t), the
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bulk modulus K (t) and the shear modulus G(t). The Young modulus
is considered to be of fractional type as in (MP15). Following
(HS96), the assumption of constant bulk modulus K(¢t) = K is made.
This is because polymer materials are known to show a predominant
visco-elastic behaviour in shear deformation rather than in volumetric
expansion. The remaining shear modulus G(t) is found via elastic visco-
elastic correspondence principle and inverse Laplace transform using the
Mittag-Leffler special functions (SMH11).

On the other hand, polymers display a strong thermo-visco-elastic con-
stitutive response, with a variation of the material properties of up to
three orders of magnitude depending on temperature (MP15), (EU10),
(PDS™11). In treating problems involving polymers it is a commmon as-
sumption the so-called time-temperature superposition principle (Bow09;
GM10; [FLO2; IGN94). This principle states that all the material visco-
elastic functions at any temperature 7" can directly be obtained from the
same curve, the so-called mastercurve, at base temperature 7. shifted
in the time axis by a quantity ar. This quantity is a material parame-
ter and must be determined by fitting from experimental data. Unfor-
tunately, for a large class of materials this fitting leads to poor results
showing that the time-temperature superposition principle does not ap-
ply (EUI0; PDS™11). Those materials are called thermo-rheologically
complex (EL99), (GM10).

Later on in this Chapter it will be provided a new constitutive formula-
tion to model thermo-rheological complexity, where the time-temperature
superposition principle is substitued by a new material function 7(¢,T),
dependending on time and temperature history, taking into account the
change in the microstructure of the polymer caused by temperature vari-
ations which is responsable of the shifting of the material function.

2.1 Constitutive equations in three dimensions

Let us consider a material occupying a region R C R? in the three-
dimensional space. Let u;(z1,z2,23,t), 1 < I < 3 be the components
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of the displacement field. Let:
1/0 0
- ( ur + Uy

= =4+ = 1<I1,J< 2.1.1
o=y (G4 5e) 1<ru < EERY

be the infinitesimal strain tensor. It is typical of polymers to show a visco-
elastic behavior mostly in shear rather than in dilatation. Assume that
the material is isotropic, then decomposing the overall stress tensor oy ;
into its deviatoric and hydrostatic parts, a visco-elastic behavior only for
the deviatoric part it is considered. The split of the stress tensor o7
reads:

S[J(t)ZQ/tG(t—S)W dS, UJJ(t):3KEJJ (212)
0

where S]J = 01J — O'KK5[J/ 3 and €rg = €1J — €KK5[J/ 3 are the de-
viatoric components of the stress and strain tensors, G(t) is the shear
modulus and K (t) = K is the constant bulk modulus. The visco-elastic
constitutive model is of Kelvin-Voigt type.

In the solution of the three-dimensional visco-elastic problem, it is
necessary to know the actual mathematical expression of the three ma-
terial functions, the shear, bulk and Young modulus G, K, E and their
dependency on time. Following (MP15), a Young modulus of fractional
type is considered:

Et)=At Y/ T(1-a), 0<a<l (2.1.3)

Given the espression of the Young modulus E(t), an explicit time-dependency
of the shear modulus G(t) is now obtained.

Let f be a function and denote with L[f] its Laplace transform. The
s-multiplied Laplace transform given by s - £[f] is denoted as f (s).
The elastic-viscoelastic correspondence principle (Bri08) states that, in
the Laplace domain, the shear modulus is given by:

—

T (s) = 3E (s)K (s)

=—"—-= (2.1.4)
9K (s) — E (s)

Then, because K (t) = K and E(t) is given by (2.1.3), in the Laplace
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domain K (s) = K/s and E"(s) = A s*~!. Substituting these espres-
sions in Eq. (2.1.4) and taking the inverse Laplace transform, leads to:

G(t)/3 = —E, [-9Kt*/A] (2.1.5)
where:
B =S (2.1.6)
“[x]_kzzor(akﬂ) -

is the Mittag-Leffler special function of order « (see (Mail0), (SMH11)).
Since this function does not have a closed-form expression, for numerical
purposes the asymptotic approximation is introduced:

ta

- A" to0n
Eo[-M°] ~ JRACREY 2.17)
AT(1—a) b= oo,

valid for any A. From this expression (2.1.7) the formula found by Pipkin
in (Pip12) is recovered:

G(t) ~ E(t)/3, t— +oo, (2.1.8)

which will be used in the sequel as the expression for the time-dependent
shear modulus.

2.2 Limits of applicability of the t-t superposi-
tion principle

In treating problems involving polymers, the so-called time-temperature
superposition principle is a commmon assumption. This principle states
that all the relaxation functions E(¢,T),G(¢t,T) and K (¢,T') at any tem-
perature T' can directly be obtained from the material functions at base
temperature T,.¢, by replacing the current time ¢ with a shift function
ar, which is a material property of the material and must, in general, be
determined experimentally (GN94; Chr13; KF12):

E(t,T) = E(t/ar, Tres). (2.2.1)
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This is equivalent to say that, for any fixed temperature 7', the relaxation
curve t — E(t,T) is obtained from the same master curve at a base tem-
perature Ty, shifted along the horizontal axis by a quantity ar in a log
time scale. The shift factor ar is usually described by the WLF (Williams-
Landel-Ferry) equation (FW52;|Voil4):

_ —G(T-T)
log (ar) = m, (2.2.2)

where C1, Cy are constants and T is the glass transition temperature.
Espression (2.2.2) is known to be valid only for 7' > Tj,.

Materials where the shifting results in a satisfactory mastercurve are
called thermo-rheologically simple. Unfortunately, this is not the case
for materials like EVA (Ethylene-Vynil-Acetate), which is a copolymer
containing semicrystalline parts and whose microstructure changes with
temperature, udergoing several phase transitions (UE11),(MP15) . Those
materials are called thermo-rheologically complex (Bag91).

The relaxation curves of the Young modulus E(t, T') for Ethylen-Vynil-
Acetate (EVA) at different temperatures in a log-log scale are shown in
Fig. 2| (a) (MP15; [PDS™11). It can be noticed that the straight lines have
different slopes in the temperature range under consideration, so that an
horizontal shifting of the material function E(¢,T') for different temper-
atures 7' does not result in a satisfactory overlap. This result suggests
that the shift factor ar for the EVA material, as assumed by the time-
temperature principle and described by (2.2.2), is not well defined. This
point is confirmed looking at Figure 2fb) where the fitting of the shift
factor for Ethylene-Vynil-Acetate taken from (UE11l) shows very
poor result.

From this considerations it is evident that the time-temperature su-
perposition principle does not apply for materials like EVA.
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Figure 2: (a) Plots over time in a log-log scale of the Young modulus E(¢,T')
obtained from relaxation tests at different temperatures in a range between

—35°C and 139°C. (b) Fitting of the shift factor ar (continuous line) for
EVA (Etylen-Vynil-Acetate) using the WLF equation (2.2.2) (dot line).
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2.3 A new model for thermo-rheological com-
plexity

Following (MP15) a temperature dependency of the Young modulus is
assumed as:

E(t,T) = A(T)t*™M/T(1 - o(T)), (2.3.1)

where the material parameters 0 < o(7") < 1 and A(7") > 0 are now tem-
perature dependent. Functions «(7") and A(T') can be determined from
Eq. (2.3.7), fitting data from uniaxial relaxation tests conducted for differ-
ent temperatures. Using the asymptotic representation of the shear mod-
ulus as in and and substituing it in the first line of (2.1.2),
leads to the following integral, describing the relaxation behavior of the
material properties induced by thermal effects:

t
m /O (t— s)_O‘(T)%(s) ds. (232)
This espression is not convenient for applications because both a(7) and
A(T) change continuously with temperature T and time ¢ during the pro-
cess, while we want to find an espression similar to but having
constant values of & and A as long as the internal micro-stucture of the
polymer remains the same.

To this purpose a thermal material clock function is defined and an
espression similar to (2.3.2), which is suitable for applications, is intro-
duced.

Consider an arbitrary temperature history 7'(¢), depending on the
thermo-visco-elastic process, let § > 0 be a given threshold. Let 7 =
7(t,T) be a function which is always smaller or equal to the current time
t, which has the role of monitoring the temperature history inside the
material. This function is nothing but a counter taking discrete values
0=r7o,...,7k,...,that ticks when the temperature variation exceeds the
threshold 0. At the beginning of the process 7 = 79 = 0 and it remains
zero untill the temperature variation inside the material does not exceeds
0. After that moment, the clock ticks and 7 is set equal to a new value
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T = 71. In general, during the evolution of the process, there can be sev-
eral of those temperature jumps, so that the value 7(¢,T) at any time ¢ is
defined recursively as:

T0 =0
, ) (2.3.3)
{Tk =inf, <y {|T(t') —T(1h—1)] > 6}.

Consider the reduced time defined as: 7(t,T') = T X[r,,+)(t), Where x (4.5
is the indicator function of interval (a,b). The function 7(¢,T) is a step
function constant inside each interval [r;_1,7x]. Define the modified
material functions A7 = A(T(7)) = A(Tk)X[rp) and o7 = a(T(71)) =
a(Tk)X[r,,+) Which are constants inside each interval [r}._1, 7). The mod-
ified relaxation kernel g7, ,(t) is defined as:

Ghat) =A"(t—7)"" /T(1—aT). (2.3.4)

This physical observation suggests that the correct formulation of the
thermo-visco-elastic relaxation process (2.3.2) is well described by the
following fractional-thermal derivative:

D(AT, a7, er;)(t) = /0' Jaa(t —s)érs(s) ds (2.3.5)

Formula basically says that when the variation of temperature in-
side the material exceeds the given threshold § and the thermal clock
T = T} ticks, the relaxation process is shifted backwards in time of a quan-
tity ¢ — 7, and restarts with new parameters evaluated at a(7'(7%)) and
A(T (1)) for all subsequent times (see Fig. [2.3|). This is because the ma-
terial has experienced a phase transition and temperature has affected so
significantely its internal microstructure to change dramatically its mate-
rial properties. Using equation (2.1.2) and the approximation of the shear
modulus in (2.1.8), the relaxation process for a thermo-rheologically com-
plex material can be written as:

t
S[](t) = %/ gz’a(t — S)é[J(S) ds = ;D(AT,QT,ejj)(t). (236)
0
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Figure 3: Schematic representation of the relaxation process of the material
function E(t, T') depending on the thermal history in a thermo-rheologically
complex material.

Notice that if the process is adiabatic, i.e. the temperature T'(t) re-
mains constant equal to the initial temperature T, during the time inter-
val [0,ty], then o = a(Ty) = aand A™ = A(Ty) = A are constants, the
thermal clock is 7(t) = 0, so that D(A™, a7, ers)(t) reduces to the usual
fractional derivative:

AD%eps(t) = — 2 | /0 (t— 5)"é1,(s) ds. (237)

Il -«

As a concluding remark, the problem of defineing a reasonable way
to estimate the threshold ¢ is adressed. This parameter defines a tem-
perature interval in which the material properties A and « are constants.
Looking at Fig. Pfa) it can be noticed that the slopes of the straight lines
are the same in different temperature intervals, i.e., in [-135°C, —28°C],
[—18°C,20°C], [40°C, 139°C]. Each of those class of temperature inter-
vals identify different values of o and A and a threshold ¢ can be defined
accordingly.
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2.4 Strong formulation of the coupled thermo-
visco-elastic problem

Consider formulae (2.1.2) and (2.3.6) adding thermal effects, we can write
the deviatoric and hydrostatic parts of the stress tensor as:
2
SIJ(t,T) = gD(AT,aT7€[J)(t), (241)
O'JJ(t,T) :SKEJJ_gﬁ(T—TO), (242)

where 3 is the coupling thermal stress factor and 7j is the initial temper-
taure inside the material. Accordingly, the overall stress tensor is given
by:

2
ory(t,T) = gD(ATv a’ers)(t) + (Keyy —B(T —Ty)) 015.  (24.3)
The balance of linear momentum takes the form:
GQUI .
P —orns =0, inRx[0ty], 1<I<3, (2.4.4)

where p is the density of the material. As far as we concern the heat
conduction process, the standard Fourier law is assumed for the heat

flux q;:
T
q = —ki, 1<I1<3 (2.4.5)
ox I
where £ is the thermal conductivity. Accordingly, the heat conduction

equation reads:

aT )
KV2T = e + BTO%, inRx[0,t;],1<I<3,  (246)

where c is the thermal conductivity of the material. Equations (2.4.4) and

(2.4.6) represent the system of coupled linear thermo-viscoelasticity (see
(KM12), (EEB15)).

2.5 Weak formulation

The weak form corresponding to the equation of linear momentum (2.4.4)
is derived by multiplying it by a virtual displacement dv; and integrat-
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ing the result on the domain R. Applying the divergence theorem, we
obtain:

2
2
/p%(h}[ dv+/KEKK65[J6[J dV-i-/ gD(AT,OéT)GIJ(SE]J dV—
R R R

/ B(Sa[Jé]J(T—TO) dV:/ t15U[ dA,
R On R®

(2.5.1)
where the last integral takes into account the traction ¢; imposed on
OnR" the Neumann part of the domain. Analogously, the weak form
corresponding to the heat conduction partial differential equation (2.4.6)
is obtained by multiplying it for a test function 67" and integrating the
result over R:

oT 96T oT ey,
g2 900 T s T -
/Rkaxjax[ dV-i—/Rpcaté dV+/Rﬁo T 01707 dV+

/ qn0T dA =0,
AN RY

where the ¢, is the imposed normal heat flux 07'/0n = ¢, imposed on

(2.5.2)

the Neumann part of the domain dy RY.

2.6 Finite element formulation

Consider a decomposition of the domain R into a finite number of ele-
ments and let {®, (&1, &2, &3)}ae, a basis of shape functions in a reference
coordinate system —1 < &;,&,&3 < +1. At the element level, the dis-
placement components and temperature are interpolated as:

Ne
wr(zy, @, w3, t) = > Op(61,6,63)Unr(t), 1<T<3 26.1)
k=
1 N
T(w1, w2, 3,t) — To(w1, 22, 23) = Y Pi(&r, &2, &) O (t). (2.6.2)
k=1

Setting nodal displacement and temperature vectors as:
{Ue} = (Ui1,Ura, Uns, ..., Uin., Uan,, Usn, )"

2.6.3
{0} =(04,...,05,)7 (263)
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after substituing those expressions into the weak forms, the discretized
weak forms become:

T uu D T uu
Z{w} [M2] Dt? +Z{6U} [K“{U )} +
Z{éUe}T [GL)D(AT,a7) {Ue}+2{5Ue}T [C){O.} =
S {oUT{T,
D80 TIRE0.) + (90" A0,

e

2{5@ 1T ICH] D{U b Z{ae 1T{Q% = 0.

If we adopt a fully monolithic approach to solve the coupled thermo-
visco-elasticity problem, the generalized displacement vector is:

{Ac} = (U1, Ur2, Uns, ©1, ..., Uin,, Uan., Usn., On.) 7 (2.6.4)

then discretizing the time interval [0,¢7] into 0 = 0 < ... <" <N =t
where t" ! = ¢" + At the fully monolithic system of equations is:

(A + 012 (A + [P 0T Ay
[KJ{A) = {F)!

(2.6.5)

where the global matrices and vectors result from the usual assembling
of matrices at the element level. [M] is the mass matrix, [C] is the cou-
pling thermo-mechanical matrix, [G] and [K] are the shear and bulk ma-
trices and { F}"*! is the load vector.

2.7 Griinwald-Letnikov approximation

The problem of approximating the fractional derivative D(A7, a™){A}"*!
is now adressed. Let f(t) be a function defined in an interval [0, T] and let
0=1"<... <" <N = T be a partition of [0, T], where t"*! =" + At.
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Racalling the so called Griinwald-Letnikov approximation of the frac-
tional derivative D f(t"™1) of order 0 < a < 1 of a f function (see also
(AS02) (RS11), (Mail0), (MDP11)), (WS01)):

Daf(tn-l-l) %(At)_a Z Cj+1(a)f(t7z+1—j) _
7=0

Cni (@) (2.7.1)
(At~ (F(tY), ..., F@E™h) : :

c1(a)

where the coefficients c¢;(«) are defined by the recursive formula:

{(j_l,_a)cj_l(a) lfj > 1

cj(a) = J

1 ifj=1.

Coefficients have the properties that ¢;(«) < ¢j41(a) < 0for j > 1
and lim;_, ¢j(«) = 0. Notice that the dimensions of vectors in (2.7.1)
are increasing with n. Each value f(t") up to time ¢"*! is contribuing
to the final value of D*f(t"*1), but the influence of the coefficients is
weaker in the past rather than in the present and the initial value f(t°) is
multiplied by ¢, 41 («), which is tending to zero as n grows. This property
of the Griinwald-Letnikov approximation is called memory effect.

With this set up the fractional-thermal derivative D(A7, o™ ){A}" ! is
approximated as:

DA™, a"){AY" = A(T™) AT (AP 4 FR{AYY)  (27.2)

where m < n is an history variable depending on the current time t" and
temperature 7", taking values mg < m; < --- < my, defined recursively
as mg = 0 and:

m Mi—1 if [T — T < 6,
k= .
n otherwise,

and the operator F/*{A}", collecting the displacement history up to time
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n, is given by:

FRAY = 3 v (@T™){AY,  ifm<n 273)

j=m

{0}, if m = n.

Notice that the last term in the sum is co(a(T™)){A}", because
c1(a(T™)) = 1 is associated to the unknown vector {A}"*1. When the
process begins the sum starts to pile up following the Gilinwald approxi-
mation with material functions A(7T°) and «a(7°) evaluated at the starting
temperature 7°, untill the condition |7 — T"~!| > § is verified. After
that moment, m is setted equal to n and the process restarts with new
material parameters A(7") and o(T™).

When the process is adiabatic, i.e. the temperature is constant during
time, thenm = 0 forall " and A = A(T?), o = «(T"), so that the approx-
imation of the thermal-fractional derivative D(A™, a™){A}""! reduces to
AD*{A}"*! the usual Giinwald-Letnikov approximation, namely:

Cn+1(0‘)
AD{AY" T ~ A(AL) T [{AY]. .. [{AY] : . (274)
c1(a)

It is evident that the displacement history must be stored in a matrix that
is increasing in the number of columns and represents the memory of the
material.

2.8 Temporal discretization
Substituing the approximation of the fractional-thermal derivative given
in 2.72) and (2.7.3) in (2.6.5) at time t" ! we obtain:

D2{A}n+1 D{A}’ﬂ+1
Dt2 Dt

[M] + KM AT = Py - Ry,

2.8.1)

where the modified stiffness matrix is:
(K™ = (At~ *T"(G] + [K],
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and the additional visco-elastic load vector is:
{Fy}™ = A(T™)(At) T [GIFR{ A}

The effect of {Fy/}™ is that of an additional forcing term containing the
memory effect of the material and changes in temperature history stored
in the thermal history variable m.

The Newmark -y method can now be employed to approximate the
first and second order time derivatives in (2.8.1):

D2{A}ﬂ+1 _ 1 n n—1 1 D{A}n+1
D2 BA¢2 ({A)" = {ap) - BAt Dt
1 D*{A}r—1

(2/3 - 1) “DE

D{A}™! _ D{A}"

DN R )

For values & = 1/2 and § = 1/4 this method is known to be uncondi-
tionally stable.

Dt Dt

In the case of adiabatic process, m = 0 and «, A are independent of
T™ then the modified stiffness matrix for the pure visco-elastic problem

has the form: [K| = (At)~*[G]+ K] and the additional visco-elastic load
vector {Fy }" is given by:

{Fv}" = A(At)"[G] (Z cj+1(a){A}"+1‘j> , (2.8.2)

Jj=1

the resulting discretized problem for the displacement {U}"*! without
thermal effects is:

D2{U}n+1

M= b

+ [K{UY™ = {F}y" T —{Fy 3, (2.8.3)

where the thermo-elasticity coupling matrix [C] is zero. Note that (2.8.3)
is nothing but a modified linear elastic problem.
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2.9 Numerical experiments

In this section several experiments in one and two dimensions are con-
sidered to test the thermo-visco-elastic model introduced in previous sec-
tions.

2.9.1 Free vibrations of a visco-elastic rod

Consider the problem of finding the vertical displacement u(z) of a one
dimensional visco-elastic vibrating rod clamped at the ends u(0) = u(L) =
0 and subjected to an initial sinusoidal prerturbation uy(z) = sin (7x) at
time t = 0 and then left free to its own vibration without any exter-
nal force or traction imposed. The motion of the rod is governed by the
equation to be solved in space 0 < z < Land time 0 < ¢ < ¢;:

o(_4 /t(t $) " “uge(s) ds 0 (2.9.1)
Ut — 7 - T =Y <
Pae = 5 \T(1 = a) J, t
where p is the density of the rod and A > 0 and 0 < o < 1 are visco-
elastic material parameters. Notice that for & = 0 this problem reduces
to the usual wave equation in one dimension for a linear elastic rod:

Py — Atgr = 0. (2.9.2)

In the case o = 0, the mechanical energy of the system is:

L 2 2

E(t) = %/0 [p (21;) +A <gz> ] dz. (2.9.3)
A global property of the solution of this problem when a = 0 is that
E(t) = 0, i.e. the mechanical energy is conserved. Every numerical
method applied to solve the problem must be able to represent
this global property of the solution in the linear elastic limit & = 0. Let
h = 1/25 be the spatial mesh size, N = 100 the number of vertices of
the mesh and {®,(z)}2_, a basis of linear triangular lagrangian shape
functions then the global mass matrix [M] € RV*¥ and stiffness matrix
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[K] € RV*N are explicitely given by the tridiagonal matrices:
h 2 1

2h
= 2 0 - 0
oo A
M]=p| 6 3 K] =A h ,
o%h 2
0 0 ? 0 0 E
(2.9.4)

leading to the differential system for the nodal displacement vector {U} =

(Ul,...,UN)TZ )
D*{U
D{t2 ) + [K]|D*{U} = {0}. (2.9.5)
In Figure [5| is shown the evolution in space and time of the numerical
solution of the equation (2.9.1) forp = A =1, L =5, t; = 4 and for two
different values o« = 0 and a = 0.3 using the Newmark method g = 1/2
7 = 1/4 and a time-step At = 1/200. Figure [§] shows the evolution
over time of the solution «(1/2,t). In the visco-elastic case a = 0.3 the

[M]

1

0.5

-0.5

Figure 4: Temporal evolution of the vertical displacement in problem (2.9.1)
u(1/2,t) for a« = 0 (continuous line) and o = 0.3 (dashed line).

Griinwald-Letnikov approximation of the fractional derivative D*{U} is
used, this leads to the formation of a pseudo-load vector { F'}" which rep-
resents the dislacement history up to the current time. This residual load
vector has the effect of dissipating the mechanical energy of the system,
according to the memeory effect of the material.
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Figure 5: Numerical solutions in space and time of the 1 dimensional visco-
elastic wave equation for different values of the fractional exponent
a. For a = 0 (linear elastic limit) the mechanical energy is conserved, while
it is dissipated in the visco-elastic case o = 0.3.
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2.9.2 Dynamical response of a visco-elastic beam

Consider the dynamic response of a visco-elastic beam in a state of plane
strain occupying a region Q = [0, L] x [0, H] in the undeformed config-
uration, clamped on later sides at + = 0 and « = L and subjected to a
traction vector t = (0, —10)7 applied at the bottom side of the rectangle
0Qp. The problem in strong form can be written as: Find the displace-
ment field u = (uy, u,)? such that:

0%u . .
Po ~ div(o(u)) =0 inQ x[0,T]
u=20 inI'p x (0,7 (2.9.6)
cl(un=t in 'y x [0,7]
u(0) =0, u(0) =0 inQ

where n is the outward unit normal vector to 9 and t assigned surface
traction. The stress o = (0,,0y,04,)7 and strain € = (g,,,,64,)7 are
related as:

o(u) = AGD“e(u(t)) + Kle(u), (2.9.7)

where matrices G and I are given by:

4 2
3 ~3 0 110
G:_2§0,1:110
3 00 0

0 0 0

The material parameters for the simulations are L = 10, H = 2, p = 10,
K = 1000, A = 100. The solution of this problem has been computed
numerically for different values of o = {0.1,0.03,0.05,0.07}. The vari-
ational formulation of the problem, using the Griinewald-Letnikov ap-
proximation of the fractional derivative and a simple central difference

scheme for the second order time derivative is as follows. Given u"!
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and u", find u™*! such that for all test function v:

n+1 _ 2u” — n—1
/ ¢ :2 Y —|—/ (A" “AG + K I)e(u") 1 e(v) =
Q t Q

n

/aQB to— (A /Q AG ch+1(a)€(un+1_j) e(v)

Jj=1

(2.9.8)
For a small time-step At = 0.02 the central difference scheme is stable.
Snapshots of the displacement field are shown in Figure 6]

W9
W 459035

W 655638
W21

1140
0t
Wi 2605

Ve Value

-0

t
i

il

}, i
;vf,A ///

L 56509

| Edd

u1,u2)” and deformed mesh at times

—

Figure 6: Displacement field u =
t=1andt=2.5.

In Figure[7]is reported the dynamical response of the vertical compo-
nent u,, of the displacement field over time of the point (L/2, H/2) in the
undeformed configuration. As « increases, leaving the linear elastic limit
a = 0, the oscillations are damped and the relaxation is faster.
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w
T
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Figure 7: Plot over time of the dynamical reponse of the vertical displace-
ment uy(L/2, H/2,t) for different values of o = {0.01,0.03,0.05,0.07}.

2.9.3 Creep and Creep-recovery test

One of the fundamental methods used to characterize the visco-elastic
time-dependent behavior of a polymer is the creep test. In a creep test,
a constant stress oy is applied quasi-statically to a uniaxial tensile bar at
zero time and held constant, as shown in Fig.

A g

Figure 8: Schematic representation of a creep test.

The strain, under the constant load, increases with time up to a con-
stant value €y. A specimen of size H x L is clamped on the bottom side
and a traction F = (0,160)7 is applied on the top of the beam setting
oo = |F|. The inertia of the beam is neglected. Parametres for the sim-
ulation are H = 0.02, L = 0.06, A = 10, K = 100. Different values of
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the fractional exponent are considered: oo = {0.01,0.02,0.03,0.04}. Fig.
Pfa) shows the strain response to a creep test. An equally important task
of a constant stress test is to understand the resulting strain variation if
the stress is removed. In this case the traction F is suddenly removed
after a certain period. Results of the strain corresponding to the creep
test recovey are shown in Fig. P[b) for different values of the fractional

exponent a.

w
]

w

Strain €,
N
[a4]

2.6

2.4 : : : :
200 400 600 800 1000

t time

(a) Strain e, in a creep test.

a=0.1
--=—a=1015

Strain ¢,

0 100 200 300 400 500
t time

b) Strain €, in a creep recovery test.
y P y

Figure 9: Numerical results of the creep and creep recovery test for different
values of a.
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2.9.4 Temperature behavior of the relaxation modulus

The variation of modulus with temperature can be determined from re-
laxation tests conducted at different constant temperatures. Material pa-
rameters for the numerical simulation at different temperatures «(7") and
A(T) are taken from (MP15) and are reported in Table

Table 1: Material parameters for the rlaxation test

Temperature | o(T) A(T) (s%)
T(°0)

-35 0.226 814.7

-18 0.1015 52

0 0.05566 23

20 0.04227 11.04

40 0.07417 4.668

49 0.08634 4.116

60 0.06542 1.544

In the numerical experiment a specimen of lateral size L. = 0.02m and
vertical size H = 0.06m is subjected to a constant traction g = 200 N on
the top size of the specimen. During the process the temperature is held
constant. The Young modulus is:

E(t) = 0o /e, (). (2.9.9)

Since this process is adiabatic we used the Griinwald-Letnikov approx-
imation of the fractional derivative with constant coefficients « and A.
Results of the relaxation curves obtained numerically are reported in Fig.
and are in good agreement with the experimental ones in[2 (a).
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Figure 10: Numerical evaluation from relaxation tests of the relaxation be-

havior of the Young modulus at different temperatures 7' between —35°C'
and 60°C.

2.9.5 Coupled thermo-visco-elastic problem

As last example we consider a problem of coupled thermo-visco-elasticity.
Let [0,1] x [0, 1] be a square domain occupied in its undeformed config-
uration by a visco-elastic material in a state of plane strain. The dis-
placement u = (ug,u,)” is such that u, is zero on the right hand side.
Loading is provided by a transient thermal analysis in which the left side
has a specified temperature 7;.y: = 1 suddenly applied at time zero and
held constant. The governing equations to be solved in Q x [0, T is given

by:

ot ot
—div(e(u,T)) =0

oT ou
R s div( Y = kAT
pe of div ( ) (2.9.10)

where o is the thermal stress:
o(u,T)=GD(A",a",e(u))(t) + Kle(u) — p1(T — Tp), (2.9.11)

where D(A", a”,e(u))(t) is the fractional-thermal derivative describing
the relaxation behavior induced by heat conduction defined in (2.3.6), 1
is the vector (1,1,0)” and G, I are matrices introduced in (2.9.2). Param-
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eters used in the simulation are:
To=0.1,8=025k=10,c=1,p =10, K = 300.
The material functions A(T") and «(T') are fitted from (MP15) as:
AT) = {40.773 exp(=0.056T), i T < 49°C
4.9444 exp(—0.015T), if T > 49°C

3x1079T* — 7 x 107773 + 7 x 10~°72
—0.0014 x T+ 0.0513, if T < 49°C
—1x 107773 44 x 107572

—0.005 x T' 4 0.2435, if T > 49°C

(2.9.12)
a(T) =

and their plots are reported in Figure The singularity at T' = 49°C
shows that, crossing this value, the material exibits a phase transition.
The parameter § is chosen to be equal to 0.1 We consider a quasi-static

40 0.09
35
0.08
30
3 007
& 20 <
= 15 < 0.06
10
0.05
5
0 0.04
20 40 60 80 100 20 40 60 80 100
7(°C) T(°C)
(a) Plot of A(T). (b) Plot of a(T).

Figure 11: Material functions A(T") and «(T’) resulting from best fitting and
used in the simulation.

case for the mechanical part and employ an Euler backward scheme for
the thermal part in which At = 0.005. We can use a splitting technique to
solve this problem dividing each temporal solution phase into a purely
visco-elastic phase and into a thermal phase. (1) Given temperature 7"
at time t", let m;, < n be the current value of the thermal clock. The
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visco-elastic problem consists in: Find the displacement u™t! such that
for all virtual displacement v is satisfied

/ ((At)*a(Tm")A(ka)G + K I) e(u") e(v) = [ BT divo—
Q Q

(A~ /Q A(T™)G (Z cnm-(a(ka))e(uj)) : e(v),

Jj=my
(2.9.13)
(2) Then, given u™"! solution of the previous problem, we find tempera-
ture T *! such that for each test function 67 solving the heat conduction
equation:

T7L+1 _Tn n+l _ ,n
/ P / EVT V6T + / BT, div (u“> 5T =0

In Figure [12| are shown the contour plots of temperature T'(z,y,t) and
the horizontal component o, (x, y, t) of the stress tensor for the initial and
final time. The temperature is diffusing linearly propagating inside the
region from the left lateral side of the square.

38
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(c) T(z,y) (d) oz(z,9y)

Figure 12: Contour plots of the temperature and the horizontal component
o, of the displacement at initial time ¢ = 0.005 and final time ¢ = 0.1.
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Chapter 3

Thermo-diffusive problems
in photovoltaics

Typical photovoltaic (PV) modules are laminates made of a thick glass
superstrate, an encapsulating polymer (usually ethylene vinyl acetate,
EVA), a layer of interconnected Silicon solar cells separated by few cen-
timeters of EVA in their plane, another layer of EVA, and finally a poly-
meric protective backsheet (see Fig[13). EVA provides protection of cells
and interconnections but it is permeable to moisture, which diffuses from
the backsheet and percolates along the surface of the solar cells. Mois-
ture induces chemical oxidation of the grid line deposited on the sur-
face of the solar cells, separating it from Silicon giving rise to electrically
inactive areas and power-loss. This phenomenon has been reported in
damp heat tests in (MVI12) prescribed by the international qualification
standards (61215), where PV modules were exposed to a very aggres-
sive environment at constant 85°C temperature and 85% of air humidity.
For these reasons, an accurate modelling of the EVA is crucial to deter-
mine the lifetime of a PV module, moisture diffusion, chemical reactions
induced by moisture, as well as its reduction of cohesive energy pro-
moting delamination of the layers. The EVA polymer displays a strong
thermo-visco-elastic constitutive response, as experimentally reported in
(UE11; MP11), with a variation of the elastic modulus of up to three or-
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Figure 13: Sketch of a PV module.

ders of magnitude depending on temperature. Generalized Maxwell rhe-
ological models used so far generally provide exponential type relations
for the relaxation modulus and, in order to approximate the experimen-
tally observed power-law trend, a huge number of elements (and thus
of model parameters) has be taken into account. To significantly sim-
plify the task of parameters identification, modelling the visco-elastic
behaviour via fractional derivatives has been proved to be very effective
MDP11). For rheologically complex polymers as EVA,
whose microstructure changes with temperature, the fractional calculus
formulation in (MP15) allows the use of only two temperature dependent
parameters for its complete description.

A proper modelling of these coupled nonlinear phenomena, requires
a comprehensive computational framework where coupled thermoelas-
tic and heat conduction problems are accurately solved at the module
level in the three-dimensional space. Then, moisture diffusion inside
the EVA layers has to be simulated by considering the dependency on
the temperature and the thermo-elastic fields via the diffusive constitu-
tive equations. So far, the state-of-the-art simulations on moisture diffu-
sion in consider the EVA layer only and treat diffusion as a one
dimensional problem without updating the diffusivity of the material
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based on the actual temperature of the system.

To shed light into the above issues, and provide a comprehensive
physical modelling and computational framework for the study of these
phenomena, a geometrical multiscale approach is pursued by following
the seminal work in (AQO3) for biophysical systems. Starting from the
evidence that moisture diffusion takes place in a physical domain with a
lower dimension with respect to that of the thermo-mechanical and heat
conduction problems, two different finite element models are used in
parallel. The coupled thermo-mechanical and heat conduction problems
are solved in the three-dimensional setting (or in the two-dimensional
one in the case of a cross-section of the PV module). As a further sim-
plification, the EVA encapsulant layers are modelled as zero-thickness
interfaces, whose thermo-visco-elastic constitutive response is taken into
account by a novel thermo-viscoelastic cohesive zone model. As com-
pared to other cohesive zone model formulations available in the liter-
ature (RB13; IGA15), the present model is based on a fractional calculus
formulation able to simulate rheologically complex materials.

The thermo-elastic problem, which is much faster than moisture dif-
fusion, is solved first via a fully implicit solution scheme in space and
time. Temperature and relative displacements computed in the Gauss
points along the encapsulant interfaces are then projected to the nodes of
another finite element model specific for the solution of moisture diffu-
sion. This second model is used to discretize the domain where moisture
diffusion takes place. In particular, it is represented by the mid-surfaces
of the encapsulant layers and of the channel cracks through Silicon, see

Fig{T4}

3.1 Variational framework

In this section is presented the variational framework describing mois-
ture diffusion and the thermo-visco-elastic response of a laminate made
of linear elastic homogeneous and isotropic layers separated by poly-
meric thermo-visco-elastic laminae. In these laminates, moisture diffu-
sion takes place in the polymeric layers, which progressively percolates
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from the free edges and from the backsheet towards the centre of the
solar cells. EVA layers used to protect Silicon solar cells are permeable
to moisture, which is one of the major concerns for the degradation of
the electrical output of the PV module over time. Due to moisture dif-
fusion, the adhesive properties of EVA progressively degrade and the
corresponding layers may experience a lack of cohesion leading to sep-
aration of the backsheet from the Silicon cells, or between the Silicon
cells from the glass superstrate. In order to efficiently simulate cohe-
sive degradation of EVA and delamination, we propose to treat the poly-
meric layers as zero-thickness internal interfaces with suitable traction-
separation relations accounting for the thermo-visco-elastic properties of
EVA.

Let assume that the laminate occupies a volume Q = U?,_; R(m) C R3
in the reference undeformed configuration, where each layer is geomet-
rically identified by R(m) = [0,a] X [0,b] X [zm—1,2m], With 29 = 0,
Zm = Zm—1+ hm, being a,b >> h,, form = 1,...,n. Moreover, let model
a generic polymeric layer of thickness h between laminae R(p) = R_ and
R(p+1) = Ry (1 < p < n)as a plane surface S(p) = {(z1,22,2p) : 0 <
1 < a,0 < z9 < b}, see Fig

The position of each material point inside §2 is identified by the coor-
dinate vector x = (x1,z2,x3) in a three-dimensional cartesian orthonor-
mal frame {e1, ez, e3}. Let ur(z1, zo, z3,t) (I = 1,2,3) and 0(x1, xo, x3,t)
= T(z1,x2,x3,t) — Tp be the displacement field and temperature varia-
tion from a reference one, Ty, inside the material during the time interval
0 <t < ty. The index I is denoting the component of the displacement
field along the corresponding coordinate.

3.1.1 Thermo-mechanical formulation of the layers

The global dynamics of each material layer R(m) obeys the equations
of coupled linear isotropic thermo-elasticity (see e.g. (Now86)). The
Cauchy thermal stress tensor is defined for each layer m as:

U[JZC?JKLSKL—ﬂm0§[J, 1<I,JK,L <3 (3.1.1)
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Figure 14: Proposed finite element model.

where the Einstein summation notation has been adopted. Here, C7% .
is the fourth order elastic constitutive tensor, and 8" is the coupling ther-
mal factor related to the thermal expansion coefficient a’™. The infinites-
imal strain tensor is:

€1y =

1 <8’U,[ 8U,J

| — + — 1<1I1,J< 3.1.2
2 8$J+8$1)7 sLJ<3 ( )

The balance of linear momentum in each layer R(m) x [0, ] is given
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by:
m 62U1 8

6t2 833]

(Clykrexr — p™0017) =0, 1=1,2,3 (3.1.3)

where p™ is the density of the m-th material.
Let be g; the heat flux inside each layer R(m), and assume that it is
related to the temperature variation 6 by the Fourier law:

w:-%mgg,1§133 (3.1.4)

where k™ > 0 is the thermal conductivity of the m-th material. Hence,
the heat transfer partial differential equation is given by:

a0 85KK
L 29: m_m " Th 3™
VIO =Pty T

where ™ is the heat capacity of the m-th material.

in R(m) x [0, /] (3.1.5)

3.1.2 Thermo-visco-elastic polymeric interfaces

Under the assumption of replacing each polymeric layer by a zero-thickness
imperfect interface, we allow u; and the temperature ¢ to be discontinu-
ous across the interface separating R_ from R . We therefore define the
jumps on S(p) as:

[[ur]](x1, 22) = U?_(Ilalé) —uj (z1,22), 1<1<3, (3.1.6a)
[[0])(21, 22) = O0F (21, 22) — 0™ (21, 22) (3.1.6b)
where uf (1, 22) = U}t(l'l,l'g,Z;t) and 07 (21, 22) = Gli(xl,:cg,z;t). The
average temperature across the interface is given by:
1o, _
(0) (x1,22) = 3 (07 (x1,22) + 0 (21, 22)] (3.1.7)

Quantities [[u;]] and [[0]] play the role of internal variables describing
the debonding process along the interface containing S(p) during time
[Oa tf ] :

Hence, the coupled thermo-elastic model given in the previous sec-
tion for the continuum layers is enriched by adding the presence of a
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cohesive traction field and a heat flux normal to S(p). The relations be-
tween those fields and [[u]], [[f]] are provided by the constitutive rela-
tions for the interface. By assuming the continuity of the traction vector
t; (1 <I<3) weset:

- {K (0 [lwrl), if [[wr]) € Ty
-

0, if [[ur] & Jr (.18)

where J; = (—6%,+6¢) for I = 1,2 and J3 = (0, 5). The components t;
and t, represent Mode II and Mode III cohesive tractions, i.e., contained
in the plane surface S(p), whereas t3 corresponds to the Mode I cohesive
traction, i.e. associated to the unit vector n = es.

Equation for I = 3 corresponds to a tension cut-off traction-
separation curve, suggesting that the interface is not able to transfer trac-
tions when the critical opening displacement ¢5 is achieved. A similar
brittle behavior is assumed for Mode I and Mode III (see Fig[T5).

t2
tz

AK3 AKz

[uz1

[[us]
O3

(a) Mode I (b) Mode II

Figure 15: Cohesive traction-separation relations.

In order to obtain a structural response of the interface equivalent to
that of the real EVA layers, the modulus K3 of the zero-thickness inter-
face is related to the stiffness of the layer in the direction n, i.e., it can be
evaluated as the ratio between the EVA Young’s modulus, Egya, and the
EVA thickness, hgya. Similarly, the shear response is matched by select-
ing K1 = Ko = EEVA/ [2(1 + VEVA)]-
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Since polymers have a thermo-visco-elastic constitutive behavior, the
stiffnesses K has to depend upon the average temperature (¢) and time
t. Instead of using a Prony series representation, a fractional calculus ap-
proach (Mail0; MDP13), is herein adopted to synthetically characterize
those dependencies, which has been proved in (MP15) to be more effec-
tive for parameters identification. Accordingly, we define K3 as follows:

T) f(t, 7))
hD(1— o(T))

for functions 0 < a,« < 1 and I'(¢) is the Euler gamma function defined

K3(t,T) = o (3.1.9)

as: IS
I(t) = / e Tt tdx (3.1.10)
0

Function f(t,T) is a history dependent function of time and temperature
used to model thermo-rheologically complex materials where the prin-
ciple of time-temperature superposition does not apply. This is due to
a modification of the internal microstructure of the polymer driven by
a temperature change above a threshold. Hence, f(¢,7') is equal to the
current time ¢ minus the time ¢, corresponding to such a microstructure
modification.

At the interface, we remark that cohesive tractions are continuous
and opposing to each other, viz.:

_ 4t )+ _ (=) -
lr=t; = CIJKLEKL|:D3:z;rnJ = _CIJKLEKL|z3:z;nJ

=t

(3.1.11)

As far as heat conduction is concerned, we assume that the heat flux
across the interfaces is oriented along the direction orthogonal to the sur-
face S(p), which is a reasonable approximation for thin polymeric layers.
Hence, g1 = ¢ = 0 and ¢ = ¢3 is given by:

PR <1 - “gs”) 0) if [[us] € J5

where & is the thermal conductivity of the interface without decohesion,

(3.1.12)

i.e., for [[ug]] = 0. Note that the heat flux is assumed to be a decreasing
function of the normal gap.
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Also in this case, continuity of heat flux at the interface is preserved,
viz.:

20+ 06~
- SR ACS R = -
q=q5 (v1,2) O ws==7 Dy lr5=2 (3.1.13)

= _q; (xlv x2)

3.1.3 Moisture diffusion along polymeric interfaces

Durability tests of PV modules inside a climate chamber are character-
ized by temperature and moisture dependent on time and according
to specified ramps. In these composites, moisture diffusion takes place
along the layers of the polymeric encapsulant, or along channel cracks in
Silicon. Since their thickness is very small, it is also possible to neglect the
moisture flux in the direction orthogonal to the EVA layers. Under these
assumptions, moisture diffusion can be modelled as a diffusion process
taking place over the mid-surface of a generic encapsulant layer, which
corresponds to S(p).

Hence, the aim of the numerical method reduces to simulate and
predict diffusion of water content ¢(z1, z2,t) along the encapsulant mid-
surface S(p) for each point and time.

The following initial and boundary value problem can be considered,
where an imposed water content ¢* is imposed on the boundary:

g (x1,x2, t) — DV2¢(z1,22,t) =0 in S(p) x [0,t]
c(x1,2,0) =0 in S(p) (3.1.14)
(w1, @2,t) = c* in 9S(p) x [0,¢]

where D is the encapsulant diffusivity.

It is worth noting that the diffusion problem takes place in dimension
2, while the thermo-mechanical problem is three-dimensional. it is also
remarkable to notice that these physical problems are characterized by
very different time scales. The characteristic velocity of thermal diffusion
is in fact ruled by the ratio k™ /(p™c™), while that of moisture diffusion
is given by the diffusivity D. Considering characteristic values for EVA,
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the ratio between the velocities of the two phenomena is:
(K™ /(p™c™)) /D =~ 10°, Ym=1,...,n

so that heat transfer is about six order of magnitude faster than moisture
diffusion. From this observation, we can state that moisture diffusion
is dependent on heat transfer and not viceversa. Hence, the diffusivity
of the encapsulant has to be considered as temperature dependent and,
based on the experimental evidence, of Arrhenyus type can be used to
model it (Kem14):

Aexp (—E,/({(0) R)) [[1;;”, if [[us]] > 65 (3.1.15)

) {Aexp (EJ(OR), i [lus] < 05

In order to take into account the effect of a possible debonding of the
encapsulant, which would enhance moisture diffusion, D is assumed to
be a linear increasing function of the normal gap [[us]], for [[us]] larger
than 45.

Due to the very different time scales of the diffusion processes, a stag-
gered solution scheme is proposed, where the average temperature and
the crack opening computed from the solution of the coupled thermo-
mechanical problem are passed as input to the diffusion process by a
suitable update of the value of D.

3.2 Weak forms

The partial differential equations governing the dynamic equilibrium of
the body, Eq. (3.1.3), and heat conduction, Eq. (3.1.5), for each layer
R(m) (m =1,...,n) and the constitutive relations for the interfaces, Eqgs.

(3.1.8) and (3.1.12) for each S(p), define an initial boundary value prob-

lem describing the debonding of a thermo-mechanical layered PV panel
with thermo-visco-elastic polymeric interfaces.

Let be ¢} and u} the surface traction and the prescribed boundary
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displacement such that:

Crixrexr(ua)ng =t7 indyR" x [0,ty],

ur = uf in dpR" x [O,tf]

and ¢* = ¢jns, and 0* the imposed normal heat flux and the imposed
temperature at the boundaries such that:

o0
on
0 =0 indpR’ x [0,/]

=q" indyR? x [0,t;],

where the indices dp and 0y denote the Dirichlet and the Neumann por-
tions of the boundary JR.

The weak form corresponding to Eq.(3.1.3) is obtained by multiply-
ing it for a virtual displacement dv; having a virtual gap [[dv/]] along
S(p) and by integrating the result on each domain R(m). After applying
the divergence theorem as customary and by dropping the index m to
simplify notation, we obtain:

82
/ 522 6vIdV+/ CrixrexrderydV —
R

/ B(SE[J(;]J@dV = / t;(SU]dA + / t]“(;v]HdA
R On R“ S(p)

Analogously, the weak form corresponding to Eq.(3.1.5) is obtained

(3.2.1)

by multiplying it for a test function 66 having a gap [[06]] on S(p) and by
integrating the result on each domain R(m). After some calculation and
dropping the index m to simplify notation, we get:

kﬁﬁdv—&-/ pc aeé@dV-i—
Oxy Oxg ot
aEIJ (3.2.2)
/ B—=067;00dV +/ q*00dA +/ q[[60]] =
dn RO S(p)

As far as moisture diffusion is concerned, the corresponding weak
form is constructed by multiplying Eq.(3.1.14) by a test function dc. After
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integration by parts we have that the concentration c¢(x1, 2, t) solves the
following equation for all the admissible dc and V¢ € [0, /]:

pIe 9% 44 / 52440 (3.2.3)
S(p) 81’1 8331 S(p) 815

3.3 Finite element discretization

3.3.1 Discretized weak forms for the thermo-elastic and
heat conduction problems

According to the finite element method, the domain R is discretized into
a finite number of bulk R, and interface S, elements so that:

R~|JR.ulJS. (3.3.1)

We also introduce for the purpose of numerical integration the mid-
plane surface S(p) ~ U.S., where S, is the middle surface of each inter-
face element S..

The class of interface elements considered here consists of two sur-
face elements coincident with the facets of the bulk elements used to
discretize the continuum that are bricks or tetrahedra. For consistency
between interfaces and bulk, the same order of interpolation is used.

In the case of 2D simulations on cross-sections of a laminate, the
present formulation still holds, provided that bulk elements are repre-
sented by quadrilateral or triangular plain strain finite elements and in-
terface elements are given by two opposing lines. Again, the same inter-
polation order has to be used.

By introducing the shape functions, the finite element approximation
for the bulk reads:

N(e)
Uk (w1, 02, 23,t) = »_ ®a(61,82,8)Uak(t), 1<K <3

a=1
(e)
O(z1, w2, 23,1) = Z D, (&1,82,83)04()

a=1

2
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being {®,(&1, &2, &,)}N(e) defined in the natural reference system —1 <
£1,£2,&3 < 41, where N(e) is the number of element nodes, which is
equal to 8 for a 3D linear brick element, or 4 for a 2D linear 4-node plane
strain element.

Similarly, for the interface elements, the gaps are approximated as:

S(e) 25(e)

U (@1, 2,t) = > > Wal&r, &) AamrrUpc(t), 1< TJ<3
a=1 b=1
S(e) 25(e

[O]l(1,22,8) = D> > Wal&1,62)AusO0(1)

a=1 b=1

~

~
~—

where the shape functions {¥;(&1,&2)}, :e) are defined along the mid-
surface plane in the natural reference system —1 < &;,&; < 41 and 25(e)
is the number of nodes of the interface element which is equal to 8 for
a 3D interface element compatible with bricks, or 4 for a 2D interface
element compatible with plane strain elements. The nodal displacement
vector is:

(Ur1,Ui2,Uns, - . ., Uas(ey1s Uas(ey2, Uas(eys) T = (U7, Uth, U, - .

Udiorrr Udiorar Udiyss Ut Uia, Ungs - - . Ug oy Us,

N
S(e)1? ¥ S(e)2? 7 S(e)3? S(e)1? S(e)27US(e)3)

and the temperature vector is:
(©1,...,0950))" = (OF ..., eg(e), N S P @g(e))T.

The operator [A.].1s.; applied to the nodal displacements of the inter-
face element leads to the relative opening displacement between the (+)
and the (—) interface flanks, i.e., [Ac]arpsUss = [[Uar]] (1 < a < Sey, 1 <
b<2S.,1<1,J<3).

Similarly, the operator [A.]q, applied to the nodal temperatures of the
interface element leads to the temperature jumps between the (+) and
the (—) interface flanks, i.e., [A¢]0pO0 = [[Oa]] (1 < a < S, 1 < b < 2S,).
Analogous expressions hold for the test functions §Ux, [[§Uk]], 6O, and
[lo®]].
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After introducing these expressions in the weak form (3.2.1), its dis-
cretized version is obtained:

ki aq>
Z / p<1>,,<1> bI(SUaldV—i—Z / Crikpy b UbKaUaIdV—

Z/ @aﬂdKLQ@adUbKdV:Z/ tiV AgsprdUpdA+
- JR. Oz, o Js.

> / 5,00 ;d A
- JoRr.
Similarly, the discretized weak form (3.2.2) is:
00, 0d, 0P,
D, P, ——00,dV —0,00,dV
ze:/Repc Lrn b +263/Re D2y 01y pdV+

9%, OU
> / 0" 0a00,dA+ Y / ToB0Kr 7 e ®,00,dV+  (333)
- JoR. - JR. Oz,

ot
> / qVaDacdOdA =0
e Se

In matrix form, the previous discretized weak forms become:

2
S v 20 S v i+

D U [COY =D {oU (Y + Z{éUe}T{fé‘}

(3.3.2)

(3.3.4)

500, [K)O.} + 3150, TIC) DiS}

e

Z{ae 1T[CH) D{U ; + Z{ae VRO + 2{5@ Ty =0

(3.3.5)
where {U.} = (Uy1,Us2,Uss, ..., Uin, Uiy, Uin)7T is the nodal displace-
ment vector and {©.} = (01,...,0x)" is the nodal temperature vector,

and N stands either for N (e) for a bulk element, or for 25(e) for an inter-
face element. Expressions for the matrices are detailed in Appendix.

By introducing {A.} = (U11,U12,U13,01,...,Un1,Un2, Uns, on)T
= [P]T({U.},{©.})", the generalized displacement vector at the element
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level with the following ordering, where NN stands for either N(e) for the
bulk elements, or 25(e) for the interface elements, is:

D*{A, D{A.
S teaa T Tpgt + SaTIC) P

(&

D {BASTEJ{AL =D {(OANT{F} + ) {0A 7 {f.}

(& €

(3.3.6)

where the expressions for the mass, [M,], the damping, [C.], and the stiff-
ness matrix, [K.|, as well as for the load vector, {F.}, and the interface
load vector, {f.}, are collected in the Appendix. Note that to pass from

Egs.(3.3.4) and (3.3.5) to Eq.(3.3.6), a permutation matrix [P] has been

used, see again Appendix for more details.
Let be {A} the global displacement vector and [L.] the localization
matrix that selects the element nodal values, viz.:

{Ac} = [L{A} (3.3.7)

hence, we can recast Eq. (3.3.6):

N e N

{SA}T[KI{A} = {sA}{F} + {6A}Y {/}

where the global mass, dumping and stiffness matrices and the load vec-

(3.3.8)

tor are assembled as follows:
(M) =3 [LJ ML) {F} = 3 [ (R,
{£}y =D LI {fe}
By simplifying the virtual variation of the test function {§A} and ne-

glecting the inertial term, the thermo-mechanical problem requires the
solution of the following nonlinear set of equations:

[ (8} + [KI{A)} = {F} + {f). (339)
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3.3.2 Discretized weak form of moisture diffusion

The discretization of the weak form for moisture diffusion is derived by
introducing a finite element mesh of the mid-surface S(p) of the encapsu-
lant layer. In principle, since a staggered geometrical multiscale solution
scheme is adopted, the spacing of the mesh used to solve moisture diffu-
sion can be different from that used for the discretization of the thermo-
elastic problem by interface elements. In that case, a projection of the
nodal temperatures from the discretized thermo-elastic problem to the
nodes of the mesh used to solve moisture diffusion has to be performed
via a suitable interpolation scheme. In the sequel, without any loss of
generality, we consider a finite element discretization for moisture diffu-
sion coincident with the middle surface discretization of each interface
element, i.e., S(p) ~ |, Se.

By introducing the shape functions ¥,, the water concentration in a
generic point of coordinates (1, x2) and at a time ¢ is

S(e)

Clx1,w2,t) = > Walbr,£2)Calt) (3.3.10)

a=1

Introducing Eq.(3.3.10) into (3.2.3)), we obtain:

oV, Ov,
Z / DC, Tor B I(SC’bdA—i—Z / 4y, 0,0C,dA =0 (3.3.11)

providing the following matrix form:

T T D
263{60} [BJ{Ce} + 263{608} [Ad 5 {Ce} =0 (33.12)
where the expression for the matrices [A.] and [B.] is detailed in the Ap-
pendix, and {C.} = (C1,...,Cs())" is the vector collecting the nodal
concentrations.

Introducing as previously the global node vector {C'} of unknowns
and the localization matrix [L.| such that:

{Ce} = [LJ{C} (3.3.13)
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the assembling of the global matrices leads to:

providing a linear system of ordinary differential equations:

(4] (C} + [BWC) = {0) (33.14)

Note that the matrix [B] is time dependent because it contains the diffu-
sivity D which changes with time according to (3.1.15).

3.4 Proposed numerical solution scheme

To solve numerically the system (3.3.9) resulting from the thermo-mechanical
problem, we adopt an Euler backward implicit scheme so that:

2 n+l i n+l n
Day+t e L ayt - (ay) (341)
wheren =1,2,..., N and t" = ¢t"~! + At. Hence, Eq.(3.3.9) becomes:
1 n n n n
7 DI ({AYT = {A)") + [K){AYT = {7} (34.2)

which is a nonlinear system of equations in the unknown {A}"*!, where
the nonlinearity relies in the load vector due to the nonlinear relations
between the cohesive tractions and the displacement opening and sliding
displacemets, and between the heat flux and the temperature jump at the
polymeric interfaces.

This problem is solved iteratively using a Newton-Raphson scheme.
At the iteration k£ + 1 we have an approx1mat10n { A}"+1 for {A}" ! and
we seek for a better approximation { A}( 1) such that

(A} = (AN + {aayid! (3.4.3)

By introducing {A}?k‘gl into {F}"*!, we obtain {F'} ( k’; !, Linearization of

{F ",;11) leads to:
a{F} n+1 ,
n+1 n 1 n+1
{F}(k-/:‘l) - {F}(lj)_ |:8{A}:| * {dA}(l:)_ (3.4.4)
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By substituting this expression back to the system (3.4.2) and rearranging
the various terms, leads:

1 a{F} s n+1
(At[c] + [K] - {MJ “ > {dA}(,f) == (3.4.5)
é[o} ({A okl {A}”) — KA + (P (3.4.6)

where the left hand side is the so-called residual vector, {R}?}j) !, so that
we can write:

(Alt[(}] + (K] — [T]?]:;l> {dayi St = {R1 (34.7)

where:

el | O{F} ”*1_ o™ =
= (5t ), ~ 2 (5153, - (.48

DL TG (L]

€

and [T.]{,3" is given by:

st =er ] o] 101-
] Gies)] e
L e
5] Beenll.,

The various terms entering Eq.(3.4.9) are reported in the Appendix.

Once temperature and displacements are computed at a given time
step n, these nodal results are transferred to the discretized moisture dif-
fusion problem. Its solution is then performed by using an Euler back-
ward time integration scheme with the same partition of the temporal
interval [0,¢y] as for the thermo-mechanical problem. Forn = 1,...,N
time steps At, we solve the linear system of equations:

(At[B]"T + [A]) {C}H = [A{C}" (3.4.10)
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where:

. . 00, OU
B = /S Dy [ G (3.4.11)

are computed using the values (©)" 1" [[U/]]"*! obtained from the thermo-
elastic problem.

The algorithm for the proposed time integration with a staggered
scheme is detailed in Algorithm 1. The Newton-Raphson iteration is per-
formed until machine precision is achieved, i.e., up to a tolerance in the
norm of the residual vector tol = 1 x 10717,

The time-dependency of the visco-elastic constitutive equation (3.1.9)
requires the use of a history variable {A,} for all the nodes of the finite
element mesh for the thermo-mechanical problem. To model relaxation,
this variable is set to zero at any change of temperature (state variable),
while it is updated by the current time increment if the temperature re-
mains constant with respect to the previous time step, within a given tol-
erance tol,. This method allows the simulation of the thermo-viscoelastic
behavior of polymeric materials when the temperature-time superposi-
tion principle does not apply, for instance due to a change of microstruc-
ture by varying temperature as it happens in the case of epoxy-vinil-
acetate used in photovoltaics.

3.5 Application to photovoltaics

In this section we propose the simulation of the two tests prescribed by
international standars (61215), namely the dump heat test and the hu-
midity freeze test. While the former allows the complete uncoupling
between the solution of the thermo-mechanical problem from moisture
diffusion and a closed form solution useful for benchmarking, the latter
requires the present fully-coupled solution scheme. Moreover, the role
of a temperature dependent diffusion coefficient and the role of cohesive
cracks in Silicon are investigated, in comparison to experimental results.
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Data: p™, c™, CV4 i, K™, 05, o, a, ko, h, A, E4, R, Ty, At, N
Initialize: tol; = 1 x 10715, toly = 0.01, norm = 1, {hl} « {0}
Result: Find U, ©, [[U]],[[©]],C

Build mesh of the thermo-elastic problem and initialize boundary
conditions: Uy, t7, ©*, ¢*;

Form load vector: {F}°;

forn=1,..., N time steps do

{F}n — {F}n+1 ;

while (norm > tol;) do

[T]?,:r_ll) < [T105 !, where [T] s ! is computed based on {h”}

’ n+1 n+1 .
{R}(Ij—l)%{R (]:g ’

Aty o argt+ (S - mt) ot
n+1

norm < [[{R} 5|

end

Uy Uy

{@}n — {@}nJrl/.

if (][{©}"*! — {©}"| > toly) then
| {hytt) < {0};

else
| {hp Y < {Rp) + {Ad

end

[B]" + [B]"*1((©)" ™ [[Us]]"*1) ;

(O e {Oy1;

end

Algorithm 1: Numerical scheme for the solution of the hygro-
thermo-elastic problem with a staggered approach.
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3.5.1 Damp heat test

Let us consider a laminate of span L = 125 cm and made of a Glass-
Glass structure separated by EVA as in Fig[l6] The thickness of each
glass is 3 mm, while the thickness of the EVA is 0.5 mm. In this laminate,
moisture is diffusing from the free edges towards the centre, since glass
is not permeable to moisture.

As far as the initial and boundary conditions, let us consider the
prescriptions by international standards (61215) for the damp heat test,
that is, a constant temperature of 85° C and an air relative humidity of
85%. This relative humidity corresponds to a moisture content ¢* = 0.55
g/cm? imposed at the free edges of the laminate, i.e., for z; = 0 and
x1 = L, where z; is the distance from the edge of the PV module.

Since temperature is held constant, the problem of diffusion can be
solved independently from the thermo-elastic problem, considering a
constant diffusivity D = 5 x 10~°cm?/s corresponding to 85° C. For
this special case, the analytical solution to the problem was obtained in
(Kem14) and it is used as a benchmark for our computational scheme:

T e 1 . ((2k + Dmay
clxy,t) =c¢ 71_2(21{/)4_1)8111( 7 )X
k=0 (3.5.1)

(2k +1)*m%Dt
P\

Glass
H,O —» EVA «~— H,0
Glass

Figure 16: Sketch of the damp heat test.

After 1000 hours, the predicted moisture concentration is shown in
Figll7(a) and its distribution in the EVA layer matches exactly the refer-
ence one in Fig[17(b)
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Figure 17: Moisture concentration in the encapsulant after 1000 h. (a) Nu-
merical simulation; (b) analytical solution by (Kem14).

3.5.2 Humidity freeze test

In this test requested by international standards (61215), PV modules
simply supported along their edges are subjected to a cycling temper-
ature from —40° C up to 85° C with the following ramps (see also the

sketch in Fig[18):

Lt 0<t<t
1
: tr<t<ts
0*(t) = 92_t*7t*(t3_t) ty <t <t3
3 2
03 th<t<t;
9; * * *
(1) ty<t<t:
5 4

where 07 =85°C, 65 = —40° C,and ¢t = 0.5 h, t5 = 1.5h, 5 = 2.5 h,
t; = 3.5h, t; = 4.5h.

The relative humidity in the air is kept constant at 85% for the range
of temperatures where its control is thermodynamically feasible without
condensation.

Due to a non constant temperature boundary condition, this problem
is much more difficult to be simulated as compared to the damp heat
test. In particular, the cohesive properties of the EVA have to be updated
during the simulation, as well as its diffusivity. More specifically, as far
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Figure 18: Temperature profile of #* imposed inside the climate chamber
during the humidity freeze test.

as the Young’s modulus of the EVA is concerned, the parameters «(T)
and a(T') are herein considered to be temperature dependent as exper-
imentally evaluated in (MP11) and interpreted via a fractional calculus
model in (MP15), see the plot for a(T") and E(T) in Fig[19|

025
~ 0.2 - 42
5] a=-6x10""AT" + 1 x 107°AT" - 0.0093AT + 0.225
Py R* = 0997
E 0.15 .
< a=-1x107AT> + 5% 10°AT?
g o —~ 0.0083AT + 0.474
g 0.1 R = 0992
E]
2
\ ,]\ 0.05
T=80°C T=100"C T=119°C T =139°C
107" 0
10° 10! 10% 10° 10t 0 20 40 60 80 100 120 140 160 180
Time t (s) AT =T =Tt (‘C)
(@) (b)

Figure 19: (a) EVA relaxation modulus vs. time at various temperatures in
a double logarithmic scale; (b) Temperature dependent fractional exponent
a(T'), adapted from (MP15).

Regarding the diffusive properties, we consider the expression of D(7")
for EVA as reported in (Kem14) and shown in Fig20} Such trends can be
fitted according to the Arrhenius type equation (3.1.15).
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Figure 20: Diffusivity of various encapsulant materials vs. the inverse of
temperature, adapted from (Kem14).

The critical crack opening, d3, to be assigned to the cohesive zone
model can be estimated from published experimental data in (FN14a)
reporting the variation of the Mode I fracture energy with temperature.
Since the fracture energy G is the area below the traction-separation
curve, the following relation holds:

_ 1 (9)?
2hEeva

35
Gr = [ talfus). (0))dlfus] Epvalt,T)
Hence, the G;(T') experimental data can be converted in 65(1") data based
on the known temperature dependency of the Young’s modulus of EVA
as in Fig. 8(a), evaluated for the asymptotic condition of an infinite time.
Based on these data, we obtain the correlations shown in Fig[2T|and used
as input for the numerical simulations.

A sketch of the cross-section of a PV mini-module simulated in the
present study and containing 3 solar cells is shown in FigR2} The lat-
eral size of each Silicon cell is 125 mm and the the interspace between
two cells is 4 mm. The module is made of a glass superstrate with thick-
ness hg = 4 mm, an encapsulating polymer layer (EVA) with thickness
heva = 0.5 mm, the silicon solar cell with thickness hg; = 0.166 mm,
another layer of EVA with the same thickness as the previous one, and fi-
nally a thin backsheet made of an ethylene tetrafluoroethylene core with
silicon nitride coating (isovolta Icosolar T 2754), with thickness hpg = 0.1
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Figure 21: (a) EVA cohesive energy from (FN14a); (b) Critical gap opening
vs. temperature. (T = 25° C).

mm. Thermal and mechanical parameters of each layer are collected in
Tab[2] Since moisture penetrates from the backsheet and percolates along
the interspace between solar cells, in the numerical simulations it is pos-
sible to impose a constant value of moisture concentration, ¢*, directly at
the boundary of each solar cell embedded in the PV module.

Glass (hc=4 mm)

EVA layers (heva=0.5 mm)

\\ N
Sl cell (hsi=0.166 mm)

3
y

S 125mm
Backsheet (hes=0.1 mm) 2 mm |

Figure 22: Sketch of the cross-section of a PV mini-module used in the sim-
ulation (not in scale).

The temperature distribution inside a portion of the PV module cross-
section near one of the free boundaries is shown in the contour plots in
FigP3] for selected time steps. After the first ramp from 0° C to 85° C
completed after 0.5 hours, heat has diffused inside the panel and tem-
perature is almost uniform everywhere and equal to 85° C. During the
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Table 2: Material parameters for the layers

E « p Ce k

GPa Kg/m3| W/mK | J/mKg
Glass| 73 8e —6 2300 500 0.8
Si 130 | 2.49¢—6 | 2500 715 148
B.S. | 2.8 | 5.04e—5 | 1000 300 0.36

subsequent decreasing ramp from 85° C to —40° C, the Silicon cells and
the EVA around them remain warmer than the other component. This
temperature mismatch progressively shrinks during the further stage of
the simulation at constant temperature 6*. This trend is quantified in
Fig24] by plotting the temperature along a vertical line at 2; = 2 mm
from the free edge of the laminate, through the panel thickness.

The evolution of moisture concentration in the encapsulant vs. time
by using a time-dependent diffusivity is shown in Figl25(a). The same
simulation with a constant diffusivity D = 5x 1075 cm?/s corresponding
to 85°C is shown for comparison in Fig25(b). As it can be noticed, the
proper update of the diffusivity based on the actual temperature of EVA
during the simulation provides very different results from those based on
a constant diffusivity. In particular, moisture diffusion is a much slower
phenomenon than what expected by the approach presented in (Kem14),
which is based on the use of a constant diffusivity equal to that at the
maximum temperature.
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(a) After 0.5 hours

(b) After 1.5 hours

287,

(c) After 2 hours

(d) After 2.25 hours

Figure 23: Contour plot of temperature inside the module after selected
time steps.
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Figure 24: Evolution of temperature over a vertical line at z; = 2 mm from
the lateral side, during the first ramp from 0°C' to 85°C.
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Figure 25: Evolution of moisture concentration in the EVA encapsulant for
an updated or a constant diffusivity.
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Chapter 4

Reaction-diffusion
problems in polymer
degradation

Poly(ethylene-co-vinyl acetate) (EVA) is one of the most widely used ma-
terials for photovoltaic encapsulants, due to its chemico-physical char-
acteristics and low cost. Although the formulation used during module
lamination is stabilized with chemical additives, the EVA copolymer suf-
fers of thermo-photo-oxidative degradation, due to the prolonged expo-
sure of photovoltaic (PV) installations to UV light, environmental agents
and the high working temperature of the PV module. After degradation,
EVA polymer chains lose atoms and small molecules, such as acetic acid,
and those changes at the macromolecular level lead to a deterioration of
the optical properties of the encapsulant (yellowing and browning), the
corrosion of electric connections and the formation of snail trails. More-
over, its permeability to moisture induces a progressive oxidation of the
grid line over the solar cell surface and a reduction of mechanical ad-
hesion and sealing (KemO6; [FN14b; [IPL16). A thorough explanation of
chemical phenomena occurring during EVA degradation, together with
interesting experimental data, were provided in (Per97} [Per96;[FP92;BR0S).
However, the existing computational models describing the behavior
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of EVA encapsulant in weathering conditions are mostly focusing on
the analysis of water absorption and diffusion (Kem06; PHI5), while
no method is able to comprehensively provide the time evolution of the
chemical species and all the other physical characteristics of EVA for any
weathering condition. This is indeed relevant for the PV community for
at least two reasons: (i) assess the impact of degradation of PV installa-
tions in climate zones other than the European one; (ii) quantitatively
assess the amount of chemical degradation of EVA in accelerated ag-
ing tests and compare with real environmental conditions. Motivated
by these needs, in line with the open problems foreseen by the Technical
Committee of the Task 13 on Performance and Reliability of Photovoltaic Sys-
tems of the International Energy Agency to whom one author is member,
a novel computational tool is herein proposed to predict the evolution in
time of chemical reactions and diffusion of species inside the encapsu-
lant for any generic weathering condition and relate these phenomena to
the loss of properties of EVA.

4.1 Degradation phenomena in EVA copolymers
and their mathematical description

Poly(ethylene-co-vinyl acetate) copolymers (EVA) used as encapsulant in
photovoltaic modules are macromolecular materials composed of ethy-
lene (E'T") and 28-33% in weight of vinyl acetate (VAc). The initiation step
in ET degradation is represented by the generation of radical species
(BR) and can be schematized as follows:

ET % R* + H*. @.1.1)

The formed H* radical diffuses very slowly and it migrates towards non-
crystalline regions, where can react with other radical species present in
the polymer. The radical R® is formed in the polymer backbone and
therefore it does not diffuse.

Degradation can further propagate via two different and separate
mechanisms. The first mechanism is due to the high reactivity of the
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radical site in the backbone and to the presence of H*. The second prop-
agation mechanism occurs in the presence of oxygen absorbed from the
external environment, causing the formation of carbonyl groups in the
backbone and free water molecules (RY10). Schematization of these re-

actions is:
R U e (4.1.2a)
R* + 0y 22 0y + Hy0 (4.1.2b)

The products U and C, denote the double-bonds and the carbonyl groups
formed after Reaction 2 and 3 respectively.

The V Ac fraction shows two different degradation mechanisms, mainly
due to the lost of acetate units (LR04). Also in this case, reactions fol-
lows a radical mechanism that can lead to the formation of acetaldehyde,
through a Norrish type I mechanism, or acetic acid, based on a Norrish
type I mechanism (Nor10). These reactions are schematized as:

VAe X4 ¢y + CHsCHO (4.1.3a)
VAe X5 U+ CH;COOH (4.1.3b)

where Cj, and U denote carbonyl groups and unsaturations formed within
the backbone after Reaction 4 and 5, while CH3CHO and CH3;COOH
are small produced molecules that can diffuse.

The overall concentration of carbonyl groups formed by Reactions 3
and 4 is given by their sum, as well as the overall concentration of un-
saturations, which is the sum of products of Reactions 2 and 5. Carbonyl
groups formed from ET and V Ac can further degrade giving chain scis-
sion: .

6 [ L]
G T O+ B (4.1.4)
Cp = Cp + Uy
causing a reduction of the molecular weight of the EVA polymer. Con-
sidering that the native EVA is cross-linked, products of Reactions 6 and
7 are supposed to be large molecules and thus they do not diffuse.

Finally, termination reactions occur when two free radicals react be-

tween them. In the case of EVA, radicals are formed in the backbone
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polymer and are not able to diffuse, reducing the possibility to provide
this kind of reactions. Thus, in this work, the termination step is ne-
glected.

4.1.1 Mathematical description of the reaction kinetics and
diffusion of species

The unknown variables of the system are the chemical species respons-
able for the browning process, i.e. R®, U, H®, Cy, Cy, Ct, O2 and H50.
The reactions of theese quantities are modeled through the following
mechanism:

ET % R* + H* (4.1.5a)
R U4 He (4.1.5b)
R* + 0y X% 0y + H,0 (4.1.5¢)
VAe X5 0y + CH;CHO (4.1.5d)
VAe 225 U + CH;COOH (4.1.5¢)
Cy, 2% Cp + R (4.1.5)
Cy 21 Oy + U (4.15g)

The reaction rates are modeled by temperature-dependent Arrhenius type
equations:

kr(T) = kYexp <_EI) L I=1,...,7. (4.1.6)



The resulting partial differential equations including also diffusion where
it is the case read:

aaRt = klET — ]CQR. — kgR.OQ (4173)
88% = kgR. + k5VAC (417b)
oCy .
v = k3R*Os + k4V Ac — (k’(} + k7)Cb (4.1.7¢)
acy
=k 4.1.7d
ET 6Cb ( )
OCht
=k 4.1.7
5 7Ch (4.1.7¢)
% — D7AOy = —k3R*O, 4.1.79)
H
9 ar:‘O — DsAH>0 = k3RO, (4.1.7g)

This set of differential equations form a reaction-diffusion (RD) system
defined in the space-time domain R x [0, ], where R is a region occupied
by (a portion) of the EVA layer. It consists of 5 non diffusive ordinary
differential equations and 2 diffusive partial differential equations. The
diffusivities are temperature dependent:

_ nd
D;(T) = D%exp ( R?) ,J =6,T. (4.1.8)

The previous system is finally completed by the following additional re-
action equations:

dET
& _LET 1.
- kET, (4.1.9a)
A
d‘gt © = (ks + ka)V Ac, (4.1.9b)

that can be solved in advance independently from the other reaction-
diffusion equations, so species T and V Ac are known functions of time:

ET(t) = ET() exp (—klt)
VAC(t) =V Acy exp (—(kg, + k4)t)
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where ET and V Acy are initial concentrations. Dirichlet boundary con-
ditions for the reaction-diffusion system involving the diffusing species
on the boundary ORp x [0, ¢s] are prescribed. Using an abstarct notation
the previous system can be rewritten in vectorial form as follows:

a(;—it) —div (D(C(t))VC(t)) = F(C(t)), in R x [0, ]
C(t) = G*(t), on RS x [0, 1] (4.1.10)

C(0) =Cp, on R

where C(t) = (Cy(t),...,C7(t))" = (R*,U, Cy, 02, H,O,Cp,Cpy)" is the
unknown vector of species, D is the diffusion matrix having on its di-
agonal the diffusion constants D ;(T), F is the reaction vector and G* is
the boundary condition vector imposed on RS, the Dirichlet part of the
domain. Multiplying the previous system by a test function S
and integrating over the domain, using the divergence theorem and the
boundary condition of zero flux, the weak formulation of the reaction-
diffusion system is: forall ¢ € [0, t¢] find the concentration vector
C(t) such that it satisfies:

/ 9,C(t) - S dV +/ D(C(H)VC(t) : VS dV =

R R (4.1.11)
/ﬁwcmysau VS,
R

4.2 Finite element discretization

The domain R occupied by the portion of EVA material is discretized
into a finite number of elements R(e) so that:

R=~|JR(e) (4.2.1)
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By introducing shape functions, the finite element approximation of each
component of C the concentration vector reads:

N(e)
Ci(w1,m2,73,) = > Pa(€1,6,63)Caxc(t), 1<K <7,

where {@a(gl,gg,gg)}f:(i) is a basis of local linear shape functions de-
fined in the natural reference system —1 < &;,&2,&3 < +1 and N(e) is the
number of element nodes which is equal to 3 in the case of linear trian-
gular Lagrange elements. After introducing this expression in the weak
form, its discretized version is obtained:

3 ®, 0P
Z/ P @bac ! S,rdV + Z/ D, (C 3 0 bCaISdeV —
R(e)

8CEL 8
Z/ Fr(C)®,S,dV =0
. /R

(4.2.2)
The expressions of matrices and vectors entering the discretized weak

form (4.1.11) at the element level are:

[Melarvs = / 0, ®,dV, (4.2.3a)
R(e)
o, 0,
Kelarvs = D1 (C)7— dv, 4.2.
[Kelarbs o r( )axK R (4.2.3b)
{Fetar = Fi(C)2.dV, (4.2.3¢)
R(e)

where the Einstein summation notation has been adopted. Local matri-
ces and vectors are then assembled over all elements R(e) as customary
to obtain global matrices and vectors leading to the differential system:

(M5 C) +[KHCY = {F) @24

where [M] and [K] result from the finite element discretisation and as-
sembly, {F'} is the reaction vector and {C} is the nodal concentration
vector.
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4.3 Proposed numerical solution scheme

Adopting an implicit Euler time integration scheme, one must solve at
each time step t™ the following algebraic set of equations:

i (o

[M] 7

+ [K]{Cy" ! = {F}n Tt (4.3.1)
The reaction term can be treated in an explicit manner, considering F(C")
instead of F(C"*1).

In the case of a diffusion constitutive relation where the diffusivities
of species in the polymer are functions of their concentrations, viz.:

D, (Cy,T) = Dy(T) DSexp (vsCy), J = 6,1, (4.3.2)

this leads to a diffusivity matrix D(C) which is not a constant, but it is
a nonlinear function of C. Hence, the Newton-Raphson iterative proce-
dure with fully implicit approximation of the reaction vector is proposed
to solve this problem. Setting the residual vector:

{R}" = é[M] {0} —{C}) + [KHCHHCY —{F({C}},  (433)

in components, at the element level, reads:

1
{Re}gl = E[Me]albef ({Ce}b-f - {Ce}g.]) +
o0d, 09,

D C71,+1
(R(e) IJ( ¢ )a.TCKafﬂK

dV) {CYps—
/ Fr(CP™hHo, dV
R(e)

n+1

Suppose that at time iteration n is given {C'}}}", which is an approx-

imation of {C}"1, then it is solved the linearized system:

8{R} e n n
{8ﬂn}@>{ACh5lz‘{Rh55 (43.4)
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where the components of the tangent operator are:

ORIy 1 [ w2 2
|:a{ce}bJ 7A15[M€ albs Drs(c )axx Oxg v

OD1L i1, 0B 0D, -
<A(e) 8C] (Ce )axK axK {Ce}lL

OFy 1

LD, Dy dV
/R< ) 9Cy

and N, is the total number of vertices of the mesh. Given the solu-

tion of system (4.3.4), a better approximation for {C}"! is obtained as

{C ?,:5:1) = {C’}"Jr1 + {AC ?1:51 This procedure is repeated until the

residual norm H{R}?Jrl || is less than a prescrlbed tolerance. In the spe-

cial case of a diffusion constitutive relation (4.3.2) with v, = 0, then the
weak form (4.1.11) becomes linear.

4.4 Numerical experiments

4.4.1 Numerical scheme for the simulation of environmen-
tal degradation

In case of environmental degradation, ambient temperature Ty, (¢) and
relative humidity % RH (t) can be provided from real annual climate data
periodically repeated to obtain profiles over 20 years, to be used as bound-
ary conditions for the degradation simulation. These environmental data
are usually provided by environmental agencies, such as Agenzia Re-
gionale per la Protezione Ambientale (ARPA) in Italy, for different loca-
tions and with a time resolution of 1 hr.

These data, referring to the year 2010 when a very cold winter was
noticed, are shown in Fig. To provide a closed-form equation for
the module temperature to be imposed at each time step to EVA, the
experimental data are fitted according to the following expression:

Tamb(t) = A sin(Blt + Cl) + Ay sin(Bgt + 02), (441)

in order to match the sinusoidal time dependency and capture the ex-
tremal values of temperature. The module temperature can finally be
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Figure 26: Experimental values and related interpolations of: (a) ambient
temperature Tamp, (b) relative humidity percent RH %.

computed from the ambient temperature as (GC14):

(NOCT — 20) x I,
800 ’

where T is the working temperature of the module (°C), T, is the mea-

T = Tty + 4.4.2)

sured external temperature (°C), NOCT = 50°C and I,., is the solar irra-
diance (Wm™!). For practical considerations, the temperature of the EVA
layer is set equal to the working temperature of the module.

On the other hand, regarding the relative humidity which displays
very strong daily oscillations, two maximum values are considered as
representative of the warm and cold seasons, as a worst case scenario for
water uptake. Of course, any other continuous or discrete temperature
and relative humidity profiles can be considered as input of the finite
element algorithm, without any lack of generality.

Dirichlet boundary conditions for the reaction-diffusion system in-
volving the diffusing species are:

Oy = 0%, on RD? x [0,4]

(4.4.3)
Hy0 = S(T)P,,, ondR¥29 x[0,4]

The last relation is the Henry law relating the water concentration at the
boundary of the EVA layer in contact with air with the partial pressure of
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the water vapour P,,, depending on the relative humidity %RH (t). The
temperature-dependent function S(T") denotes the solubility:

S(T) = SYexp (E/(RT)). (4.4.4)

The geometry used for the simulation sketched in Fig. presents a
symmetrical, and 2- dimensional model. It is composed of a backsheet
layer, followed by the encapsulation integrated with two half-sized solar
cells (80 mm) which show a gap of 2 mm in between them. The atmo-
spheric side of the back sheet layer provides the feed-in zone for the wa-
ter molecules. This layer is infinitely thin and, therefore, permanently in
sorption equilibrium with the air humidity of the microclimate.

2 mm
S 80 mm p‘_’ EVA\Iayers
: Sl cell |
=

H-0 Backsheet

Figure 27: Sketch of the cross-section of a PV module used in the simulation
(not in scale).

We solved the reaction-diffusion system numerially, using the
algorithm detailed in Algorithm 2} The domain R has been decomposed
into 7846 finite linear triagular IP; elemets as shown in Figue

Predicted consumption profiles of ET, V Ac, C,... species are calcu-
lated. In Fig. [29|are reported the evolutions of concentrations ET', V Ac
and C over 20 years. Results indicate an overall degraded fraction of
0.2% after 20 years. The stepped trend is due to experimental values of
temperature T, described with a sinusoidal function and influencing ki-
netic rates of reactions kj.
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Kinetic and diffusion parameters:

k?v EIv ng Ef} ;

Solubility parameters: S°, F

Initialize: {C}', tol, norm = 1

forn =1,..., N time steps do

Compute temperature and partial pressure
", Ppso;

Kinetic constants, diffusivities and solubility
ki(T") =k exp(—(Er/(RT™))) ;

D;(T") = Dj exp(—(EJ/(RT™))) ;

S(T™) = S%exp(E,/(RT™))) ;

while (norm > tol) do

Update reaction vector and diffusion matrix
F’I’L-‘rl Dn+1,

k) * Py 7
Form the residual vector: {R}}} L

Solve the linearized reaction-diffusion system:
(O35 < {03

norm < ||{R}Z’k+)1 I

end
Update concentration vector:
(cyt ey

end

Algorithm 2: Numerical scheme for the solution of the reaction-
diffusion system for environmental degradation.

JANANAN

:

SN A

Figure 28: A zoom of the mesh used for the simulations.
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Figure 29: Change of concentration vs time of ET', V Ac and C}, species in
simulated environmental conditions.

Moisture uptake vs. time for a point P located in the middle of the
upper left part of the region occupied by the EVA layer, is shown in
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Fig0| and presents an oscillating trend, tending towards a saturation
after about 5 years. The Physical units of all the concentarions are in
[mol/m~3].

H>0O(mol/m?)

0 5 10 15 20
years

Figure 30: Evolution of the concentration of H>O in the point P of the EVA
layer for simulated environmental conditions.

The predicted values at 20 years, R*(t = 20 years), U(t = 20 years),
H*(t = 20 years), Cy(t = 20 years), Cg (t = 20 years), Cy(t = 20 years),
Oz(t = 20years) and H,O(t = 20 years) of the concentration vector
C(t = 20 years) = C?¥%™ can now be used to make prediction for the
degradation process in controlled tests for durability.
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4.4.2 Numerical schemes for the simulation of accelerated
degradation

In the humidity-freeze test defined by the international standard IEC61215
(61215), PV modules are subjected to a cycling temperature from —40°C
up to 85°C according to the following ramps (see also the sketch in Fig{4.4.2):

T*
—t, 0<t<tr
tl
17, <t <t}
() =413 - W(tg —t), t3<t<ty (4.4.5)
17, th <t <t}
TQ* * * *
t*_t*(tf)it)? t4§t<t5
5 4

where T} = 85°C , Tj = —40°C,and #; = 0.5h, t; = 1.5h, t = 25 h,
t3 = 3.5h, t{ = 4.5h. The relative humidity in the air is kept constant
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Figure 31: Profile of 7" imposed inside the climate chamber during the
humidity-freeze test.

at 85% for the range of temperatures where its control is thermodynami-
cally feasible without condensation.

In this case, temperature inside the module and especially in the EVA
layer cannot be assumed homogeneous equal to the temperature inside
the climate chamber, since it is rapidly varying in time. Hence, in this
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case the temperature regime has to be solved and the EVA temperature
has to be considered as an additional variable of the problem governed
by the heat transfer diffusion equation to be coupled with the whole
reaction-diffusion system:

or .

e o~ KAT = Qr(t), in R x [0,t/] (4.4.6)
where p [kg m=3], K [W m~'K~!] and ¢ [J kg 'K '] denote respectively
the EVA density, its thermal conductivity and its heat capacity and Q¢
is the internal generated heat due to reactions given by the sum of the
following quantities:

Qpr = AH1k(T)ET,

Qre = {AH2k2(T) + AH3k3(T)O2} R®,
Qvac = {AH ky(T) + AHsks(T)} V Ac,
Qc, = {AHgks(T) + AH7Ek7(T)} Cy.

The model parameters AH; are taken from literature.

The test geometry is the same of the environmental simulation. Bound-
ary conditions are expressed in terms of temperature on the border of
EVA, OR:

T(t) =T7(t), in OR x [0,ty], (4.4.8)
where T*(t) is given by the ramps defined in Eq.(£.4.5). The character-
istic velocity of the heat conduction process is ruled by the ratio x/(pc).
Typical values for EVA are p = 0.96 kg/m®, ¢ = 1400 J/(kgK) and x =
0.34 W/(mK). As compared with values of kinetic constants and dif-
fusivities found in the literature it has to be noticed that x/(pc) >> k;
and D ;. Hence, heat conduction inside the EVA is much faster than the
reaction-diffusion processes. From this observation, it is possible to split
the heat conduction dynamics from the others and propose the following
splitting technique:

1. Given the concentration vector C", compute ()7 and solve the ther-

mal problem:

Tn+1 _Tn

pe—0; — RV T = Qs (4.4.9)
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2. Given temperature T+l compute the kinetic constants & I(T"“)
and diffusivities D;(T"*!) and solve the reaction-diffusion prob-
lem:

Cn+1 —_Cn

A7 +div(D(C"Thverth) = F(cm ). (4.4.10)

A sketch of the operations is provided in the Algorithm The code

Input: kinetic and diffusion parameters:

kY, Er,AH;, DY, E% K, p,c;

Initialize: {C'}', T tol, norm = 1

Given {C}",T"

forn=1,..., N time steps do

Compute k;(T7"), Qr(T");

Solve the thermal problem:

ped T — gNV2T"H = Qr ;

Update temperature: 7! « T ;

Update kinetic constants and diffusivities:

kr (Tn+l ) ) Dy (TnJrl ) ;

while (norm > tol) do
Update reaction vector and diffusion matrix
Fn+1 Dn+1,

(k) » (k) 7

Form the residual vector: {R}El,:gl ;
Solve the linearized reaction-diffusion system:
(O =035

end

Update the concentration vector:

Oy e Oy

end

Algorithm 3: Splitting numerical scheme for the simulation of
degradation in the accelerated aging tests.

is runned for 800 cycles and the concentration vector C is computed.
We are interested in finding the minimum number of cycles to obtain a
vector of degradation products which is comparable with the reference
at 20 years C20Y®¥s jn ambiental conditions. We observe that:

C =400 cycle . (320 years (4.4.11)
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so that for about less than 400 cycles the same amount of chemical prod-
ucts of the ambiental case at 20 years is reached. In the simulated aging
conditions, the diffusion process of water is much faster than in the en-
vironmental conditions due to the extremal boundary condition which
is subjected the H>O (85% of relative humidity RH% ). Comparing Fig-

40

H>0(mol/m?)
]

10

0 5 10 15
Cycles

Figure 32: Evolution of the concentration of H>O in the point P of the EVA
layer for accelerated aging conditions in climatic chamber.

ure 32| with (30), we observe that just after 15 cycles we have that the
water content in point P has reached the saturation level provided by
H2020years'
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Chapter 5

Advection-diffusion-
reaction systems in
Brinkman flows

5.1 Problem formulation

The coupled system of interest takes place in a bounded domain 2 C R¢,
d = 2,3 with Lipschitz boundary. It can be derived from basic principles
of mass, momentum, and energy conservation, and it is written in terms
of the fluid velocity w = (u,...,uq)?, the rescaled vorticity w (vector
(w1, w2, ws3)T if d = 3, or scalar w if d = 2), the pressure p, and a vector
c=(ci,...,cm)T of volumetric fraction or total dissolved concentration
of m distinct substances: For a.e. (x,t) € Q7 := Q x [0,T],

oc+ (u - V)e —div(D(c)Ve) = G(c),
ou+/peurlw 4+ Vp = pF(c),
w = /ucurlu,

divu =0,

(5.1.1)

where p, p are the fluid density and viscosity, respectively o (x) is inverse
permeability tensor, F' represents the force exerted by the species on the
fluid motion, encoding also external forces, D is a (generally nonlinear)
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cross-diffusion matrix, and G contains the reaction kinetics (representing
production and degradation) of the species.

Model assumes that changes in the chemical concentrations
do not influence thermophysical properties of the fluid such as viscosity
or density, but rather they are nonlinearly coupled by the source term
on the momentum equation. Conversely, we suppose that the viscous
flow affects the species dynamics by means of advection only. The model
also considers that the interaction of the species takes place in a porous
medium composed of a bed of light fixed particles. Equations are
complemented with the following boundary and initial data:

(cul —D(e)Ve)n =0, u-n=1uy, wxn=wy (x,t) € 90 x [0,T],
c=c¢y (x,t) € Q x {0},

representing that no flux occurs across the boundary (the species cannot
leave the medium), and that a slip velocity together with a compatible
vorticity trace are imposed along the domain boundary. These will be
assumed homogeneous in the rest of the presentation.

We proceed to derive a weak formulation for (5.1.1). First, let us in-
troduce the trial spaces where the weak solutions will live, and whose
natural regularity is indicated by the formulation below: ¢ € L?(0,T;S),
e € L2(0,T;S"),w € L?(0,T;V),w € L*(0,T; W), and p € L?(0,T; Q);
with S := HY(Q), V := H(div;2), W := H(curl; Q) and Q = L3(Q) =
{q € L*(Q) : [, q = 0}. The boundary conditions suggest the fol-
lowing definition of the test spaces

So={s€S:s=00n00}, Vo={veV:v-n=00nd0},
Wy ={0e€W:0xn=00n0d0}.

The ADR equations are multiplied by s € Sy and integrated by parts
over the spatial domain, the momentum equation for the flow is tested
against v € Vj and integrated over (), the constitutive relation is tested
against @ € W, and the mass conservation is multiplied by ¢ € Q). which
leads to the problem: For ¢ € (0,71, find (e(t), u(t),w(t),p(t)) € S x V x
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W x @ such that

/Q[atc(t) (u( s+/ D(c(t))Ve(t Vs—/G s,
/Qau( v—l—f/ curlw(t v—/ ()divv—/pF(c(t))-v,
\/ﬁ/ﬂu( -curl @ — /

—/qdivu(t):O7
Q

for all s € Sp,0 € Wy, v € Vg,q € Q. Setting x = (c,u,w,p)T, the
matrix form of (5.1.2) can be recast as follows

(5.1.2)

A. 0 0 0 Dp-g, ¢__0__0
0 000 SF A T B B B
0 000 |XDF| o B _4 o |XBO=0
0 00 0 0 B 0 0
(5.1.3)

where dashed lines separate sub-blocks associated to the ADR and Brinkman
systems, and the linear and nonlinear operators defining the matrix sys-
tem are given by:

[Ac(c), 8] : /c s, [D(c) /D )WVWe: Vs,

sli= [ Gle) s leepus] = [ (uT)e)
[An(u), v] ::/Qau'v, [B1(w /\/ﬁcurlw v,

1B2(p), v] ::/deivv, Ao (w), 0] ::/Qwe
Fle).v] = /Q pF(c) v

Here the diffusion, reaction, and forcing terms are assumed smooth enough:
D is positive, coercive, and continuous; G is continuous, uniformly bounded,
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and positivity preserving; and F is linear in c. More precise conditions
on the coefficients will be specified later on. Classical derivations of a
priori stability bounds will require an additional regularity for the veloc-
ity w € L2(0,T;V) N L>(0,T; L>(Q)?) (see e.g. (JD83; [RE80) for flow-
transport coupling in the context of miscible displacement in porous me-
dia).

Alternatively from (5.1.2), we can picture a formulation where an ad-
equate manipulation of the Brinkman equations allows a decoupling be-
tween the velocity, vorticity, and pressure blocks, under the assumption
of uniformly bounded permeability and homogeneous boundary con-
ditions for velocity and vorticity (see (VARB16)). In that case, is
reformulated as:

A 000\  [P-Y € 0 0.
0 00 0 ~F JAu, O 0

X+ |---=-"---- - x(t) =0,
0 000 ~F 10 | —A, ©
0000 ~F 00 A4,

where the modified blocks read:

o~

[Au(w), 0] ::/Qm.u-9—&-/Qucurl<.u-cur107
[F2(c), 0] ::/Q\/,EpF(c) -curl 6,
Auphal = [ Vo-Va (Fafe)dli= [ pFle)-Va

[Fi(e),v] := /Q(pF(c) - Vpeurlo — Vp) - v,

and where ~ denotes an uncoupled quantity. Another crucial difference
with respect to (5.1.2), is that the pressure requires higher regularity (now
Q = H'(Q)NLJ(9)), and that the velocity is only required in L?(0, T’; L?(12))
N L>(0,T; L>(Q)?). Both Brinkman formulations lead to symmetric sys-
tems, which is a property that may be exploited by specialized precondi-
tioners and iterative solvers.
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5.1.1 A general operator splitting
5.1.2 Meshes and finite dimensional spaces

Let 7;, denote a simplicial decomposition of the spatial domain 2 into
elements K of maximum size h. For a fixed h > 0 we introduce finite di-
mensional subspaces for the £—th order approximation of the unknowns:
S, CS,V,CV, W, CW,and @, C Q. The concentration and vortic-
ity finite element spaces assume the form

Sh=1{snh €8S :spn|lx € [Pry1]"(K), VK € T},
W, = {Bh eW: 0h|K € Nk+1(K)7 VK € E},

while, depending on whether the formulation (5.1.3) or (5.1.4) are used,
the finite element spaces for the velocity and pressure unknowns are de-

fined as:
V= {’Uh eVv: 'Uh‘K S RTk(K), VK € E},
Qn = {an € L*(Q) : qn|x € Pr(K), VK € Tp,},
or

Vi, = {v, € V: v,k € [Pr(K)]%, VK € Tn},

Qn = {an € H'(Q) : qn|x € Pry1(K), VK € Tp},
respectively. Here RT}, stands for the local Raviart-Thomas elements of
order k (H(div; Q2)-conforming), Ny, is the local Nédélec element of de-
gree k (H(curl; Q)-conforming), and Py is the local space of Lagrange

finite elements of order k. Spaces S;, and W, are equipped with the fol-
lowing norms as in (VARB16):

lsnlfa ) = Isnlliz) + I Vsnlliz@)y  Vsn € Sh,

164113, == 18nlIE2 () + 1l curlOnl[Zsqy,  VOH € W

Notice that the vorticity norm is —dependent. The norms for the spaces
V), and @)}, defined by the first Brinkman formulation (5.1.3) are:

”vh”%{(div;ﬂ) = th||i2(n) + diV’Uh||2L2(Q): Von € Vi,
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and the natural L?(Q)—norm for Q. On the other hand, for the sec-
ond set of Brinkman equations we consider the usual L?(Q)— and
H'(2)—norms for the spaces V, and Q, respectively.

The Galerkin method associated to or is presented in
what follows, using a partitioned solution approach.

5.1.3 Outer ADR-Brinkman splitting schemes

A straightforward splitting method consists in, starting from the initial
concentrations distribution, solving the flow equations and then pass the
computed velocity to advect the ADR system. For a backward Euler
time advancing scheme, and depending on which of the two Brinkman

solvers is considered (i.e., using or (5.1.4)), the following steps are
applied at each time step ¢ + 1.

Solve the Flow problem in (5.1.3):

(B1) Given ¢, find (u}t,w}™ pi) € Vi x Wy x Q, such that
Yun € Vi0,0n € Who,qn € Qno:

/ O"U,ZJrl -vp + \/ﬁ/ curl(...vZJr1 -vp — / pZH divvy, = / pF(cp) - v
Q Q Q Q
\/ﬁ/ uZH -curl @;, — / wZ“ -0, =0
Q Q

—/ g div uZH =0,
Q
(5.1.5)

or solve the Flow problem in (5.1.4):
(B2) Given ¢}

e First solve the pure vorticity problem: Find w} ™! € W), such that

VO, € Who
/ owl .0y, + u/ curlwi* . 9, = \/ﬁ/ pF(cy) - curl @y,
N ! N (5.1.6)
e Then, solve the pure pressure problem:
[t V= [ oPe) Vo Vo 612
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n+1

o Finally recover the velocity vector u; "~ € V), as:

ul™ =07 (pF(c}) — /peurlw) — Vpj) (5.1.8)

(ADR) Then, given u}*" solution of the Brinkman problem, Solve the
Advection-Reaction-Diffusion problem: find c"Jrl € Sy, such that Vs;, €
So

sh*

n+1 n
Ch —Ch ntl )entl
J S e [ e

(5.1.9)
/ D(c™Vept!t Vs, = / G(c}) - s,
Under suitable hypotheses it can be proven that both problems (B1),(B2)
and (ADR) admit unique solution respectively (u} ™, w*! pi*!) and
c,’i“. The two solution strategies adopting elther (Bl) or (B2) lead to
outer schemes for the Brinkman-ADR problem of the type (B1-ADR) or
(B2-ADR). The inner solvers for the ADR equations will be made precise
in the sequel. Notice that, whereas the flow problem (B1) or (B2) is lin-
ear, this is not the case for the ADR problem, so that at each time step a
nested Newton-Raphson iterative scheme has to be employed to find an

approximation of ¢} *.

5.1.4 A priori estimates for the energy of the system
Let us recall the discrete Gronwall inequality

Lemma 5.1.1 If ¢o < go and

n—1 n—1
On SgoJerkJqumk, Vn > 1,
k=0 k=0

then

n—1
¢n§<o+2pk>exp<2qk> Vn > 1.
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The stability of the outer splitting method (B1)-(ADR) described in Sec-
tion is established by the following a priori bound, written in terms
of the system’s discrete energy norm:

2
XA = luh i aive + Iwrlly, + IPhlI72@) + l€hliz@)y  Yr > 0.

Before stating the main result, recall another lemma which will be useful
later

Lemma 5.1.2 Let ¢} € Sy, and assume that F(c) assumes the form F(c) =
(a-c)g, for a constant vector o € R™ and g = —egs. The solution (u},wy,pp) €
Vi, x Wy, x Qy, of the Brinkman probem exists and is unique. Moreover
there is a constant C' > 0 independent of pu such that:

IPnllz2) < CllpF(ep)llLz o) = Collallllcy |z o)- (5.1.10)

The proof of this result can be found in (VARB16) and it is a consequence
of the inf-sup condition: stating that exists a constant # > 0 such that:

B U
sup (Ba(gn), vil| > Bllanllzz), Van € Qn- (5.1.11)
'l/‘hE;gh th“H(div;Q)
Vh

Theorem 5.1.3 Let xj = (¢, up,wy,pp), Vn =0, ..., N be the solution of
the outer splitting defined by (5.1.5)-(5.1.9) in (B1-ADR). Suppose that F'(c) =

(o - ¢)g, for constant o € R™ and g = —es, and assume that there exists
Dpin > 0 such that s7(D(s)s) > Duinl|s||? for all s. Then, there exist
a constant C(o, p,c) > 0 and positive non-decreasing functions Co(t" 1),
Cy (t™ 1), such that, for each time step t":

n
k
I 2 + 288 D2, Y Ve B < Colt™ ) ehlEe(a)+
k=0

n
Cy(t") Z ||G(CZ+1)||i2(Q) +C(o,p, )| cqliz (-
k=0

In particular, if |G (c)||L2(q) < G for a given G > 0, then, at each timestep the
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energy norm admits the following bound
Nt
XA < IXRIP D C* (0,0, ) Co(tV™ %) + OV (o, p, @) x5 P+
k=0

Nt
G? Z C*(0, p, a)(Np — k)Cy (tNT7F)

k=0

Proof. Using integration by parts we observe that the convective term in
(5.1.9) can be rewritten in the skew-symmetric form:

1 1
[t owie s = 4 [ v =g [ @i Vs

Next, testing equation (5.1.9) with s, = ¢}"' € S;, and using Young’s
inequality we have:

*HChHHLz(Q) + AtDnunlWC”HHLz

< 5”0}1“%2(9 HG( PRz + 7”%“”%2(9),
and summing up for k =0, ...,n — 1 implies that
n—1
||ch||L2 (@) T AtDin Z [Vept! ||L2 ()
k=0
1 At % At <
< §Hch||L2(Q) + = Z IG (et )2 + Z ||ck+1||L2(Q)'
(5.1.12)

Applying Lemma we can then write:

n—1
eIz (o) < exp (") {|C}L||L2(Q +AEY [IG( k“)lliz(m}, Vn > 1.
k=0

Using this for n+1, and substituting back in the last term of (5.1.12)), after
collecting terms we obtain that there are two functions Cy (t" ™), Cy (t" 1) >
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0 such that the following estimate holds:

i 172 () + 2A¢ Dmin Z Vet i) < Co(t" ) lep IF )+
k=0

Cult™) 3Gl e

k=0
(5.1.13)

On the other hand, regarding the Brinkman problem, we proceed to test
(5.1.5) against

vy = n“—l—ch/ﬁcurlthr GVO n, Onp=-— n+1 GWQ hs
1
qn p;lH' —Cy le’LLh € Qn,

where ¢; and ¢; are positive constants to be determined. Summing up in
(5.1.5) we have:

ollup iz (g +/QUC1\/EUZ+1 -curlw)t! +/Q\/ﬁcurlwz+1 cup
c1pl] curle“HiQ(Q) - /sz+1 divau) ! — / pi e/ diveurl w)t

/ Viugtt - curl w4+ Hw"HHLg(Q) + /Qp;f'*'1 divau) ™+

el divay ™ [Fai) = /QPF(CZ) cuptt 4 /Q civ/ppF(cy) - curlwptt,
and then applying Young's inequality gives:

cl\/ﬁ/ oul ™ - curlw) ™ > — Ur;inH n+1||L2(Q

620'2
B 2lam,axﬂ||cur1wz+lH%2(Q)7
min
and
F(ct! n+l - Omin
[P < s
m

2
|| curlw; g o) + 5 I\a||2||62||i2<m-

I /\

/ civ/upF(c}) - curlw) ™!
0
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Because div curl is the zero operator, we have that F(c}) = (a - c})g,
and collecting terms we obtain:

2
C1 g
1 {1 Y <méx + 1) } | curlwhHHm(Q) + lwp™ ||i2(9)+
min
Omin n+1 . n+1 2 1 1 "2
1 |y ||L2(Q) + ol divuy, ||L2(Q) <p’|le — + B} lerlltz)-
Omin

Notice that the term involving the norm of pressure has disappeared.

Taking ¢; = —2=r— cp = =i we obtain that there exists a constant
(Umax"ro'mm) ’ 4

C(a, p,a) > 0 such that:
g FH[E2 0y + Il divay [ F2 ) + i T
+ pf curlwp ™72 ) < Cl(o, p, @)llenlliz o)

The next step consists in recovering an estimate for the norm of the so-
lution of the Brinkman problem involving the pressure norm. This is
done via Lemma from which we obtain that there is a constant
C(o, p, @) > 0 such that:

n n 2 T n
bl + Nl . + PRIz ) < Closp, @)lichTa)  (5:1.14)
Combining estimates (5.1.13) and (5.1.14) we have the desired result. O

5.2 Dedicated partitioned schemes for the ADR
equations

We now address the numerical solution of the nonlinear ADR problem
(5.1.9). Based on the structure of the nonlinear diffusion matrix D(c)
and of the reaction vector G(c) = (G1(c), . .., Gm(c)), diverse techniques
can be employed. Let {¢, : i = 1,..., Ng, } be the vector-valued basis
of shape functions of the finite element space for the concentration Sy,
where Ng, = dim(Sy). Then we denote the finite element approximation
of the concentration vector as:

Ns,, Ms, m
ez, th) Z Ci(t)pi(m) =YY _Clt")pl(a (5.2.1)
=1 j=1
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where Mg, = % and C/ represents the j-th component of ¢, at the
mesh node i and we regrouped the basis vectors as ¢} = (p;, -+ ,0)7,
sl =(0, i)

The algebraic form of is derived by substituting in the weak for-
mulation the expression (5.2.1) and the analogous form for the test func-
tion. First we will focus on a monolithic solver for the ADR system based
on a Newton method with full Jacobian.

5.2.1 A fully implicit Newton-Raphson method

From (5.1.9) the following nonlinear algebraic system must be solved at
each time-step t"1:

Ac 1 ~ 1
— Dty ) ettt = g(ert) + —c 22
(g +ctur™ + per GC) 4 Lo (522
where the global nodal concentration vector in R¥S: and the reaction
vector are:

Nsh
@%zC%(Gwm:/GjZCWk¢iﬁﬂwq%m
2 k=1

(5.2.3)
and matrices A., C, D in R™s» x R™s» are given by:

(Ac)ij = /Q"Pj i, (C)ij = /Q (UZH : V) P Pis

Ns,, (5.2.4)
(D@ = [ DY Cupr | Ve, : Ve

k=1

Notice that the convection matrix C' depends on the velocity vector u} !,
solution of the Brinkman problem computed at the previous stage of the
splitting scheme so that it is constant with respect to the unknown con-
centration vector ¢;*'. The nonlinearity of system (5.2.2) resides in the
diffusion matrix D and in the reaction vector G which are functions of

the unknown vector cZ+1. We introduce the monolithic ADR residual
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vector:

Ac ~ Ac
R"(C) := =+ C(up™') + D(C) | C - G(C) — =C7,
()= (45 + ™) + DIC) ) €~ G(O) - 2

and realize that solving (5.2.2) is equivalent to solve R"(C"T!) = 0. With
this purpose, we employ the Newton-Raphson iterative procedure: Sup-
pose that at time ¢ and k-th iteration of the Newton-Raphson method,
we are given an approximation C"*1* of the concentration vector C"*1,
then we solve the following linear system in the correction 6C and up-
date as:

oG

i n+1 N n+1,k
<At+0( )+ D(C ) — 3G

(Cn—i-l k)) 5C = _Rn(cn+1,k)7

C7L+1,k+1 _ Cn-i—l,k + (50,

where the matrices D and 0G /OC arise form the linearization of the dif-
fusion matrix and the reaction vector, respectively, and are given by:

(D(C))yy = Diy(C +Z</ 5eD(Cle, Vs Ve, ) Cu,

(5.2.5)
oG T
G (@) = [ #IvE(Ce
nd the matrix QD(C) i horthand notati nfriaD (C)y?
a e ma 50 ¥, is a shortha otation fo Bc. ;-

The Newton-Raphson system (??) for the full monolithic . ADR can be
reformulated as a variational problem for the finite element correction
vector dcy, leading to the following solver for the ADR system:

(ADRI): Given a velocity u}'™!, a solution ¢} of the ADR at time ¢", and the
approximate solution cZH’k at the k-th iteration of the Newton-
Raphson method for the full monolithic ADR system, find dc;, €

Sh,0 such that:

( Ac+Clui ) + d’Dc:+1‘k - dgczﬂ,k) Sy, = _Rn(cz-&-l,k))

(5.2.6)

n+1,k+1 cn+1 k

and update c; + dcp, until ||dep |2y < tol.
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The linear and bilinear operators in the variational problem (5.2.6)) are
given by:

1

[R"(c), 8] = < [Ae(e =€), s] + [Ce);up ™, 8] + [D(e), 8] - [d(c). ],

[dD. /D YWVic : Vs—i—/a c)dc Ve : Vs,

[dGe(dc), $] ::/QSTVG(C)éc.
(5.2.7)

We stress that in problem (5.2.6) we require that the unknown de¢;, =
CZ+1’k+1 — "+1 *isin Sh.0, because it must be zero at the boundaries
where the D1r1chlet conditions apply. To obtain an adequate initial guess
¢} ™ we can solve, at the beginning of the Newton-Raphson scheme, a
simplified linear problem, typically with D(c}}) and G(c}}).

The (ADR1) solver for the full ADR system using Newton-Raphson
method is combined with a flow solver (B1) or (B2), leading to a global
solution scheme for the problem, denoted as (B1/B2-ADR1). The steps
of the solution strategy of our problem using the (B1/B2-ADR1) are sum-

marized in Algorithm[4
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Data: o, , p, o, D, G, At, N, tol ;

Initialize: u?, w), pY, ¢} ;

forn =1,..., N time steps do

Given c;, solve the Brinkman system (B1):

Av B B u}:*i Fi(ep)
Bf -A, O wptt | = 0 ;
-B5 0 0 pptt 0

or its split counterpart (B2):

~

o A,wi™ = Fa(eh),
o A = Fa(eh),
o ultt — AN Fier);
Update: u ™' «+ u}l ; wit!' « wi; i« pi;
Given u;z“, solve the full ADR system via Newton-Raphson (ADR1):
Initialize: CZ+1’0 ;
while ||d¢|[r2(q) > tol do
Solve the linearized ADR equations monolithically:

1
(E.Ac + C(UZJ'_I) + dDCn+1,k — dgcn+1,k> ocp, = —Rn(CZ+1’k),
h h

Update: ¢ ""* 1« ¢ ™% 4 ey,
end

n+1

Update: ¢, < ¢y, ;

end

Algorithm 4: Staggered procedure (B1/B2-ADR1) for the Brinkman
problem solved with either (B1) or (B2) and the full ADR problem
solved with (ADR1).

5.2.2 Inner splitting of the ADR system

When the diffusion matrix D is constant and the reaction term G(c) leads
to highly stiff systems, it is convenient to split the ADR dynamics into a
pure advection-diffusion phase and into a pure reaction phase. This im-
plies we solve problem separating the nonlinear term due to reac-
tion G(c), which defines a nonlinear system of ODEs, from the (typically
more regular and smooth) advection-diffusion process. This method is

denoted (ADR2) and consists in solving the ADR system in two steps
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(ADR2):  — Pureadvection-diffusion phase: Given u}

, . 1
ntland cp, find ¢}

in Sy, solution of the linear problem:

Cn+1 * en
- 1
T gy [ (T V)t sy,
Q At Q

+/ DVc”*l’* : Vs, =0 Vs € SO,h~
Q

(5.2.8)

+1,%

— Pure reaction phase: Setting ¢} = ¢, ", solve the nonlinear

problem:
n-‘rl n
/ Zh  "h Sh—/G n+1 - Sp, VShES(]Th. (529)
Q

Problems (5.2.8) and (5.2.9) are discretized using the same notations
and (5.2.3) for matrices and vectors as in the previous section. The non-
linear algebraic system equivalent to the pure reaction phase (5.2.9), that
must be solved at each time iteration ¢" ! is given by:

Ac A ~
—Crtl = =2C" + G(CH! 5.2.10
- “oCn + Gem), (5:2.10)
where matrices and vectors A., C" and G are defined in (5.2.4), (5.2.3).
System (5.2.10) can be solved iteratively using the Newton-Raphson method.
With this aim we define the residual R*" of the pure reaction phase as
R .= écn+1 70” _ é(cn+1)
S At At ’
and again we notice that solving (5.2.10) is equivalent to solve R*"(C"*!) =
0. Given an approximate solution of the system (5.2.10) C"*1* at iter-
ation k, one solves the Newton-Raphson system for the pure reaction
problem:

(Ac 0G (Cn+1 k)) §5C = _R*,n(Cn—i-l,k)’

At OC (5.2.11)

Cn+1 k+1 CnJrl k + 5C
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System (5.2.11) can be rewritten as a variational problem for the finite
element correction dc;,. Given ¢} and the approximate solution CZ—H’k at

k—th iteration, the problem is to find dcp, € S, such that:

‘AC *n( n+1k
<At — dgcz-u,k) 5C}L =-R" (Ch+1 )

The operator dG,. is given in (5.2.7)), while the linear operator correspond-
ing to the pure-reaction residual vector is:

[R™*(e), 8] := 57 [Aele = €"), 8] = [G(c), 5]

Notice that if the reaction vector G is zero and the diffusion matrix is con-
stant, then the (ADR?2) solver reduces to a pure linear advection-diffusion
problem (5.2.8). A global solver for the Brinkman-ADR problem is then
obtained combining one of the two Brinkman solvers (B1) or (B2) and
(ADR?2). These solution strategies are summarized in Algorithm[5|
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Data: o, , p, o, D, G, At, N, tol ;

Initialize: u?, w), pY, ¢} ;

forn =1,..., N time steps do

Given c;, solve the Brinkman system (B1):

Au By B u"*i Fi(ep)
Bf -A, O wptt | = 0 ;
B 0 0 pptt 0

or its split counterpart (B2):
o A,witt = Fy(ch),
o Appitt = Fy(ch),
o ultt — AN Fier);

Update: u; Ll ,wh+ — wp; pZH — pr;
Given u"Jr1 solve the advection-diffusion phase:

(Ac +C(up™) +D) e} ™" =0;
Initialize: cf“ 0 cZH’*;
Solve the pure reaction phase via Newton-Raphson:
while ||dcp |2y > tol do
Solve the linearized reaction problem:

AC *,M n y
(At dg n+1 k) docp, — R™ (Cthl’k),‘

Update: cZ“’kH — CZ+1’]€+1 + Jey;
end
Update:
n+1 — ch ;

end

Algorithm 5: Staggered procedure (B1/B2-ADR2) for the Brinkman
problem solved with either (B1) or (B2) and the full ADR problem
solved with (ADR?2).

5.3 Numerical tests

This section contains a collection of numerical examples serving as vali-
dation of the coupling strategies discussed in Section and illustrat-
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ing the behavior of the model in applications of wide interest.

5.3.1 Double-diffusion in porous cavities

First, we perform a series of computations with a double-diffusive model
governing the interaction between the concentration of brine (field c,),
temperature (encoded in c3), and immiscible flow in saturated porous
media (see (Ac13;|QSM16)). The problem under consideration is a square
cavity 2 = (0, 1)? filled by a fluid-saturated porous medium. The left and
right vertical walls are maintained at different uniform temperatures and
concentrations respectively cift = left — 0 and J&"" = (£8" — 1. The
horizontal walls are assumed adiabatic and insulated (that is, no-flux
boundary conditions are set for the ADR system). Slip velocity condi-
tions (i.e., zero normal velocities) and zero vorticity are imposed every-
where on the boundary, and the coupled system adopts the form
where diffusion, reaction, permeability, and forcing terms are defined as:

! 0
1
D(C) _ LeOPr Rk , G(C) = 07 o= ﬁ’ F(C) = GI‘(CQ + NC])g,

Pr
respectively. The remaining coefficients assume the values Da =, Gr =,
N=Ry=Pr=Le=,¢g=(0,-1)", p=p=1

The buoyancy term N can be considered as a measure of the strength
of the coupling between the flow and the ADR problem. Moreover, once
u is given, the ADR equations conforms a linear problem in which the
reaction vector is zero, therefore representing a suitable benchmark to
test the efficiency of the splitting method (B1)/(B2)-(ADR2).

In order to investigate the robustness of the proposed (B1-ADR2)
splitting method with respect to the coupling strength, we fix the pa-
rameters Le = 10, u = A = 1, Da =1E-3, R, = 1, Pr = 0.71, ¢ = 0.5,
Ra = 100, Gr = Ra/(PrDa), we use a timestep At =1E-3 and a struc-
tured grid of meshsize h = 1/100, and let the buoyancy term N vary. By
XMONO and ST we will denote the finite element solution (at the final
time T" = 0.5) generated by the fully monolithic approach, and the opera-
tor splitting method (B1-ADR2), respectively. A comparison is then per-
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Figure 33: Example 1A. Double diffusion in a porous cavity, 2D case. Ap-
proximate solutions at the final time (brine concentration, temperature,
pressure, velocity components, and vorticity).

formed in terms of the evolution of global errors defined as the L?— norm

of the difference between the two solutions &5 (x) = ||x}ONO — x LT,
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Figure 34: Example 1A. (a) Evolution of the norm of the solution x,, in the
Double diffusion problem with high bouyancy term N = 10 using both the
Monolithic and the proposed (B1)-(ADR?2) splitting. Evolution of the error
e(x;,) between the solution obtained using the Monolithic and the Splitting
method (B1)-(ADR2) for N = {0, 2,5, 19}.

where the approximation produced by the monolithic method is consid-
ered as a reference solution. In Figure 34| we report the temporal evo-
lution of e,(x) for different values of the buoyancy N € {0,2,5,10}.
As N increases, the error grows, implying that the coupling strength af-
fects substantially the quality of the solution generated by the segregated
solver. For reference we also depict each individual field of the numeri-
cal solution generated with the splitting method, shown at the final time
T =0.5,in Figure@

The results of the finite element model proposed are compared with
published results on the purely thermal problem (decoupled thermal and
mass N = 0). Consider the square domain 2 = (0, 1)? and set the bound-
ary conditions as:

cpr=co=1:2=0, c1=c=0:2=1, u=0: 0.

We fix the parameters N = 0, Le = 10, p = A =1, R, = 1, Pr = 0.71,
e = 0.5, Ra = 100, Gr = Ra/(PrDa) and let vary Da € {107,1073,107°}
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and Ra € {100, 200}. The comparisons are based on the average Nusselt
and Sherwood numbers:

"o
0 (3'17

1
. P .
Nu=- [ %, 0dy, Sh=-—
ox

0

le—0 dy. (5.3.1)

The (B1-ADR?2) scheme is used on a regular mesh containing 20000 tri-
angles, considering a timestep of At = 0.01 and the system is run until
T = 2. The computed numbers are collected in Table[3]

Da  Ra Ref.Nu Comp.Nu Ref. Sh Comp. Sh

1071 100 1.52 1.52 5.56 5.60
200 2.07 2.10 7.32 7.50
1073 100 2.96 3.01 12.33 11.90
200 443 4.64 17.58 16.57
1075 100 3.11 3.13 13.40 13.25
200 4.96 5.01 19.52 19.25

Table 3: Example 1A. Average Nusselt and Sherwood numbers Nu and Sh
obtained with the (B1-ADR2) splitting in the case of decoupled mass and
heat transfer processes (N = 0, Le = 10) and comparison against reference
results published in Shao et al. (QSM16).

Next we carry out a simulation of double-diffusion-driven natural
convection in a porous 3D enclosure. The problem setting follows (JK13b).
The splitting method used is (B2)-(ADR2) with the second Brinkman
solver.

107



Figure 35: Example 1B. Double diffusion in a porous enclosure, 3D case.
Approximate solutions at the final time (brine concentration, temperature,
pressure, velocity streamlines, velocity magnitude, and vorticity magni-
tude).
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5.3.2 Exothermic reaction-diffusion in porous media

Let us now consider a rectangular domain Q = (0, L) x (0, H) and endow
(5.1.1) with the following specification of diffusion, reaction, permeabil-
ity and forcing terms, respectively:

Do)~ (5 1) Gle)=Daste) (). o= gr Pl = e

(5.3.2)
where f(c1) = 36c1(k + Te1)(1 — ¢1)? and g = (0,—1)T. Denoting ¢;
and c; respectively as concentration of solutal and temperature inside
the fluid, the dynamical system defined by and represents a
two-dimensional porous medium with the gravity field along the stream-
wise direction, in which solutal and thermal density have compeating
behavior. Let us consider initial conditions are concentrated near the top
of the rectangular region:

. i=1,2, (533)

o 0.999 4 ¢;(0.001)  if H —e<y < H,
C; (Ia y) = .
0 otherwise

where (1, (; are random variabes uniformly distributed in the interval
[0, 1]. The resulting chemical front moves downwards invading the fresh
reactants. Instability results from the competition between solutal and
thermal effects through the kinetic term f(c¢;) and the buoyancy term
(vr — c1)g. Downward traveling fronts are buoyantly unstable and de-
velop solutal density fingers in time. Numerical values for are

H = 1000, L = 2000, At = 40, T = 8000, Le = 8, Da = 0.001,v7 = 5

Because the diffusion matrix is constant and the reaction term is highly
nonlinear, we numerically solve this problem using the splitting (B1)-
(ADR2).
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Figure 36: Example 2. Exothermic fingers within porous media. Snapshots
of concentration c¢; at different times.

The domain is discretized into 26848 elements with 13675 vertices.
The number of degrees of freedom for the Brinkman problem is 81045,
while for the ADR is 27350. In Figure B7 we report on the CPU times
for solving the Brinkman-ADR problem defined by using the (B1-
ADR?2) solver with the inner splitting of the ADR problem into a pure
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CPU time

Figure 37: Example 2. Evolution of the required CPU time for the solution of
the Brinkman problem using (B1) and for the ADR problem using the sub-
splitting into a pure Advection-Diffusion phase and a pure Reaction phase
(ADR?2) at each time step. Number of Newton-Raphson iteration needed to
reach convergence in the pure Reaction phase with a fixed tolerance tol=
le —10.

advection-diffusion phase and into a pure reaction phase (ADR2). We
notice that the computational cost of the nonlinear, pure reaction phase
is much higher than that of the linear advection-diffusion phase. As a
matter of fact, the rate of convergence of the Newton-Raphson iterative
procedure to solve the former is only linear in the sense that HcZ“’k‘+1 —
cZH’kHLz(Q) ~1E-k (i.e. to reach k digits of precision in the solution of
the pure reaction problem approximately & Newton-Raphson iterations
are needed), as shown in Figure The evolution of the norms of the
gradient of the concentration, is shown in Figure

In correspondence with the developing of finger instabilities, there is
apeakin ||Vey||L2(o) and a subsequent decay towards a spatially homo-

geneous configuration.

5.3.3 Bioconvection of oxytactic bacteria

Let us consider a rectangular box where both bacteria and oxygen coex-
ist within a porous array of fixed particles, filled with an incompressible
fluid. After removing the top lid of the box, an interaction between bac-
teria and the diffusion of oxygen into the liquid onsets the formation of
high bacterial concentrations moving towards the bottom of the box. As
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Figure 38: Example 2. Evolution of the norm of the gradient || Ven||12(q) -

proposed in (HP96), an adequate model for this phenomenon is (5.1.1)
with a cross-diffusion term, where we identify the concentration of bac-
teria with the field ¢; and that of oxygen with ¢, and

D(c) = (% _agzz)q) » Gle) = (—679(02)) ey =nae, (5.3.4)

where r(cy) = (14 (co — ¢3)/\/(c2 —¢3)2+¢€2), g = (0,—1)T and ¢* =
0.3 is a fixed threshold and ? is a regularizing parameter.

It is known (see (HP96)) that for suitable parameters, the solution of
the ADR problem (c1, ¢2) converges to a homogeneous in « steady state
solution of the following system:

Ac; = aV - [e1r(e2)Vea], §Aco = Br(ca)er,
where § = Dy/D;. Consider a rectangular domain 2 = [0,2] x [0, 1] and
initial conditions given by:

A (z,y) =

1if y > 0.501 — 0.01(sin((z — 0.5)7),
{ vz Il =09, ey = 1

0.5 otherwise

Fixing parameters 3 = 10, § = 1, v = 418 and Sc = 7700 and vary-
ing « leads to such a quasi-stationary solution. We used the Brinkman-
ADR splitting (B1)-(ADR1) to solve this problem numerically running
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Figure 39: Example 3A. Vertical profiles of (left) cell density c;,, and (right)
oxygen cap, att = 0.22 for § = 10, § = 1, v = 418, Sc = 7700, and
o ={1,2,5.952}.

the code untill convergence to a seady-state solution, using At = 1073.
The vertical profiles of the cell ¢; density and oxygen c; at t = 0.22 for
o = {1,2,5.952} are shown in Figure[39}

As the value of « increases (8 and ¢ fixed), the cell density near the
surface increases, the cells vacate the lower regions of the chamber more
rapidly, and less overall oxygen consumption occurs in these regions.
These are in qualitative agreement with Figure 7 in (JK13a).

For a = 10,58 = 10,+ = 1000,0 = 5 and Sc = 500 we run the code
using (B1)-(ADR1) solver. The solution of the ADR shows bioconvection
patterns evolving in time. At around ¢ = 0.2 the solution starts devel-
oping instabilities, at ¢ = 0.25 a drop of bacterial concentration c; starts
falling down and hits the bottom of the chamber at ¢ = 0.3.

In Figure [41| (left) is reported the scaled norm of the solution |||
It is evident that |x;, || has a pick in correspondence of the developing
of instabilities of the solution due to spatial inhomogeneity. In Figure
(right) is shown the number of Newton-Raphson iteration to find a solu-
tion of the ADR monolithic system in solver (ADR1) with an error less
than a tolerance tol = 10713, We can observe an increase of the number
of iteration when the solution starts to be unstable due to the strongest
nonlinearity behaviour of the system.

The second round of simulations is performed on a 3D setting. We
consider a cylindrical geometry of radius 1 and height 0.75, discretized
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(t = 0.28) (t =3.3)

Figure 40: Example 3A. Snapshots at mid (top) and advanced (bottom)
times of cell density, oxygen concentration, velocity magnitude, vorticity,
and pressure.

into a tetrahedral mesh of 169392 cells and 29109 points. The configura-
tion of the governing equations and specification of constant and vari-
able coefficients is given as follows: o« = 0.25, 8 = 1.5, v = 1500,
Dy = 0.005, Dy = 0.4, S = 7700, 0 = S™* x 1E6, s* = 0.3, u = 2. A
fixed timestep of At = 5E-4is used, and we test the capabilities of differ-

114



|1
S
t
w

Num.

0 0.05 0.1 0.15 0.2 025 0.3 0 0.05 0.1 0.15 0.2 0.25 0.3

Figure 41: Example 3A. Plot of the (rescaled) norm of the solution x, over
time (left) and number of Newton-Raphson iterations in the solution of the
ADR system using (ADR1) solver (right).

ent partitioned coupling methods (B1)/(B2)-(ADR1) based on the mono-
lithic and the splitting Brinkman solvers (B1) and (B2) defined by
and (5.1.4), respectively. For the first coupling (B1)-(ADR1), the solve in-
volves the preliminary assembly of the Brinkman system (arising from
a finite element discretization using lowest order Raviart-Thomas ap-
proximation of velocity, first degree Nédélec elements for vorticity, and
piecewise constants for pressure) representing 678020 degrees of free-
dom, and the assembly of the ADR equations, where the piecewise lin-
ear discretization of the bacteria and oxygen concentrations leads to a
system of 58218 unknowns. The second coupling strategy (B2)-(ADR1)
has a Brinkman solve split into a vorticity matrix of size 193724 (also us-
ing Nédélec finite elements), a pressure solution with 29109 degrees of
freedom, and a matrix-vector multiplication to project the reconstructed
velocity on the Raviart-Thomas space. This second coupling (B2) results
in a much more attractive strategy, especially in view of 3D cases, as the
vorticity is a vector field. As a reference, let us point out that the mono-
lithic solver (B1) requires the assembly and solution (at each Newton
step) of a system with 736238 degrees of freedom. We simulate the evolu-
tion of the system starting from an initial uniform oxygen concentration
¢z = 1 and an initial distribution of bacteria packed in a ball of radius
0.2 and placed near the top of the vessel. Snapshots of the concentra-
tion of bacteria and the associated flow patterns, computed with the first
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staggered solution method, are portrayed in Figure 43| We observe that
as the bacteria propagate downwards, the velocity and vorticity fields
indicate recirculating zones following the high gradients of ¢;, whereas
the pressure exhibits smooth transitions from high to low values on the
bottom and top of the domain, respectively. As soon as the high bacteria
concentration reaches the bottom of the vessel (ocurrying approximately
at t = 0.2), the dynamics of the system implies a slightly loosleier cou-
pling between flow and transport. This is particularly noticed in the top
right plot of Figure 42| where the CPU times for assembly and solution
of the Brinkman and ADR systems displays a slight step down happen-
ing around ¢ = 0.2. The timings reported in the top panels of the figure
encompass the RHS assembly and solution for the Brinkman equations,
and the assembly of the stiffness matrix and solution of the ADR equa-
tions. On top of these values, the initial assembly of the stiffness matrix
of the Brinkman problem and the RHS of the ADR equations represents
an average of additional 124.91 time units for the first partitioned solver
(B1), and 28.31 time units for the second decoupling strategy (B2). In
general, the CPU time for the flow solution is roughly half that for the
transport. We also observe that for the second coupling the CPU usage
for the total solution is approximately 75% lower than the one in the first
coupling. The second row of Figure 42| presents the history of bacteria
concentration, oxygen quantity, and vorticity magnitude computed on
the point (z¢, y0,20) = (0.6,0.6,0.6), indicating that the solution itself
differs from one coupling to the other. In particular, the second coupling
(B2) produces a slower decay of the bacteria concentration and vorticity
fronts.

As last example case, we study the solution of the bioconvection sys-

tem defined by (5.1.1) and (5.3.4) with parameters:
a=508=20,y=2x1e3,D; =5 Dy =1, 8¢ = 500,

in a rectangular region 2 = [-3,3] x [0,1]. As initial data, we consider
homogeneous initial data with a random perturbation in the cell concen-
tration

Ale,y) =08+¢(02), .y =1,
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Figure 42: Example 3B. Evolution of the required CPU time (adiemensional
units) for the solution of the flow and transport problems at each time step
(solid and dashed lines, respectively), for the first (B1)-(ADR1) and second
(B2)-(ADR1) splitting algorithms (top left and top right plots, respectively).
The bottom panels show the evolution of the bacteria concentration, oxygen,
and vorticity magnitude on a single point near the domain center.

where ( is a random variable uniformly distributed in the interval [0, 1].
Figure [46] [#7] show the time evolution of ¢; cells and ¢, oxygen,
|u| magnitude of the velocity, w and p pressure the computed solution
using the splitting (B1)-(ADR1). We observe already at time ¢t = 0.16
several instabilities in the cell density of bacteria. Att = 0.32 instabilities,
amplifying the random irregularities of the initial data, are developing
into four falling plumes.

117



(t = 0.05)

i Ch

1.238e-07 0.5 9.996e-01 003 068 1.3 2 263
o — ! !

z

R4 T/j(‘ |wh| o ;‘ Pn

347 95 16 22 27.77 -163.29 -112  -60 -84 43.26

118



B r,.x C1h
1.238e-07 0.5 9.996e-01
— i —

w T/f |wh| LA )t Pp

324 89 15 20 2593 -47.79 -14 20 53 87.07
— i — "o —

119



(t =0.4)
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Figure 43: Example 3B. Snapshots at three instances of cell density (left),
velocity patterns and vorticity magnitude (middle columns), and pressure
distribution (right panels).
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Figure 44: Example 4. Patterns generated by the bioconvection of bacteria
towards oxygen concentration at time ¢ = 0.16.
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Figure 45: Example 4. Patterns generated by the bioconvection of bacteria
towards oxygen concentration at time ¢ = 0.32.
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Figure 46: Example 4. Patterns generated by the bioconvection of bacteria
towards oxygen concentration at time ¢t = 0.72.
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Figure 47: Example 4. Patterns generated by the bioconvection of bacteria
towards oxygen concentration at time ¢t = 1.4.
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Chapter 6

Conclusions

This thesis deals with the development of novel numerical methods for
the solution of a large class of problems in the field of generalized thermo-
diffusion in visco-elasticity and in advection-reaction-diffusion systems
in Brinkman flows. The nonlinearities involved in those mathematical
systems, as well as the presence of dynamical behaviours characterized
by very different time scales can lead to numerical problems that are dif-
ficult to treat using fully coupled monolithic approaches. To deal with
these problems efficiently, splitting-operator time integration techniques
are explored in order to decouple the dynamics of the various physical
phenomena. The analysis has played a new incisive role to make simu-
lations and predictions in many applicative problems in which a multi-
physic approach is needed to capture fully coupled effects.

o A novel constituive model in the framework of fractional calculus
has been proposed for modelling the thermo-rheologically com-
plex behavior of visco-elastic polymeric materials. The theory of
Mittag-Leffler special functions has been employed in the accurate
description of the time relaxation behaviour of the material. An
internal material clock has been introduced to model the thermo-
rheological complexity of materials in which the time-temperature
superposition principle does not apply. For the finite element for-
mulation of the thermo-visco-elastic problem has been used the
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Griinwald-Letnikov approximation of the fractional derivative lead-
ing to an additional load vector which represents the memory of
the material in the discretized system of equations resulting from
the finite element formulation.

A comprehensive finite element computational framework for the
simulation of thermo-diffusive phenomena taking place along poly-
meric layers of photovoltaic laminates has been proposed. While
the thermo-mechanical problem takes place in the 3D space of the
laminate, moisture diffusion occurs in a 2D domain represented
by the polymeric layers. Therefore, a geometrical multi-scale so-
lution strategy has been adopted by solving the partial differen-
tial equations governing the thermo-elasticity problem in the three-
dimensional space, and the partial differential equation for mois-
ture diffusion in the two dimensional domains. By exploiting a
staggered scheme, the thermo-mechanical problem is solved first
via a fully implicit solution scheme in space and time, with a spe-
cific treatment of the polymeric layers as zero-thickness interfaces
whose constitutive response is governed by a novel thermo-visco-
elastic cohesive zone model based on fractional calculus. Then,
temperature 7' inside the polymeric layer, found at the previous
step, is used to calculate the diffusivity D(T") of the moisture dif-
fusion process in 2D. The proposed methodology has been suc-
cessfully applied to the simulation of the qualification tests for the
durability of photovoltaic modules required by the International
Electrotechnical Commission (61215), namely the damp heat test
and the humidity freeze test.

A computational framework based on the finite element method
has been proposed to simulate the chemical reactions and diffusion
processes occurring in the degradation of Poly(ethylene-co-vinyl
acetate) (EVA) used as encapsulant in photovoltaic (PV) modules
due to aging. The derived finite element procedure, specifically
distinguished for the case of environmental degradation or accel-
erated aging, represents a comprehensive tool for the prediction of
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the spatio-temporal evolution of the chemical species in the encap-
sulant, and the assessment of the lost of physico-chemical prop-
erties due to aging. Simulations were carried out to find the so-
lution of the degratation process after 20 years of environmental
exposure. This reference solution has been compared with that ob-
tained from simulations of accelerated aging tests in climatic cham-
bers. In the last case a splitting strategy has been adopted to decou-
ple the heat transfer process in the EVA, which is a fast dynamics
due to the high temperature ranges the module is subjected in cli-
matic chambers, from the slow chemical degradation process tak-
ing place in the material. The method has been revealed very effi-
cient to quantitatively compare the degradation resulting from any
environmental condition to that from accelerated aging tests, pro-
viding a tool to design new testing protocols tailored for specific
climate zones.

A set of coupling strategies has been introduced for the partitioned
solution of advection-reaction-diffusion equations interacting with
viscous flows in porous media governed by Brinkman equations
in their velocity-vorticity-pressure formulation. The flow equa-
tions follow a discretization with, either a family of RTy — Ny —
Py finite elements, or via a split between two elliptic solvers for
vorticity and pressure plus a postprocessing yielding velocity. In
turn, the advection-reaction-diffuson system is solved with a pri-
mal finite element method using piecewise linear approximations
of the species concentration, and a splitting of reaction and diffu-
sion steps is conducted in different ways, according to the coupling
strength exhibited by each particular application. Both accuracy
and robustness of the proposed schemes have been demonstrated
by means of several numerical tests, involving bioconvection of
oxytactic bacteria.
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6.1 Future developments

The splitting techniques used in the present dissertation will be exten-
sively used for applications in bio-mechanics. The accurate modelling
and computational simulations of active soft tissues and excitable de-
formable cells represents a major field of research due to the complexity
of the involved interactions. The coupling between the propagation of
electrical potential and large deformations of the cardiac tissue is ruled
by a system of partial differential equations that is going to be described
briefly.

Let x €  denote the current position of a particle that occupied the
position X € g in the initial undeformed configuration of the cardiac
tissue, and u = x — X will stand for the displacement field. Then,

6371'

6Ui
FoT+Vx=1I P, =25
TVx =T+ Ve, =gy =0t oy

where §;; denotes the Kronecker delta and F is the deformation gradient
tensor, measuring strain between the deformed and undeformed states.
The symbol V denotes the gradient of a quantity with respect to the ma-
terial coordinates X. Let J = det(F) denote the jacobian of F. It is as-
sumed (NQRB12) that F can be decomposed as F = F.F,. Let a;, a; be
the fiber sheet longitudinal and transversal directions respectively, and
i, 7+ are scalar fields accounting for the electrical activation. The active
strain assumes the form:

F,=1+va ®a +va ®a.

Given the special constitutive form of F,, under transverse anisotropy,
we can readily write:

Jo = (1 +7)1 +7),

the variables ; depends on:

N

’yt = —ﬂ
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The Piola stress tensor P is:
P = puJ,FF'F,; T — JpF~ 7T,

where p is the Lagrange multiplier arising from the imposition of the
incompressibility constraint J = 1 (conservation of mass) and which is
usually interpreted as the hydrostatic pressure field. The conductivity of
the tissue is represented by the tensor D given by:

D = 0ja; ® a; + 0:a; ® a,

where 0, 0; are intracellular and extracellular conductivities along the
directions a; and a;. Let v be the transmembrane potential, w the calcium
concentration and ~; activation variables. The weak formulation of the
coupled electro-mechanical model reads (all integrals in dX) (NQRB12;
CFG12):

u/ JFF'F; T . vv— [ JpF T :Vv=0
Qo

Qo
/QO(Jl)qO

O (Jv)€ +/ JETIDFTVy - VE - JI¢ —/ Joppé =0
Q(] Q0

Q() QU

o(Jwyb— [ JH=0
Qo Qo

The electrophysiological functions are:

I(v,w) = c1v(v —a)(l —v) — covw
H(v,w) =b(v — dw),
where coefficients are a = 0.13,b = 0.013,¢; = 0.26,¢2 = 0.1,d = 1.0
and the components of the diffusion matrix D = diag(D1, D2) are D; =

Dy = le — 3 (which corresponds to fibers a; = e;,a; = e3). The func-
tion I, is a given impulse. The link between the electrophysiological
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variables v and w and -, is (CEG12):

fea(w) = % + %atan <Bc log (:; +le — 5))

)\C — fCa (C*) B 1
“ O fealer) =g
Y = ,y(x)nax )\Ca

(1 + foa(w))

and finally v; = vo—1. where: 8. = 6,co = 3.2x1le—1,¢* = le—1,9"* =
0.8.

A progress with respect to the State-of-the-Art requires a novel frame-
work which incorporates the modelling of biological cell-cell interactions
within a multi-field approach. Cardiomyocytes transfer tractions and
electic signals across their boundaries (CIY01), (MML12). Current prop-
agation of electrical impulse between cells is ruled by clusters of intercel-
lular proteic channels, namely gap junctions that are voltage and time-
dependent and can induce effects on the overall cellular dynamics.

Two myocytes i and j are assumed to occupy domains 2; and €;
in the reference configurations. §2; and 2; are separated by an internal
boundary I. Consider the normal and tangential displacement gaps at
the interface g; = (u; — u;) - e, and gj ; = (u; — u;) - ¢; and the cor-
responding g7, = —g'; and g}, = —g; ;, where {e,, e;} is a local frame
associated to I'. The following mixed boundary conditions at the inter-
face are assumed:

PN;; +T;; =0

3 T on I, (6.1.1)
P.Ni’j + Tj’i =0

where T = T; ; = —T; ; is the cohesive traction. Decomposing the trac-

tion on the local frame {e,,e;} we have T = T"e,, + T"e; The normal
component of traction is:

€975 if gi'; <0
n
TP =} Tomaz < 9i,j > , ifo<gr <1, (6.1.2)
In,mazx
0, ifg'; >1
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and the tangential component of traction is:

¢

g. . n
T!, = —ptanh ( CZJ) ted) (6.1.3)
The electric variables solution respectively of the left and right problem
are v;, w; and v;,w;. The following Robin mixed boundary conditions
are assumed (CIYO01):

Daav +D"(v; —vj) =0
g{}] on TI. (6.1.4)
Danj,z +D"(vj —vi) =0

The phenomenological constitutive law for the diffusivity across the bound-
ary D" is given by:

1 1
D} = a1 +az (1 Tea—advi; 1+ e—ag+ a4Avi,j> (6.1.5)
and a; = 0.2225,a2 = 0.8, a3 = 5, a4 = 4.25 and Av; ; = |v; — vj].

A Structure-Structure interaction solution strategy is adopted to solve
this problem. From the numerical viewpoint this leads to the definition
of two variational problems, one for each structure, describing the cou-
pled electro-mechanical problem for the singular cell. At the interface be-
tween cells are assumed mixed Robin boundary conditions for electrical
voltage and mechanical transduction. In Fig. |48|is shown the evolution
of the deformed domains and of the electric potential v passing from the
left to the right myocyte.
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Figure 48: Evolution of the deformed domains €; and €2, ad of the trans-
membrane potential v for different times ¢t = 342,¢ = 486,t = 661.
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Appendix A

The expression of the matrices entering the discretized weak forms (3.3.4)

and (3.3.5) are:

(M Jarv =/ pPy @, dV (A.0.1a)
R.
0P, 09,
[Ke"larok Z/ CIJKLaibidV (A.0.1b)
R. xy, 0x g
0]
(K& Tabic :/ (I)aﬁdKL&dV (A.0.1¢)
Re Oz,
{Fe'tar = / t7®,dA (A.0.1d)
OR.
(M) = / pc®y @, dV (A.0.1e)
R.
0P, 0P
Pap= | k5—d A01f
(K" lab . 836L8113LV (A.0.1f)
P
[Cbia = —/ TOﬁ5KLQCI)adV (A.0.1g)
R. oz,
{F}o = / q"P,dA (A.0.1h)
OR.

for1 < a,b< Nand1 < I,J,K < 3. The vector {f“} and {f?} in
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components read:
(A.0.2a)

Yo = - / L), (©)WagicdA

(U2h = [ ali) ©)¥.Aum4
< 2S5 and 1 < K < 3 where it is remarkable to note that

(A.0.2b)

for1 < b < <
[C9%] = —T,[K¥%|T. The expression of the matrices in (3.3.6) are
) = 1y [ | 1 (A039)
C1= 1P ;g ooy 1P (A03b)
[M] = [P]" [Moém] 8} [P] (A.0.3¢)
{F.} = [P)" G?:D (A.0.3d)
(A.0.3¢)

w1 ()

The matrices entering the discretized weak form related to moisture dif-

fusion have the following expression:
(A.0.4a)

|

oV, 0V
e ab o 8%[ 81}1
[Au]u = / U, W,dA (A.0.4b)
Se
The components of the tangent operator in Eq.(3.4.9) are
U n+1
{O{f }al] [ tJ\I/aAanKdA:| =
NUelor | (1 Ui (k)
0, 1 (A.0.5)
—/ VeAcrpk [ } WoAaprdA
S. UL (xy
u n+1 n+1
L I
8{66}1) (k) O Se (k)
o (A.0.6)
- ] VoAapkdA

— U, M
/sﬁ e {a<@> *)
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0 n+1 n+1
[g{ée }a] = [@8/ q\I’dAdadA] =
{Ock] b s (k) (A.0.7)

n+1
q
\Ijk’Mkb |::| \I/dAdadA
/se 9(O) ] ()

and
1" T o m
[a{Ue}“Lm - [Ubf /S qudAdadA] W (A.0.8)
by 171 0.
[, s [anULn](k) Yidaudd
where
K1 (t,(0))x1 0 0
oty
_ 0 Ka(t, () (A.0.92)
8[[ULH} 0 ’ 0 X Ks(t, <@>)X3] !
[ Oty 0
et ] = 5 it @D (A.090)
[ 0q | [[Us]]
o) = (-5 (105
0
Jq 0
_ (A.0.9d)
_3[[ULH} _ _1
ko (1 6§> (©) x3

xr1 (1 < I < 3)being the characteristic function such that x; = x{(jv,]1e.,}-
[M]ap for (1 <a < S(e),1 <b<25(e)) is the mean operator comput-
ing the average temperature across the EVA layer, i.e.:

[Me]ap©p = (Op) . (A.0.10)
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