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Chapter 1

Introduction

In this study we report on the research that has been performed in developing a finite element
model (FEM) for optical rewritable recording. We will start by giving some background informa-
tion on optical rewritable recording. Then, a brief overview of the contents of this document is
presented.

1.1 Optical rewritable recording

In optical rewritable recording, a disk consists of various layers. The actual recording of data,
stored as an array of amorphous regions in a crystalline background, takes place in a specific layer
of the recording stack. This layer consists of a so-called phase-change material. The amorphous
regions, called marks, are created as a result of very short high intensity pulses of a laser beam that
is focused on this active layer. The light energy of the laser is transformed into heat, which locally
causes the phase-change material to melt. As soon as the laser is switched off, the molten material
solidifies. At the same time, recrystallization occurs in those regions where the temperature is
below the melting temperature, but still above the recrystallization temperature. Since the cooling
down is very rapid (quenching), almost no recrystallization occurs within the molten region, and
thus a solid amorphous region is formed. The same laser beam, but at a lower power level, can
be used in a similar way to fully recrystallize the amorphous regions. The recorded data is then
erased.

To ensure that the optical system knows its exact location on the disk at all time, a rewritable
disk contains a concentric, outwards spiraling groove. Modulations in the refracted light, as a
result of the grooves, are processed to position the optical head (tracking). In radial direction,
a periodic 'land and groove’ structure can thus be discerned. For a Blu-ray recording stack, a
typical configuration is depicted in Figure 1.1.

Although much is understood about the concept of optical rewritable recording, many open
questions remain. In order to gain better inside in for instance the influence of polarization
and wavelength of the incident light or the geometry and composition of the stack on the shape
and position of a mark, robust (numerical) modeling is essential. As a result, the occurrence of
unwanted effects, such as cross-track cross-talk, can be minimized.

1.2 Mark formation modeling

In this report we will focus on modeling the melting phase of the mark formation process. In
contrast to earlier work [3], this requires the contribution of latent heat to be taken into account
in the computation of the temperature distribution in the optical recording disk. Latent heat is
the amount of heat that is required to produce a phase transition.

The mark formation can be described as a moving boundary problem. Or more precisely, a
two-phase Stefan problem, see Chapter 2. A variety of numerical techniques can be found in the
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Figure 1.1: Sketch of a typical recording stack for a Blu-ray disk.

literature that can be used to solve such Stefan problems. An elaborate overview of these methods
is presented by Brusche [2]. The author concludes that the most suitable numerical approach to
solve this particular Stefan problem is an enthalpy method.

Each of the enthalpy based methods discussed in [2] is applicable to domains containing a
single material which (partly) solidifies/melts, such as the phase-change layer of a rewritable disk.
However, in case of a multi-layered stack we are also interested in the temperature distribution
outside the phase-change layer. This extra requirement severely limits the choice of a suitable
method.

In Sections 3.2 and 3.3, two enthalpy methods to solve the two-phase Stefan problem are
discussed in more detail: the nonlinear Elliott-Ockendon SOR scheme and the relaxed linearized
pseudo-Newton method by Nedjar (see [2]). In addition to these enthalpy approaches, in Section
4.1 a temperature based technique is introduced, adopted from Fachinotti et al., in which the
temperature is the single dependent variable.

1.3 Mesh refinement

Clearly, a refinement of the computational grid (in both space and time) is one of the most obvious
ways to increase the accuracy of the numerically approximated solution. Since globally refining
the spatial mesh is highly unfavorable with respect to computational performance and system
requirements, a local refinement strategy is desirable. In particular, one would prefer to refine
the mesh in a neighborhood of the moving interface, because in regions away from the moving
boundary only small fluctuations in the gradient of the solution are to be expected (i.e., the
solution is relatively smooth). Of course, controlling the time step size is of great importance as
well.

In Chapter 5 we present an adaptive local mesh refinement procedure which has been developed
in order to improve the efficiency and accuracy of the mark formation model. The implementation
of the code will be discussed in detail.

1.4 Numerical results

In Chapter 6 first a comparison is made between the methods of Nedjar and Fachinotti et al. Of
special interest are the differences with respect to the quality of the solution (accuracy/wiggles)
and performance (computational time/number of iterations).



1.4 Numerical results

Then, we will focus on the Fachinotti method and present some results for selected test problems
with and without a source term. In conclusion, results are presented for the application of the
adaptive local grid refinement.



Chapter 2

Problem description

The melting of a phase-change material is a complex process. Material specific properties, such
as the latent heat, greatly influence the melting behavior. Therefore, some assumptions are made
with respect to several physical aspects of the melting process. First of all, it is assumed that
the melting of the phase-change material occurs at a melting point T,,, rather than along a
melting trajectory. In this way, the shape and size of mark are simply determined by the (sharp)
moving interface between the solid and liquid state of the (crystalline) phase-change material.
Furthermore, the density p, latent heat L, heat capacity ¢, and conductivity x are taken to be
constant per phase. When needed, a subscript s or [ is used to distinct between the solid and
liquid state, respectively.

2.1 The Stefan problem

Because the position of the moving interface evolves in time, depending on the heat distribution,
the melting process is modeled as a moving boundary problem. For an arbitrary domain 2 C R"
with fixed outer boundary §Q2 and moving boundary I'(¢), leading to two sub-domains 2, and
such that Q = Q, U, and Q, N Q; = 0, the two-phase Stefan problem is given by:

oT (x,t)

e T ks AT (z,t) + g, t) Ve € Q5,,t >0 (2.1a)

pLv, = [Hs,l%} , T(x,t)=Tn for x =T(t),t >0 (2.1b)
n

T(z,0) = Ti(x) Ve € Qg (2.1c)

where n denotes the unit normal vector on the moving interface pointing from the solid domain

into the liquid domain, and v,, is the velocity of the moving interface, together with one or more

of the following boundary conditions on the complementary parts 2;,7 = 1,2, 3 of the fixed outer
3

boundary 62 = J;_; 0€:

1. A Dirichlet condition on 6;:

T = Ty(x). (2:2)
2. A Neumann condition on 6§2s: 5
T _
Ksip (@) = q(x), (2.3)

where g(x) is a given normal heat flux.

3. A radiation-type boundary condition on §{23:

ms,lg—i(:n) =a(T), (2.4)

where @(T) is a function of temperature.



2.2 Two approaches to the Stefan problem

At ¢t = 0 the whole domain is taken to be solid. By [¢] we denote the jump in ¢ defined as:

91 = chm%(t) 9(@.1) - .’Blnll(t) 9(@1)- (25)
TeQ,(t) e (t)

2.2 Two approaches to the Stefan problem

Two fixed grid approaches to solve the Stefan problem given above can be distinguished: the
enthalpy formulation and the temperature formulation. Under the above-mentioned assumptions,
the enthalpy H(T) can be defined as:

pcs(T — T, T<Ty,
H(T) = (2.6)
pa(T —Ty) + pL, T>T,

In the enthalpy formulation the enthalpy H is treated as a second dependent variable besides the
temperature 7. Using relation (2.6), the heat conduction equation (2.1a) and the Stefan condition
(2.1b) are replaced by the well-known enthalpy equation:

OH(T

—8(t ) _ ks AT = q. (2.7)
In the temperature formulation, instead of separating the domain in a liquid and solid part, as via
definition (2.6), the enthalpy is written according to its formal definition: as the sum of sensible
and latent heat:

H(T) — Hsensible +Hlatent — PCs,l(T— Tm) +PL,fl(T)7 (28)

where f;(T) denotes the liquid volume fraction, which in case of isothermal phase-change is equal
to the Heavyside step function H(T — T},,). Definition (2.8) leads to the classical Fourier heat
conduction equation, but with an additional term for the latent heat contribution:

oT af B
PCs,lE + PLE — ks AT = gq. (2.9)

Here, the time derivative of the liquid volume fraction is to be interpreted in the weak sense.



Chapter 3

The enthalpy approach

In this chapter we will discuss two numerical methods for solving the Stefan problem (2.1a-2.1c)
that use the enthalpy approach, described in Section 2.2. An SOR scheme, modified for nonlinear
systems, is discussed in Section 3.2 and a pseudo-Newton scheme is derived in Section 3.3.

3.1 The Kirchoff transformation

A well known transformation in the literature on enthalpy problems, is the Kirchoff transformation.
The main reason for applying this transformation, is that it eliminates the nonlinearity in the
diffusion term. As such, in particular when an implicit scheme is used, a gain in efficiency can be
obtained, due to faster convergence of the employed iterative scheme. Alexiades and Solomon [1],
Chapter 4.3, even emphasize that, specifically when the conductivities of the phases are unequal,
and when they are functions of the temperature only and not of position, the Kirchoff method
should be used.
The normalized Kirchoff transformed temperature is defined as

T
ks(T)dr T < Ty,

A S
T := /K(T)dT =T (3.1)
T J ks(r)dr T < Tp,.

Tm

For constant ks, k;, we have

T=10 T="T,, . (3.2)

The corresponding enthalpy is )
. pesT T<0
H =< *s R (3.3)
T>0

3.2 Nonlinear SOR

Application of the standard Galerkin FEM to the enthalpy equation (2.7), in combination with
one or more of the boundary conditions (2.2)-(2.4), leads to an equivalent system of (nonlinear)
equations. In matrix-vector notation this system is given by:

H -



3.2 Nonlinear SOR

where M is the mass matrix and S is the stiffness matrix.
In case Euler backward is applied for the time integration, with a time step size At, the fully
discretized system at time level m 4+ 1 is given by:

ﬁm-i—l _ ﬁm
J Y ——

N + STmH = gt (3.5)

Remark that, for simplicity, the time-dependency of the stiffness matrix, which is not constant
because the position of the moving interface determines the value of the diffusivity « for each node
at each time level, has been omitted. The mass matrix is always constant, since the conductivity
¢ is contained in the enthalpy.

If we let M be the lumped version of the mass matrix M, D the diagonal of the stiffness matrix
S, and S a matrix containing the off-diagonals of S, (3.5) can be rewritten as:

A" 4 AL DT = AtV g — AtM ST+ (3.6)
or - ~
H™ 4 2T = g, (3.7)
where
Z=AtM~'D,
z=AtM'q™tt — AtM ST L H™, (3.9)

By denoting the iteration number with the superscript (p) this system of equations can be reduced
to (Gauss-Seidel):
+1 +1 :
HPY 4z, =00 =1 (3.10)

The Elliott-Ockendon SOR iteration process is then given by, see [4]:

(P)

1. Compute Z; and z;

2. Compute Tj(pﬂ) from (3.10), using definition (3.3) for the enthalpy:

2" ()
= (p+1) Pt S
TP = o 0< 2" <pL, (3.11)
()
i —PL o (p)
ez 4 2 rL

3. Set Tj(pﬂ) = Tj(p) + w[Tj(pH) - Tj(p)] (Over-relaxation).
4. Set

f(pt+l) e p(e+1)  a(p)
TJ_(PJrl):{Tj #7;7 I >0, (3.12)

T_(ZDJrl) if T_(PJrl) X T(P) <0
J J i =
that is, only over-relax the nodes that have not just changed phase.
5. If a convergence criterion, say ||Tj(p+1) — Tj(p)H < tolerance, is satisfied, then set T/"*' =

(p+1) m+1 _ _(p) L pmAl
Tj and Hj = z; -7 Tj .

3.2.1 Method evaluation

With respect to applying the above technique to obtain the temperature distribution in a multi-
layered geometry, the following theoretical and practical difficulties arise:
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1. In Example 2 of Section 4.3.5 of [2] it is illustrated how in case of a 1D slab consisting of 2
layers, the enthalpy method can be applied. The key idea is to consider the interface between
the two layers as an ’interface’ that moves at zero speed. The enthalpy function is now not
only dependent on the temperature, but also on position. For the given 1D example, the
Ockendon-Elliott SOR method can quite easily be implemented. However, in case of 2D or
3D, it becomes increasingly more difficult (non-smooth edges, corners etc..).

2. The Ockendon-Elliott algorithm is nodal-point based. Especially in case of finite elements,
when in particular the enthalpy might be multi-valued in nodal points along the (free)
boundaries, it is not clear whether the method might break down or not.

3. The physical parameters and the source term are required in the solver. In a general finite
element package implementation, such as for instance SEPRAN [11], this is quite impractical.

4. There is no solid theoretical basis on which to choose the relaxation parameter w.

3.3 Pseudo-Newton method

In [8] it is described how the fully discretized system (3.5) can be solved using a pseudo-Newton
iterative procedure in terms of a temperature increment AT;. Before we explain how this technique
can be adapted to solve for the temperature distribution in a multi-layered domain, we will first
briefly repeat the three steps that form the key idea behind the proposed integration algorithm
by Nedjar [8]. We conclude this section with an evaluation of the presented method with respect
to the mark formation model.

3.3.1 Method description
First, introduce the reciprocal function 7 : R — R of (2.6), given by T = 7(H) and define

H;,, = H, + AH,, (3.13)
Ti+1 = Ti + ATZ'. (3.14)

Next, consider a linearization of the function 7(H):
or, rewritten in terms of the enthalpy update AH;:
- 1 - - -
AH, = ——— [ATi + (Ti - T(Hi))} . (3.16)
7'(Hy)

Here, 7/ denotes the derivative of 7 with respect to its argument. Unfortunately, this derivative
can be zero. This is resolved by approximating the fraction in equation (3.16) by a constant u
defined as:

1
B=———="7, (3.17)
max(7'(H;))
such that the relaxed enthalpy update becomes:
AH; = [ATi + (’I“ —~ T(fli))} : (3.18)

If we now define 1

At
then substitution of (3.13)-(3.15) and (3.18) into the discretized system (3.5) gives:

q=q™ + MH™, M=—M, (3.19)

M{ﬁ y [ATZ- n (T _T(ﬁi))}} +8(T; + AT,) = 4. (3.20)
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A rearrangement of terms finally leads to
(/J,M + S) ATZ =q- (/LM + S) Tz’ - M (I‘:IZ - MT(ﬁl)) . (321)

By rewriting the discretized heat conduction equation in terms of the temperature increment
AT; for those layers of a recording stack that do not contain a phase change material, it is possible
to build a system of equations for the multi-layer as a whole. This means, that any existing finite
element code for heat conduction problems in composite domains, can easily be extended to include
melting.

3.3.2 Method evaluation

At first glance, the Nedjar method appears to be an elegant solution method for our two-phase
Stefan problem. The implicit treatment of the moving interface, which is inherent to the enthalpy
approach, makes that the method can handle multiple separate fronts; and the merging and
breaking up of these interfaces. The change of phase can be isothermal or mushy. And of course,
we have a way of extending the method to problems on 3D multi-layered domains.

However, some critical remarks can be made:

e A difficulty arises in case two adjacent layers of a multi-layered configuration are active
layers (i.e., the materials might melt): the enthalpy is then likely to be double-valued on
the separating interface. Preferably, this is avoided. Therefore, in case of a multi-layer, the
assumption is made that the active layers are separated by at least one non-active layer
(i.e., no melting occurs). This works, because in the non-active layers it suffices to solve
the heat diffusion equation, since the temperature is the only dependent variable for these
layers. Although this assumption seems very limiting when general stack configurations are
considered, in practice it is not, since in existing recording stacks, two melting/recording
layers are always separated by at least one non-melting/recording layer.

e The evolution of the temperature in time, for a fixed point, shows ’stair-casing’. This
undesirable effect has been addressed in an earlier report by Brusche [4]. The staircasing
can be slightly reduced by increasing the number of elements. Of course, this might become
very impractical, in particular for 3D problems.

e Strong wiggles in the position of the moving interface are observed, even on fine meshes and
for small e.

e The choice of the relaxation parameter u as in (3.17) seems to be the most optimal choice,
see Nedjar [8] and References therein. However, as a results of the relaxation, the observed
convergence behavior is of course linear, and often many iterations are required to reach
convergence (with respect to the desired level of accuracy on the residual).



Chapter 4

The temperature approach

In the previous chapter we have looked at two enthalpy methods: an SOR scheme and a pseudo-
Newton approach. Unfortunately, each method turns out to have its own major disadvantages
with respect to our goal of finding a suitable method for solving the two-phase Stefan problem
(2.1a-2.1¢) in 3D multi-layered domains. For the SOR scheme, an extension to coupled domains
seems to be nontrivial, or might not even be possible. The extensibility to coupled domains can
be overcome by use of the pseudo-Newton approach, as proposed by Nedjar, but the number of
iterations per time step turned out to become impractically large.

First, we will give a brief description of the temperature based method of Fachinotti et al.
[7]. In particular we will focus on the concept of discontinuous integration, which is the key idea
behind this temperature approach. The numerical evaluation of the integrals that arise from the
FEM discretization of the temperature equation (2.9) is discussed in Section 4.2.

As a result of the inclusion of latent heat, via the liquid volume fraction f;(7'), equation (2.9)
is (highly) nonlinear. The corresponding discretized system is therefore solved using an iterative
method. In order to improve the convergence behavior of the iterative solver, a line search or
backtracking method is often needed. We will come back to this issue in Section 4.3.

Another complication related to the isothermal problem appears with the addition of an ex-
ternal source term. A practical remedy, namely the introduction of an artificial mushy region, is
addressed in Section 6.3.2.

In the concluding section a brief evaluation of the temperature method is presented.

4.1 Method description

In the temperature formulation, the conduction of heat is described by equation (2.9):

oT of B
PCs,lE + PLE — ks AT = gq. (4.1)

Application of the general Galerkin procedure, in which the temperature field is approximated by
T(x,t)~ Y ¢i(x)Ti(t), (4.2)
i=1

where ¢; is a (linear) basis shape function and T; is the nodal temperature, in combination with an
Euler backward time discretization, yields the following discretized system of (nonlinear) equations
(at time level m 4 1):

Terl _ Tm N Lerl _ Lm
At At

Note that, when compared to the enthalpy approach, both the mass matrix as well as the stiffness
matrix are now time-dependent (conductivity ¢ is now included in the mass matrix; diffusivity s
is included in the stiffness matrix).

+ gmtpmAl = gmtl, (4.3)
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The matrix and vector entries for the above system are given by (boundary conditions have
been omitted):

Mij = pC(bi(bde, (44)
/
S = [ Voi- (nvsy)a0 (45)
Q
/
¢ = | ¢iqdfd. (4.7)
/

The distinct feature of the temperature based approach is the use of discontinuous integration
in space. The key idea behind discontinuous integration, as for instance described by Fachinotti
et al. [7], is that for elements intersected by the moving interface, the integrals (4.4-4.7) are not
computed over an element as a whole at once, using for instance an averaged value for the physical
parameters, but are instead computed over the liquid and solid subdomains separately. See Figure
4.2 for an illustration.

For problems without an external source term, an accurate evaluation of the discrete balance
equation (4.3) is assured, because no regularization of the integrand is required [8]. However,
depending on the shape and magnitude of the external source, difficulties with respect to the
convergence of the iterative method will arise, if the considered problem is taken to be isothermal.
In particular, in case the latent heat is relatively large, some elements will take on values that
are (nearly) equal to the melting temperature, for several consecutive time steps. Often, the
appearance of these so-called plateau leads to a breakdown of the employed numerical method.
A practical solution to this problem is the introduction of an artificial mushy region. In Section
6.3.2 the problem of dealing with a plateau will be discussed in more detail.

4.2 Numerical integration

Fachinotti et al. were not the first to apply discontinuous integration. But, as opposed to for
instance Crivelli et al. [6], who applied a Gauss quadrature rule, Fachinotti et al. present an
analytical integration technique. Fachinotti and coauthors prefer this analytical approach over
the use of Gauss quadrature numerical integration, because ”neither extra mapping is required
nor summation over sample points.”

However, despite of what is stated by Fachinotti et al., we believe that the use of Newton-
Cotes numerical integration rules is a more practical choice, simply because only a (weighted)
summation over sample points is required. Besides, the proposed analytical method by Fachinotti
et al. requires several matrix-vector/matrix-matrix products and matrix inversions, which can be
computationally costly.

The general form of an integration rule for the integration of an integrand Ind(z) over an
element e is given by:

/Ind(z)dm = iwklnd(:rk), (4.8)

A k=1

in which r is the number of support points of the integration rule, the wy, are the weights (preferably
wg > 0), and xy, the support points.

For simplices, i.e. line segments in R!, triangles in R? and tetrahedra in R3, see Figure 4.1, the
Newton-Cotes formulas for the exact integration of a constant or linear function f over a simplex
e, are as follows:
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ESIRS
1
S s (1D)
Tok=1
Ao| S
2205 f) (D)
k=1
Aal
) (3D)
Tok=1
(4.9)
1 X1
where Al—det< >,
1 X9
1
1 o1 . il Y1 zl
Ag=det| 1 x2 w2 |,and Az =det 2 Y2 22 (4.10)
1 a3 s 1 23 ys 23
1 24 ysa 24

In case f is quadratic, e.g., the entries of the mass matrix, the Newton-Cotes formulas for exact
integration are:

B0 ) + )+ 4F ) (D)
.2 [éﬂxk — 1220 5™ famidpoints) (2)
. |@_!3|[ é f(x +4Zf x|

%_'3' [_ 3 f(vertices) +4 > f mldpomtS)} (3D)

(4.11)
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i quid . solid

Figure 4.2: For isothermal phase-change the intersection of simplices in 1D and 2D is almost
trivial.

Figure 4.3: In 3D, the intersection of a linear tetrahedron is either a triangle or a quadrilateral.

In case of 1D isothermal phase-change, an element intersected by the moving interface is always
subdivided into two line segments. Each segment is occupied by either one of two phases of the
material, see Figure 4.2. For each of these segments, the computation of the integrals (4.4)-(4.7)
by means of a Newton-Cotes rule, is almost trivial. One should only take care to insert the correct
values for the physical parameters.

As for 2D isothermal phase-change, a triangle can be intersected in three ways, all of which
are topologically equivalent. For an intersection as depicted in Figure 4.2, the discontinuous
integration of an integrand over the whole element is performed in two steps. First, the integral
over the liquid subtriangle is computed, using the appropriate physical parameters for the liquid
phase. Then, in order to evaluate the integral over the trapezium shaped solid region, we first
compute the integral over the whole triangle, as if the element were not intersected, and thereafter
subtract the integral part over the subtriangle. Alternatively, the trapezium shaped region can be
further subdivided into subtriangles, and the integrals evaluated on each separate subtriangle.

In 3D we are faced with a bit more of a challenge. First of all, the area of the intersection of
a tetrahedron can be either a triangle or a quadrilateral, see Figure 4.3. Furthermore, note that
both of these intersections can occur in such a way that different ’corners’ of the tetrahedron are
‘cut off’; each of which is topologically equivalent.

In order to compute the integrals over the liquid and the solid subdomains, it is of course
convenient to do so in the most efficient way. In case the intersection area is a triangle, the
tetrahedral domain is subdivided into a tetrahedron and a trapezoid. While an integral over the
tetrahedral subdomain is easily computed using the Newton-Cdétes integration rule, the evaluation
of the integral over the remainder is somewhat more complicated. One choice would be to subdivide
the remainder into three tetrahedra, compute the integral values over these tetrahedra and finally
add the contributions.
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A more elegant approach is of course to first compute the integral over the whole tetrahedron,
using the correct physical parameters corresponding to the phase of the remainder, and then to
evaluate and subtract the integral part over the tetrahedral subdomain.

When the area of the intersection is a quadrilateral, one has no other choice than to subdivide
each of the two trapezoidal subdomains into three tetrahedrals each and coherently adding the
subsequent integral terms.

In general, the use of integration rules with negative weights should be avoided, because as a
results of these weights, negative entries can appear in the element mass matrix. In addition, it
should be noted that some caution is required in case the total integral over an element is computed
by means of subtraction of the contributions over the subelements. For example, consider an
intersected element in 2D and assume that all integrals are evaluated using first order Newton-
Cotes (cf. (4.9), 2D). First, the element mass matrix for one phase, say, the solid phase, is
computed for the whole element, which results in a diagonal matrix. Next, the element mass
matrices are computed for the triangular subelement for both the solid and liquid parameters.
The resulting element mass matrices are full matrices, although the off-diagonal elements will be
relatively small with respect to the diagonal elements. Now, depending on the parameter values
corresponding to both phases, the subtraction of the element mass matrix for the solid phase from
the element mass matrix corresponding to the whole element, and the addition of the element
mass matrix for the liquid phase, can result in negative entries on the diagonal and off-diagonals
of the final element mass matrix. As a consequence, when the total mass matrix is no longer
positive definite, the discrete system (4.3) will become unstable.

4.3 Solving the nonlinear system

In the temperature formulation, the heat conduction equation (4.1) is highly nonlinear, due to
the addition of the latent heat term %. In practice, the solution to the corresponding discretized
system of equations (4.3) can be found by either using Picard iterations or by use of Newton-
Raphson. We will discuss both approaches.

Let us consider the residual form of the system of equations (4.3):

Terl _ Tm Lerl _ Lm

U (7™ = pmtt X, + AL + gmAtpmAl _gmtl =, (4.12)

Starting with an initial guess Tg”“ = T™, the subsequent approximations of the solution
Tim+1,i =1,2,... to (4.12), by means of Picard iterations, are computed via:

T = (T, (4.13)

Unfortunately, for our application, this basic iterative scheme hardly ever leads to convergence:
in most cases 'flip-flop’, in which the solution jumps between two different states, is observed. A
means of improving the convergence behavior is the use of weighted under-relaxation:

T T [RT) - T (4.14)

The problem here, is that we do not know any means of selecting an optimal value for w, other
than by trial-and-error. Furthermore, if a certain value of w improves convergence for one time
step, this does not automatically guarantee it will also improve the convergence for subsequent
time steps.

The nonlinear system (4.12) can also be solved by means of the well known Newton-Raphson
iterative scheme. The main advantage of this approach is that locally quadratic convergence
is assured, as soon as the norm of the difference between the numerical solution and the exact
solution is less than the radius of convergence.

For the ith iterate of the Newton-Raphson scheme we have:

T = T AT (4.15)
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where AT{T{l is the solution of the linear system

JEEOATI = —w (T, (4.16)
The Jacobian J is given by
ov 1 oL
m—+1\ _ m—+1 m—+1
JTET) = 57 = 73 (M + _8T) + 5L, (4.17)

The partial derivative of L with respect to the temperature T needs special attention. Following
the definition of L’ it is easily derived that

aLe OH(T —Tw) | .,
o7, —pL/ 5T, b;d92 (4.18)

Qi
= pL / S(T = T ich; dQ° (4.19)
Qi

It is shown in Fachinotti [7] that the integral (4.19) over Q¢ at the finite element level, can be
rewritten as an integral over the segment of the interface I'“* contained in element e;:

ip;
VT

pL / §(T — Tn)$ip;dQ% = pL / dre: (4.20)
Qei Teq

As with the Picard iterations, in practice, divergence of the Newton-Raphson scheme is often
observed when highly nonlinear problems are considered. In particular, this concerns problems
for which the latent heat is relatively large in comparison to the other physical parameters. The
reason for the non-convergence of the Newton-Raphson scheme, is that the computed Newton step
AT™ ! is too large.

A reasonable strategy to overcome this problem is to minimize the 2-norm of the residual

Y= T3 =0"0, (4.21)

since every solution to (4.12) minimizes (4.21). Note that the Newton step p = AT, is a descent
direction for :
p'Vy = (—J )T (")) = 0TV < 0. (4.22)

However, there may exist local minima of (4.21) that are no solutions to (4.12). The only remedy
then is to start with a different initial guess.

Because p is a descent direction, there exists an « such that z/;(TiT'fl—l-ozp) is reduced sufficiently.
When a satisfactory « is found, the temperature is updated as:

T = T AT (4.23)

Two questions now remain to be answered. What should be the criterion for accepting a step?
And how to determine a? Tt is certainly not sufficient to simply require that (77" ") < ¢(T;™ ).
First of all, ¢ could be decreasing too slowly relative to the step lengths. Secondly, one can have
a sequence where the step lengths are too small relative to the initial rate of decrease of .

The first problem is fixed by requiring that for 0 < A < 1:

(T S P(T) + AV (T = T (4.24)
= (T TY) + aAVY AT (4.25)
According to [10], A = 10~% is a good choice. The second problem can be fixed by requiring that

the rate of decrease of w(TimH) to be greater than some fraction § of the rate of decrease of
V(T
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If the above two conditions are not satisfied for the current Newton update ATZ-"_TJlrl, a very

practical procedure to determine «, taken from [10], is the following line search procedure.
Define
g(e) = ¢ (T + ap) (4.26)

so that
g'(a) =p" V. (4.27)

We start with ¢g(0) and ¢’(0) available (the initial guess). Recall that we only need to backtrack
when the full Newton step (e.i., « = 1), is not acceptable. We then also have g(1) at our disposal.
The idea now is to model g as a polynomial g in o and choose « such that it minimizes the model.
This « is found by setting §'(«) = 0 and then to solve for a.
In [10] g(c) is modeled as a quadratic polynomial §(a) = aa? + ba + ¢ for the first step of the
line search:
gla) = [g(1) — g(0) = ¢'(0)]a* + ¢'(0)a + g(0), (4.28)

where a, b and ¢ are easily determined using the known values of g(1), g(0) and ¢’(0). A minimum
is found when ")
g
oa=— . 4.29
20y(1) — 9(0) ~ g 0] (29
On second and subsequent backtracks, g(«) is modeled as a cubic polynomial in . Here, the
previous value g(a7) and the second most recent value g(ag) are used:

gla) = aa® +ba? + ¢'(0)a + g(0). (4.30)

Requiring this expression to give the correct values of g at a; and ag leads to two equations that
can be solved for the coefficients a and b:

{ a ] 1 [ /a2  —1/a} } . { g(a1) = g'(0)ar —g(0) | (4.31)

b | Q1] — Q2 —012/0‘% 041/015 9(042) - 9/(0)042 —-9(0)

For the cubic model (4.30) the minimum is at:

_ —b++/b? —3ag'(0)
a= o . (4.32)

It can be shown that, since the Newton step failed, a < a; for small A. Besides, we need to
guard against too small a value of . It is thus advisable to require that at most ami, = 0.1a;.

One could ask oneself whether the use of a cubic polynomial approximation is really necessary.
We therefore propose the use of a quadratic model for all backtracking steps:

g(a) = aa® +ba +c, (4.33)

where a, b and ¢ are found using the known values of g(a1), g(az) and ¢'(az) and are given by:

a = [g(ar) = g(az) +g'(a2) (a2 — a1)] /(a2 — a1)?, (4.34)
b = ¢(a2)—2aas, (4.35)
c = glaz) — g (a)az + ans. (4.36)

The minimum for this quadratic form is found at
a=as —g'(az)/2a. (4.37)

For many problems it often even suffices to simply model g(«) as a linear function. Using only
g(aq) and ¢'(a1), g(a) can be defined as:

g(a) = glan) — ¢'(a1)en. (4.38)
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Instead of computing « from §’'(a1) = 0, which would make no sense, we solve for « from g(a) =0
to find:

a = a1 - glar)/g' (). (4.39)

Fachinotti et al. seem to take a slightly different approach to minimize the residual norm.
They determine the parameter a by requiring orthogonality between the residual vector \I/(Tim‘H)
and the search direction ATﬁ'{l, ie.,

G = [ATH T w(Trt) =o. (4.40)

For the first linesearch step, G* is approximated by a linear polynomial, while quadratic regression
is applied for the successive backtracking steps.

Nonetheless, (4.40) does not make much sense: if we wish to have ¥(7;"*!) = 0, then why
would it be any better to take the inner product with the search direction? Note that if we
multiply the residual by the Jacobian matrix, the following holds

AT T [R(TTHTI(T)] = (AT TV = g/ (a), (4.41)

which is exactly (4.27)! We therefore suspect that Fachinotti et al. made a mistake in their article!!

4.4 The addition of a source term to an isothermal problem

Most test cases found in the literature on Stefan problems consider moving fronts induced by
boundary conditions on the fixed boundaries of the computational domain. This restriction also
holds for the paper by Fachinotti et al. However, in optical rewritable recording, marks are formed
as a result of the absorption of the energy contained in the incident laser light. In other words,
our isothermal model for the mark formation process, introduced in Chapter 2, is governed by a
source term, not by boundary conditions on the fixed boundaries.

Besides, without loss of generality, it may be assumed that the amorphous mark is to be created
in a fully crystalline background. For our isothermal model, this implies that initially there exists
no moving boundary. Unfortunately, in practice the eventual creation of a new moving front can
lead to poor convergence of the Newton Raphson scheme. At first, a reduction of the time step
size can proof beneficial, but for increasingly larger values of the latent heat, a breakdown of the
iterative procedure is imminent.

To illustrate this problematic behavior of the numerical solution, let us consider a temperature
distribution at time level ¢ = t,, as sketched in Figure 4.5. The time step size is At = 1.
Now assume that at the next time instance, part of the numerical solution reaches the melting
temperature T,,, at which point the latent heat come into effect. At this stage, typically an
overshoot of one of the nodes is observed. Moreover, the number of Newton iterations increases
considerable and backtracking is used heavily.

Next, assume that we successfully acquired a solution at ¢ = t,,+1 (which in general is not even
guaranteed), but failed to obtained a solution at time level ¢, (within the specified maximum
number of Newton iterations). Further assume that a second attempt, this time using a time step
that is half the size of the original one, is successful. Most likely, the newly obtained solution
shows several overshoots and undershoots. With each consecutive attempt, as the time step is
contiguously reduced, the acquired solutions will oscillate between the two states shown in Figure
4.5. Not surprisingly, the amplitudes of the oscillations decrease with the reduction of the time
step size.

A reasonable explanation for the mentioned consistent divergence of the Newton scheme is that
for any feasible time step size, at some time level there does not exist a solution to the isothermal
problem within the discrete Galerkin subspace. If the instantaneous jump in the enthalpy becomes
too large, the isothermal model is thus no longer usable.

To counteract this impracticality, we propose the introduction of an artificial mushy region.
This regularization of the enthalpy allows the approximating solution to lie within a small band
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Figure 4.4: Enthalpy H as function of temperature T'. Isothermal (left) and mushy (right).

A 2 thes

T

T

Figure 4.5: The appearance of a new (source term induced) moving interface: evolution of the
numerical solution in time. Isothermal case. The numerical solution mainly oscillates between
two states; amplitudes decrease with the reduction of the time step size.

(the mushy region) around the melting temperature T,,. The bounds of the artificial mushy region
are determined by two values of the temperature, which we denote by Ty, and Tiiq, see Figure 4.4.
These bounds are determined via a parameter T as:

Tsol - Tm - TA, Tlliq = Tm + TA (442)

In general, a value of, say, 0.1% of the melting temperature, is sufficient to sustain good
convergence behavior of the Newton scheme, while at the same time the time step size can be kept
constant. Smaller values of Ta may require a few reductions of the time step size, although with
respect to the accuracy, the gain is minimal.

The effect of the artificial mushy region on the evolution in time of the temperature distribution,
taken from the previous example, is sketched in Figure 4.6. Note that, since the enthalpy is
regularized, it is also continuous. Therefore, the enthalpy can take on any value in the range of
the jump from 0 to pL. And thus, as can be seen from the figure, the artificial region allows for
minor oscillations of the numerical solution around the melting temperature.

The application and performance of the artificial mushy region will be further discussed in
Section 6.3.2. In particular, we will focus on the choice of the regularization parameter Ta.

4.5 Method evaluation

For a large variety of test problems, the above discussed temperature approach outperforms the

enthalpy methods. Computational costs seem to be less and, probably most importantly, the

moving interface is found to show hardly no wiggles and stair-casing is considerably reduced.
Nonetheless, a few issues should be addressed:

e Although the temperature method performs extremely well for relatively small values of the
latent heat L, the performance deteriorates when L becomes relatively large. This problem
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thia this

Figure 4.6: The appearance of a new (source term induced) moving interface: evolution of the
numerical solution in time. Mushy case. Only minor oscillations within the mushy band; no time
step size reduction.

can be (partly) remedied with the addition of a line search procedure to the Newton Raphson
solver. A good estimate of the parameter «, used to scale the Newton step, can be determined
using either linear, quadratic or cubic regression.

e The addition of an external source to the temperature formulation, in combination with
larger values for the latent heat, gives rise to plateau: temperature values of all the nodes
of one or more elements take on values that are (up to a very small tolerance, say O(107°))
equal to the melting temperature T;,, during several consecutive time steps. As a result, the
convergence of the Newton scheme is heavily affected, and the method often breaks down
completely. This complication can be resolved by introducing an artificial mushy region.



Chapter 5

Adaptive local mesh refinement

In this chapter several strategies considering adaptive local mesh refinement are discussed and
a refinement strategy is selected. In Section 5.4 the implementation of the preferred strategy is
described in detail.

5.1 Introduction

The accuracy of a finite element solution is affected by the total number and size of the elements
that are used. On finer grids, a higher level of accuracy can be expected than on coarse grids.
Globally refining an existing mesh, however, is very impractical. Computational time and storage
space can soon become huge, especially in 3D.

An obvious means of resolving this major drawback of global refinement is to limit the re-
finement to selected regions of the computational domain. Typically, these regions are appointed
based on a priori knowledge about particular characteristics of the solution or the geometry of
the domain. In case of Stefan problems, the estimated position of the moving boundary presents
a good indication of where to refine the mesh. Of course, as a result of the movement of the
interface, different regions can be assigned to be refined during a computation.

Ideally, a typical local refinement code has the following properties:

e Adaptive: an advancing interface or changes in geometry can be captured.

e Preserving: the quality of the mesh does not degrade during successive refinements.

e Efficient: the amount of refinement and the corresponding gain in accuracy are balanced.

e Practical: the construction of the refinement and the data structure used, are uncomplicated.

The refinement strategy and data structure discussed in this chapter have been developed as an
integral part of the Sepran [11] finite element package. Since the larger part of the information on
the structure of the mesh is available within the Sepran code, the data structure presented here is
specifically designed to facilitate the addition of the local adaptive mesh refinement to the Sepran
package. An important feature of our design is that the implementation of the data structure is
such that it is independent of the spatial dimension.

Although most of the principles of the local mesh refinement as described in this chapter are
generally applicable, some aspects specifically relate to Stefan problems, and solid-liquid transi-
tions in particular.

5.2 Basic terminology

Before discussing the local mesh refinement, it is convenient to first introduce some basic termi-
nology, which is used throughout the text.
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By refinement we mean the subdivision of an element into sub-elements. Our subdivision is
always the result of the division of at least one edge of the element into two new edges. A new node
is added at the intersection point of the divided edge. This node is always connected to either an
‘opposite’ vertex of the original element, or another added node. Hanging nodes, i.e., nodes that
are not a vertex of all sub-elements containing this node, are thus avoided. As such, a 1D line
element is always divided into two line elements, a 2D triangular element is at most subdivided into
4 subtriangles, and a 3D tetrahedral element is at most divided into 9 subtretrahedra. Throughout
this chapter it is assumed that an edge is always split up into two equally sized subedges.

If all of the subelements of an already refined element are refined as well, we say that the
initial element is refined twice, or put differently, that the level of refinement (LOR) of the initial
element is of the order two.

Two elements are called direct neighbors, in case they share at least one vertex. These elements
are said to be at ’distance’ 1. The ’distance’ between an element and a direct neighbor of a direct
neighbor of this element is equal to 2, etc.

The initial mesh, i.e., the mesh at the beginning of a computation at ¢ = 0, is called the basis
mesh. Elements of the basis mesh are referred to as basis elements.

In case of isothermal moving boundary problems, an element is called an intersected element,
when at least one of the vertices has a temperature value larger than the melting temperature
T,., and at least one node for which T' < T,,. If a mushy region is considered, the element
is an intersected element when at least one of the nodes has a temperature smaller than the
solidification temperature Ty, or the liquification temperature Tj;q, and at least one node for
which the temperature is larger. When the whole element is mushy (Tso1 < T' < Tiiq), it is also
considered to be intersected.

When an element of the basis mesh is appointed to be refined, the element is said to be marked
for refinement, or simply marked.

5.3 Local refinement strategies

Whenever a local refinement of a mesh is required, the first decision to be made is which elements
are to be refined. A generally accepted and commonly used criterion for element refinement
is based on a computed element wise error of the approximated solution with respect to some
reference solution. Those elements for which the error is larger than a given tolerance, are marked
to be refined.

However, in general this approach requires some error estimate based on theory or knowledge on
the exact (analytical) solution. For practical applications, such reference solutions generally do not
exist. An obvious alternative is to refine in a neighborhood where difficulties or inaccuracies can
be expected. A priori knowledge of these locations often exists, based on for instance properties of
the computational domain. One could think of composite geometries with discontinuous material
properties, or kinks. In particular, the position of the moving boundary, as for example in our
mark formation model, gives a very good indication of where mesh refinement can be beneficial.

A problem that arises when moving boundary problems are considered, is that the interface
displacement can be rather unpredictable. Although the interface velocity can be estimated, given
the governing equation and the values for the physical parameters, the merging and breaking up
of multiple fronts most likely gives rise to irregularities. An obvious cause of these difficulties lies
of course in the discontinuity of the derivative of the temperature across the moving interface.

In general, it is to be ensured that after one time step of the numerical scheme, the moving
interface always ends up in the same, or at most adjacent basis elements. This strict requirement
guarantees that the latent heat contribution is dealt with appropriately (in discrete sense). One
might consider this as a kind of Courant-Friedrich-Lewy criterion. Since the moving interface is
restricted to advance at most to adjacent elements, it follows that the minimal region to be marked
for refinement consists of the intersected elements, and their direct neighbors. The collection of
marked elements forms a so-called band of refinement. The width of this band of refinement,
an integer value referred to as the width of the refinement, is defined as the maximum minimal



5.3 Local refinement strategies

24

'distance’ between a marked (non-intersected) element and the intersected elements. For example,
in case only the direct neighbors of the intersected elements are marked for refinement, it has a
value of 1. If, in addition, the direct neighbors of these direct neighbors are also marked, then the
width of the refinement is equal to 2, etc.
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Figure 5.1: Graphical representation of seven means of assigning an LOR to marked elements
(bold elements). The central element is assumed to be intersected. The height of the bar on top
of each element indicates the assigned LOR (vertical axis).

Because of our CFL-like criterion, it can thus be concluded that the minimal width of the
refinement is equal to 1. The final width of the refinement depends on two choices. Firstly, the
maximum ’distance’ from the intersected elements at which elements are assigned the highest
LOR, must be selected. Secondly, in case more elements are to be refined, it should be decided
whether these basis elements are all refined at a lower, but constant, LOR, or that the assigned
LOR is gradually reduced depending on the ’distance’ from the intersected elements.

Figure 5.1 shows a 1D graphical representation of a variety of ways in which basis elements
can be assigned an LOR. If all elements are refined the same number of times as in option 1, say,
with a LOR of the order two or more, the transition from the refined grid to the coarse grid can be
quite abrupt. In particular when the band of refinement consists only of the intersected elements
and their direct neighbors, this choice could have a negative impact on the effectiveness of the
refinement. The same argument holds for options 2, 3 and 6.

It is also best avoided to assign the highest LOR to just the intersected elements, as in options
2 and 4. When the moving interface advances to adjacent elements, a loss of accuracy would be
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the result of the adjacent elements being coarser. This loss of accuracy can be easily avoided by
at least giving the directly neighboring elements the same LOR as the intersected elements.

In short, the fifth and seventh option are the most favorable. Of these two alternatives, option
5 seems to be the best choice, because it will lead to the least total number of elements in the
refined mesh.

Next, it has to be decided how to realize the actual refinement of the marked elements. Three
different refinement strategies can be employed:

S1 Refine each basis element the assigned number of times at once. Consider the basis elements
one at a time, sequentially.

S2 Perform a single refinement of all basis elements that need to be refined at least once. Next,
refine the subelements of the basis elements that are marked to be refined twice or more.
Repeat this procedure until all basis elements are refined the assigned number of times.

S3 Perform a single refinement of all basis elements that have the highest assigned LOR. Then
refine each element that has an LOR that is one smaller. Continue this process until all
marked basis elements are refined as intended.

To make these refinement strategies more illustrative, let us look at a 2D example. Consider a
segment of a basis mesh consisting of four elements, as shown in Figure 5.2. For simplicity, let us
assume that element 3 has been marked to be refined twice and the adjacent elements 2 and 4 are
marked to be refined once.

basis nesh first refinenent step

second refinement step

Figure 5.2: Refinement strategy S1. Elements are refined successively. Subdivided elements that
are created to avoid hanging nodes inherit the LOR of the original basis element.

Remark that as a result of the refinement of some of the basis elements, neighboring elements
need to be subdivided, even when they are not marked for refinement, in order to avoid hanging
nodes. The way in which these hanging nodes are avoided can have a major effect on the final
mesh. Let us consider the first refinement strategy. In case the hanging nodes are corrected for in
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basi s nesh first refinement step

second refinenent step third refinenent step

Figure 5.3: Refinement strategy S1. Elements are refined successively. Subdivided elements that
are created to avoid hanging nodes are removed. Refinement proceeds from the associated basis
element onward.

adjacent elements each time a basis element is refined to the appointed LOR, the quality of the
resulting mesh deteriorates considerably, as is shown in Figure 5.2.

A better approach is to remove the subelements that are the result of previous corrections of
hanging nodes, then to refine the original basis element the required number of times, and finally
to deal with newly created hanging nodes, see Figure 5.3. Of course, this is very impractical with
respect to the implementation, because a lot of precise bookkeeping is required.

Therefore, it is advisable to choose either the second or third mesh refinement strategy, as shown
in Figure 5.4. Of these two options, strategy S2 is the best alternative. Firstly, the refinement
of the mesh changes the most gradually. Secondly, the total number of elements (and unknowns)
of the final mesh is the smallest. Furthermore, unnecessary interpolations during transitions from
one mesh to another are avoided, since all the nodes of refined basis elements with a low LOR are
always also nodes of subdivided basis elements with a higher LOR.

Finally, a decision has to be made on how to implement the transition from an existing locally
refined mesh to the next. Two basic approaches can be distinguished:

e First refine the elements that need further refining. Then coarsen those elements that are
assigned a lower LOR than before.

e Start from the basis mesh and refine the mesh employing refinement strategy S2 or S3.

Each of these approaches has been illustrated in Figure 5.5. As a starting mesh, a refined mesh
obtained using strategy S3 is considered (cf. Figure 5.4). It is assumed that for the mesh to be
created, element 2 has been marked to be refined twice and the adjacent elements 1 and 3 are
marked to be refined once. This could for instance occur when a moving interface advances from
element 3 to element 2.

From Figure 5.5 it immediately becomes clear that building a new locally refined mesh is best
done starting from the basis mesh. The number of elements, and thus the number of unknowns,
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second refinement

basi s nmesh first refinenent

basis nesh first refinenent second refinement

Figure 5.4: Refinement strategies S2 (top) and S3 (bottom). Refinement proceeds per LOR.
Subdivided elements that are created to avoid hanging nodes are removed. Refinement proceeds
from the associated basis element onward.

is less. Besides, no irregularly shaped elements appear, as a result of compensating for what
otherwise would have been hanging nodes. Furthermore, the mapping of data between meshes
becomes almost trivial.

Finally, it is important to stress that the coarseness of the basis mesh is restricted to be such
that the accuracy of the solution to a problem without latent heat is guaranteed on this mesh. If
not, there is no use in refining the mesh locally.

In conclusion, a practical strategy for locally refining a mesh has the following characteristics:

e Always construct the refined mesh from the basis mesh.
e Always refine the intersected basis elements and the direct neighbors (CFL-like condition).

e Mark the intersected basis elements and the direct neighbors to get the highest LOR. The
remaining marked elements get a lower LOR, which gradually reduces with the ’distance’ of
the elements from the intersected elements.

e Perform a single refinement of all basis elements that need to be refined at least once. Next,
refine the subelements of the basis elements that are marked to be refined twice or more.
Repeat this procedure until all basis elements are refined the assigned number of times.

5.4 Implementation of the local mesh refinement

In the previous section we have derived an optimal strategy for locally refining a mesh. In this
section, the implementation of this refinement strategy is discussed. The backbone of the local
refinement code is the so-called outer loop. The structure of the outer loop can be split up into
five parts:

1. initialization of the data structure
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2. solution of the governing equation for a single time step on the current (refined) mesh
3. if needed, construction of new refined mesh
4. if the mesh has been adapted, mapping of the data to the new mesh

5. if needed, adaptation of the time step size

Each step of the outer loop, except of course the initialization of the data structure, which is
only needed at the very beginning of a computation, is processed during each time level of the
numerical time integration process. Next, we will address steps 3 to 5 of the outer loop in more
detail. In pseudo-code, the structure of the outer loop is as follows:

Outer refinement IOOp [prenthrefine]

extract parameters from input [prenthrefrdin]

if (first time this routine is called) then
create and initialize auxiliary arrays [mshrefinit/prfillrefvec]
endif

do while (no convergence and not iterations > maxiter)
solve governing equation [prenthalphy]
if (no convergence) then
reset time and data to previous time level
modify time step size
endif
enddo

based on new solution, determine necessity of refinement, and mark elements [prsetrefine]

if (refinement necesarry) then
fill auxiliary arrays [mshrefupdatend]
construct new refined mesh [mshrefupdate]
endif

if (interface outside refinement) then
reset time and data to previous time level
possibly modify time step size
else
map data to new mesh [mshrefmapping]
update auxiliary arrays [prenthrefinel]
endif

5.4.1 Marking elements for refinement

When the numerical solution to the governing equation has been computed at the new time level
on a previously refined mesh, this solution is used to determine whether the old mesh should be
adapted, and if so, how. To this end, first an array update is created of which the length is equal
to the number of elements of the old mesh. If an element of the old mesh is intersected, the
corresponding entry in array update is set equal to ’1’, if it is not intersected, the entry is set equal
to ’0’, see Figure 5.6.

Next, an array refinenew is filled, of which the length is equal to the number of elements of the
basis mesh. At this stage, array refinenew has essentially the same functionality as array update,
but now for the basis mesh. If the old mesh is equal to the basis mesh then filling array refinenew
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back to basis mesh refine again
e e

and refine

Figure 5.5: Two ways of implementing the transition from one mesh to another. Top: first refine
and then coarsen. Bottom: rebuild mesh from basis mesh. The nodes indicated with a ’e’ are
common to all final meshes.

is trivial: refinew becomes an exact copy of array update. In case the old mesh differs from the
basis mesh, a auxiliary array called refmapold is used, which contains mapping information on how
the elements of the refined old mesh relate to those of the basis mesh. The addition ’old’ in the
name refmapold’ indicates that the array contains information concerning the old mesh. In the
same way, the addition 'new’ in the name refinenew indicates that the array contains information
with respect to the new mesh. For a detailed explanation of array refmap we refer to Section
5.4.3. If one or more elements of the old mesh, that are subelements of the same basis element,
are marked for refinement, the corresponding entry of array refinenew is also marked.
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Figure 5.6: Filling of the refinement vector. Entries of array update that correspond to an inter-
sected element of the old mesh are assigned a value of ’1’. Basis elements are marked for refinement
if at least one of its subelements is marked. The corresponding positions in array refinenew are
assigned a value LOR,,4,. Finally, neighboring elements are assigned LOR values in accordance
with the employed refinement strategy.
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Now that all basis elements that are intersected by the moving interface have been marked,
the band of refinement surrounding the intersected elements is created. First the entries of array
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refinenew that contain a ’1’ are replaced by a number equal to the desired LOR plus one. In this
way, the intersected elements can later be distinguished from the adjacent elements. The entries
of array refinenew that correspond to the direct neighbors are assigned a value equal to the LOR.
Next, the elements adjacent to these elements are given a lower LOR, which gradually reduces
with the ’distance’ of these elements from the intersected elements.

In pseudo-code, the marking of the elements proceeds as follows:

Marking of elements [prsetrefine]

fill array update [prfillrefvec]
fill array refinenew [prfillrefvec?2]

do (for each LOR)
mark neighboring elements
enddo

5.4.2 Construction of the refined mesh

Obviously, by far the most important part of the mesh refinement code considers the actual
construction of the refined mesh. This process consists of an outer loop over all LOR, and an
inner loop over all elements of the basis mesh. The outer loop is straightforward:

mesh construction outer loop [mshrefupdate]

start with basis mesh
create and initialize auxiliary arrays

do (for each LOR)
construct intermediate mesh [mshreflocalent]
enddo

finalize new mesh

At this point it is important to explain up to some degree of detail the way in which a mesh
is build up and stored in the Sepran finite element package [11]. To illustrate the construction
process of a mesh in Sepran, let us consider a 2D triangulation. Initially, one starts with a single
triangular element. This element is labeled to be element number ’1’, and the vertices and edges
are each assigned labels 1’ to ’3’. Information on the numbering of the vertices, edges and elements
is stored in separate arrays. In addition, information is stored on the connections between vertices
and edges, vertices and elements, and edges and elements.

When a second element is added, first a new node is added to the list of vertices. This node is
assigned the label ’4’. Then, two edges, numbered '5’ and ’6’ are added to the list of edges. Next,
element number ’2’ is added to the array of elements. Finally, the information on the connections
between the vertices, edges and elements is updated in accordance with new mesh. Each successive
element is added accordingly.

Let us return to the refinement of an existing mesh. As explained in Section 5.3, a refined
mesh is built up starting from the basis mesh. Then, for each LOR, the following procedure is
followed:

mesh construction inner 1oop [mshlocalent]

do (for each edge)
if (edge is intersected)
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mark edges to be subdivided
endif
enddo

do (for each element)
if (at least one edge is marked)
appoint required subdivision of element
endif
enddo

do (for each marked element)
remove old element
create new nodes
create new edges
add new elements [mshelemref]
fill auxiliary arrays

enddo

In short, the general idea behind the inner loop is thus to sequentially expand the basis mesh
by taking out basis elements that are to be refined, and adding the appropriate subelements to
the new mesh. The described procedure is best illustrated by means of an example. Consider a
basis mesh consisting of three elements as shown in Figure 5.7, and assume that element ’2’ is
marked to be refined once.

In this situation, the contents of the array in which the numbering of the elements is stored
is: ’1’, ’2” and ’3’. The vertices are numbered ’1’ to ’5’, and the edges are labeled '1’ to 7.
Since element 2’ is assumed to be refined, the edges '3’, 4’ and ’5’ are marked to be subdivided.
Because edge ’3’ is shared by elements 1’ and ’2’, element ’1’ is appointed to be subdivided into
two subelements. Elements "2’ is labeled to be divided into 4 subelements, since all its edges are
marked to be subdivided. For element '3’ the same argument for subdivision holds as for element
'1’, because of edge number ’4’.

Figure 5.7: Sketch of the refinement procedure. Basis element '2’ is to be refined once.
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During the refinement process, as illustrated in Figure 5.7, several auxiliary arrays are filled.
A new version of each of these arrays is created for each newly adapted mesh. A version of each
of these arrays associated with a previously refined mesh is always stored, since they are useful
for the mapping of the data or when the time level is reset to the previous time level.

Arrays intnodes and parentnodes are later used for the mapping of the data from the previous
mesh to the newly created mesh. Array refmap is used to fill array update, see Section 5.4.1, and
to fill array intnodes. The auxiliary arrays that are discussed here are:

e refmap: contains mapping information on how the elements of the new mesh relate to those
of the basis mesh.

e intnodes: contains for each basis element the node numbers of all the vertices that are added
during the subdivision, for all LOR. These added nodes are called internal nodes.

e parentnodes: contains for each added node, the node numbers of the end points of the edge
that this node was added on during the subdivision. These two end nodes are referred to as
parent nodes of the added node.

For each element of the refined mesh, array refmap contains two integer values. The first
integer is the number of the basis element, the parent element, of which this element of the refined
mesh is a subelement. The second number is the assigned LOR of the parent element. The total
length of array refmap is equal to two times the number of elements of the refined mesh.

If, for instance, a 1D refined mesh as sketched in Figure 5.8 is considered, then array refmap
has the following contents: 1,1 ]1,12,2(2,22,21]2,2]3,2] 3,2 etc.

i 7 12 8 13 3 14 9 15 f 16 10 17 f 11 ?4——+nodes
F'o'o @@@@@.@@@@@@' ® ' ® l«—elenents

—— )

< basis elenents

Figure 5.8: Example of a 1D refined mesh consisting of 5 basis elements.

By far the most difficult array to construct, is auxiliary array intnodes. The contents of array
intnodes consists of two parts. Let Npasis be the number of elements of the basis mesh. The first
Nyasis entries of array intnodes contain pointers to positions larger than Np,gs of the array, where
the numbers of the internal nodes for each basis element are stored. These node numbers per
basis element form the second part of array intnodes. Because the required LOR for each basis
element has been determined beforehand, the number of internal nodes per basis element to be
refined can easily be calculated. The number of internal nodes for each dimension and required
LOR is computed as follows:

e 2LOR _ 4 (1D)
o (2MOR 4 1) 4 (2MOR-1 1 1) -3 (2D)
o (2VOR 1) & (2NOR 1 9) & (2LOR 1 3) /6 — 4 (3D)

The number of internal nodes for the most relevant situations are shown in Table 5.1. The
length of array intnodes is thus equal to Npagis plus the total number of internal nodes. In the
second part of array intnodes, the node numbers of the internal nodes are stored in the order in
which the nodes are added to the new mesh. This ordering of the nodes numbers is particularly
important for the mapping of data from one mesh to another. Information concerning the parent
element, such as the assigned LOR, is obtained from array refmap.
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For the 1D refined mesh as shown in Figure 5.8, array intnodes has the following contents: 6,
7,10,13,16 || 7|8, 12, 13 | 9, 14, 15| 10, 16, 17 | 11. This array was constructed and filled as
follows. Assume that each basis element has been assigned a LOR: basis elements 1’ and ’5’ are
refined once, the other basis elements twice. The length of array intnodes is thus equal to 5 + 2*1
+ 3*3 = 16. The first five entries of array intnodes, the pointers to the starting positions of the
information for each basis element, can now be filled. Then, a loop over all elements that need
to be refined at least once is performed. This fills the first position in each segment of the array
corresponding to the various basis elements. After a second loop, this time over all elements that
have an LOR equal to 2, the remaining entries are filled.

Table 5.1: The number of internal nodes per dimension and LOR.

LOR: | 1|2 |3
1D 113 |7
2D 3|12 | 42
3D 6 | 31 | 161

The structure of array parentnodes is simple. Let npasis be the number of nodes of the basis
mesh. Then the first two positions of array parentnodes contain the node numbers of the parent
nodes of internal node number ny,,55+ 1, the third and fourth position of array parentnodes contain
the node numbers of the parent nodes of internal node number ny,sis + 2, etc. The length of array
parentnodes is therefore equal to two times the number of internal nodes. For the 1D refined mesh
as shown in Figure 5.8, array parentnodes has the following contents: 1,2 |2,3(3,4|4,5]|5,6
|2,818,3/3,9]9,4|4,10]10,5.

5.4.3 Mapping of the data vectors

The final step of the mesh refinement considers the mapping of the data vectors from the old
to the newly refined mesh. In case the temperature method is considered, a typical data vector
contains the temperature. The mapping takes advantage of the manner in which the refined mesh
is constructed. The most important aspect of course is the fact that each consecutive LOR further
refines the subelements that results from a previous refinement. In this way, a newly refined basis
element with a certain LOR always shares all its nodes with the same basis element at a previous
time level and with a higher LOR. If the newly refined element has a higher LOR than before, only
a few (linear) interpolations are needed. The mapping of the data has the following structure:

Mapping of data vectors [mshrefmapping]

do (for each node of the basis mesh)
make a one-on-one copy of the data
enddo

do (for each basis element)
if (LOR of old mesh >= LOR of new mesh)
do (for each common node unequal to those of the basis mesh)
make a one-on-one copy of the data
enddo
else
do (for each common node unequal to those of the basis mesh)
make a one-on-one copy of the data
enddo
do (for each remaining node of the new mesh)
do (for each LOR)
interpolate data
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enddo
enddo
endif
enddo

To illustrate the mapping procedure, consider the transition from an old refined mesh to a
newly refined mesh, as shown in Figure 5.9. In the first step of the mapping, data is copied for
nodes '1’ to 4’. These nodes are the vertices of the basis elements, and are therefore always part
of each mesh. The numbering of these nodes is also always the same. Next is the mapping of basis
element '1’. Because in the old mesh the LOR of this basis element is one order higher than that
of the new mesh, it suffices to simply perform a one-on-one mapping of the data of nodes ’5’ to
"7’ of the old mesh to the nodes ’6’, ’5’ and 7’ of the new mesh.

At this stage, it is really important to note that the numbering of the internal nodes in the
new mesh can be completely different from the numbering of the internal nodes of the old mesh,
even though it geometrically concerns the same nodes. This of course is a direct consequence of
the possible differences in the assigned LOR of each basis element for each mesh at each time
level. It only requires one basis element with a different LOR than before to completely alter the
order in which the added nodes are numbered. The essential link between the node numbers of
the internal nodes of the old and new mesh is obtained via arrays intnodesold and intnodesnew.

N ARERS

1 10 5 13 2
ol d nmesh

Figure 5.9: Transition from one mesh to another. Due to the way the meshes are constructed, the
number of nodes and the number of interpolations is minimal.

The mapping of the data to the internal nodes of the second basis element is slightly more
complicated. In the same way as for element ’1’, first the nodes are mapped that are contained in
both the new as well as the old mesh. In case of our example, this concerns nodes ’7’ to ’9’. Surely,
the possible difference in numbering between the two meshes, which follows from comparing the
corresponding entries in arrays intnodesold and intnodesnew, is taken into account.

Next, the remaining internal nodes of the newly refined second basis element are mapped by
means of (linear) interpolation. In order to determine the correct node numbers of the parent
nodes, array parentnodes is used. Some caution is advised, in particular when the difference in
LOR between the old and the new mesh is larger than one, because the order in which the nodes
are interpolated then becomes important. This is the reason why the node numbers of the internal
nodes are stored in sequence of increasing LOR in auxiliary array intnodes.

5.4.4 Adaptation of the time step size

The performance of both the numerical scheme and the local refinement code is affected by the
size of the time step. Clearly, the time step size should not be chosen too large, because this
can lead to instability of the numerical scheme (for instance in case an explicit time integration
method is used) or it could affect the capturing of physical phenomena. Setting the time step
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size to too small a value is mostly impractical and often unnecessary. Therefore, even though the
choice of the initial time step size is reasonable, it is important to include some means of time
step control into the code.

In case divergence of the iterative solver is detected, a sound approach is to attempt to solve
the governing equation again after the the time step size has been halved and the time level has
been reset to a previous time instance. Of course, one cannot halve the time step indefinitely.
Therefore, the maximum number of refinements is set to be equal to 16. If the time step has
become too small, the computation is terminated.

If the (initial) time step size is too large, a situation can arise in which (part of) the moving
interface has advanced to elements having a lower LOR than the elements that were previously
intersected. Inevitably, this results in a loss of information and thus reduces the accuracy of the
numerical solution. This so-called interface outside refinement problem is addressed next.

5.4.5 Interface outside refinement

At any given moment during a computation, a situation may arise in which the mesh, and possibly
the time step size, are to be adapted. If for instance the time step size is relatively large, a moving
interface might advance outside the band of refinement. Another possibility is that a new interface
is created due to a source term or a change in boundary conditions. In any of these circumstances,
proper actions need to be taken to limit any possible loss of accuracy.

Consider the solution to a moving boundary problem at time level ¢t = t,, on a refined grid
as shown in Figure 5.10a. The time step size is taken to be At. Next, the numerical solution at
time level t, 11 =t + At is computed on the given grid. In case the obtained solution at ¢ = t,,41
is such that the moving interface remained within the same basis element as before (and no new
interface has appeared), as shown in Figure 5.10b, neither the mesh nor the time step size need to
be modified. If the moving interface advances to a neighboring basis element which has an equal
LOR as the previously intersected basis element, a local re-meshing is sufficient (Figure 5.10c¢).
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Figure 5.10: Basic interface progression. (a) Initial interface position. (b) The moving interface
remains within the same basis element. (¢) The moving interface advances to a neighboring basis
element with equal LOR.

However, in any of the following three instances, illustrated in Figure 5.11, a more strategic
approach is required:

I the moving interface advances to a basis element which has a lower LOR than before (either
still within the band of refinement, or worse, outside the band of refinement)
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IT the moving interface remains in a basis element which has the same LOR as before, but a
new interface has appeared in a basis element with a lower LOR

ITT the moving interface advances to a basis element which has a lower LOR than before and a
new interface has appeared in a basis element with a lower LOR

Each of the above ’interface outside refinement’ situations can easily be detected. All that is
required is a comparison of the (at most) Npasis entries of the arrays refineold and refinenew. As
soon as an entry of array refinenew contains a value equal to LOR;,q4, + 1 (which indicates that
this particular basis element is now intersected by a moving interface, see Section 5.4.1), while
the corresponding entry in array refineold contains a lower value, the search is terminated, and a
‘interface outside refinement’ warning is given.

Although an ’interface outside refinement’ situation is easily detected, it is far from trivial to
determine whether its cause is an advancing or a newly created moving front. Indeed, a means of
keeping track of existing front positions, in combination with estimates of the front velocity field,
could probably be implemented. However, this will most likely be rather costly.

Another problem is that in either situation, preferably, different actions have to be taken. In
case of an existing front, a good strategy is to halve the time step size and then to retry to solve
the governing equation on the existing mesh, in order to keep the number of elements (and thus
the number of unknowns) limited. If a new front appears, there is no real need to modify the time
step size. But, in order to resolve the new interface position at the highest resolution possible, a
local re-meshing is required. Of course, in either case, the time level is to be reset to the previous
time instance.

At first glance, a reasonable strategy might seem to just perform both a re-meshing and a time
step size reduction, whenever an ’interface outside refinement’ situation is detected. In this way,
the level of accuracy is sustained, although at a fairly high price: an increase in both the number
of unknowns as well as the number of time steps to be taken.

Unfortunately, besides the increase in costs, there is another drawback to this strategy. For
instance, assume that due to a source term a new moving interface appears in a previously unrefined
mesh, see Figure 5.12. If we now proceed according to the above strategy, we reduce the time
step size, reset the time level to the previous time instance, perform a re-meshing and solve the
governing equation on the now locally refined mesh.

As a result of the higher resolution of the mesh, and the smaller time step size, it is not unlikely
that at this new time instance, we find a solution for which a front does not yet appear. Since
there no longer exists a moving front, it is then determined that a local mesh refinement is not
needed. The mesh is once more coarsened and the governing equation is again solved on the
coarsest grid. And so, once again a new front is detected, etc. In the worst case, this process of
repeatedly refining and coarsening might even cause the computation to be terminated because
the time step size is reduced too often.

Hypothetically, an appropriate remedy to this problem is to always maintain the local refine-
ment for at least two or three consecutive time steps and not to reduce the time step size. If during
these successive time steps new modifications to the mesh are required, the desired refinement can
be obtained by combining arrays refinenew and refineold. A modified array refinenew is then
constructed by setting each entry of the new array refinenew equal to the maximum value of the
old refinenew and the corresponding value of array refineold.

However, although in this example it is clear that we are dealing with a new interface and not
an advancing front, recall that in general this distinction is not easily made. The problem with
this remedy lies in the time step size, which is not reduced. If, for instance, we have a moving
front as sketched in Figure 5.12, that has advanced considerably within one time step, say, outside
the band of refinement, it definitely not suffices to simply perform a local refinement and not to
reduce the time step size. The reason is that in this way physical phenomena, such as the influence
of latent heat, are not properly captured.

At this point, it can be concluded that more information is needed in order to derive a generally
applicable strategy. Luckily, for our mark formation problem, this additional piece of information
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Figure 5.11: More complicated interface progression. (I) The moving interface advances to an
element A) within the band of refinement; B) outside the band of refinement. (IT)/(IIT) Besides
an advancing existing front, a new interface appears (for instance due to a source).

follows from a basic observation: whenever a moving interface skips one or more elements during
a single time step, this automatically means that these skipped elements have undergone a full
phase transition. That is, they either went from being fully solid to fully liquid, or vice versa.

Thus, one final array is added to the set of auxiliary arrays. This array, called phasenew or
phaseold, depending on which mesh it refers to, has a length equal to the number of elements of the
basis mesh Np,sis, and each of its entries is assigned an integer value corresponding to the phase
of the associated basis element. For instance, if a basis element is fully solid, the position in the
array is assigned a value of ’0’, if the element is fully liquid it contains the value ’1’. Otherwise,
its value is set to '2’. In order to detect whether at least one basis element skipped its phase
transition, all that is needed is a one-on-one comparison of the entries of arrays phasenew and
phaseold.

The general refinement strategy to deal with ’interface outside refinement’ situations (which is
also applicable to moving boundaries initiated by Dirichlet boundary conditions at ¢ = t), takes
on the following form:

Interface outside refinement procedure

solve governing equation on current grid

if ( basis element skipped phase transition ) then
reduce time step size
endif

if ( interface outside refinement ) then
if needed, combine refineold and refinenew
refine mesh
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Figure 5.12: Inefficient capturing of a source induced interface. (I) A moving interface is detected
att =t 1 = t,+ At (1) The time step size At is halved and the time level is reset to the previous
time instance ¢,,. The mesh is refined and the numerical solution is computed for ¢t = t,, 1 /5. (III)
Because no moving interface is detected, the mesh is coarsened and the numerical solution is
computed for t = t,,41.

endif

5.5 Conclusions

In this chapter a local refinement code has been described which is capable of accurately capturing
changes in the geometry or the displacements of a moving interface, while preserving the quality
of the basis mesh. The data structure developed, and the implementation of the local refinement
in the Sepran package, are both efficient and easily understood.

A good strategy for refining the mesh is to always start constructing the new mesh from the
basis mesh onward. The intersected elements, as well as the direct neighboring ones, are preferable
assigned the highest LOR, while the remaining elements are appointed an LOR which gradually
reduces with the distance from the intersected elements. The actual construction of the refined
mesh proceeds by first performing a single refinement of all basis elements that are assigned to be
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refined at least once, then to refine all elements that are appointed an LOR of at least two, etc.
In this way, the number of interpolations of the data field are kept at a minimum.

With respect to the basis mesh it is important that the coarseness is such that for a smooth
solution an acceptable accuracy is guaranteed. If not, there is no use in refining the mesh locally.

In case solving the governing equation fails within a given maximum number of iterations, a
new attempt can be made with a reduced time step size. Of course, the number of reductions of
the time step size is to be limited to a reasonable number of times. If for several successive time
steps the time step size is not reduced, it can be attempted to increase the time step size.

In order to ensure that physical phenomena are properly captured, it is always first checked
whether a basis element did not skip its phase transition. If an element indeed underwent a full
change of phase, the time step size is reduced. Whenever a moving interface advances to elements
that are assigned a LOR that is lower than LOR,,,4,, or when a new interface appears, an 'interface
outside refinement’ situation is created. In order to prevent unnecessary inaccuracies as a result
of interpolations, the mesh is locally refined. Finally, in case either an element skipped its phase
transition and/or an ’interface outside refinement’ situation has occurred, the time level is reset
to the previous time instance, and the governing equation is solved anew under the modified
conditions.



Chapter 6

Numerical results

In this chapter a selection of numerical results is presented. The main focus of Section 6.2 will be
on the differences in performance of the enthalpy and the temperature approach, which have been
discussed in Section 3.3 and Chapter 4, respectively. The remainder of this chapter concentrates
on the temperature approach. Of special interest are the inclusion of an artificial mushy region,
as introduced in Section 4.4, and the application of the local adaptive mesh refinement discussed
in Chapter 5.

6.1 Introduction

Throughout this chapter, the emphasis will be on the 'performance’ of certain numerical methods.
But before a judgment can be made on how well a method performs, it is worthwhile to define
the quantities on which to base our assessment.

Since the temperature T is the quantity of interest for our mark formation model, it is interest-
ing to know how accurate the numerical solution actually is. To this end, the numerical solution is
compared to a reference solution Tyef, which is either a known similarity solution or a numerically
obtained solution. The error in the approximated solution T'(z,t) is measured as

[ Tret = T'(x,t)|:
”Trcin

The type of norm that is used to measure the error is indicated by the subscript i. Both the 2-
norm (¢ = 2) and oco-norm (i = oo) will be considered. The optional second subscript j is used to
distinguish between either the temperature as a function of position (j = x) and the temperature
as function of time (j = t). Errors are always evaluated for ¢ = tepq.

Other interesting quantities include the total number of time taken to complete a computation,
the total number of (pseudo) Newton iterations, and the average number of iterations per time
step. In tables, the abbreviation 'av. #iters’ is used to indicate the average number of Newton
iterations. In case the time step size is adapted at least once during a computation, the total
number of time steps taken at the end of the computation is given within brackets.

Unless indicated otherwise, time is in seconds, and all temperatures are given in 103°C, except
for Section 6.2, where temperatures are given in °C'.

EI‘I‘(i[)j]) = x 100%. (61)

6.2 Comparison: Fachinotti vs Nedjar

The performance of the Nedjar method and the Fachinotti scheme has been evaluated using three
test cases. The first two test cases consider the melting of a 1D line segment, and are taken
from Chun and Park [5]. The third test problem considers the melting of a 2D square region,
which consists of a phase-change material, and is embedded on two sides by a second, non-melting
material.
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Since we are comparing two numerical methods that are essentially quite different, it is appro-
priate to first address the validity of the comparison.

6.2.1 Validity of the comparison

In the method of Nedjar we solve a linear system for the temperature update AT. In the Fachinotti
method, we solve a non-linear system for 7!, Both systems are solved iteratively, but the
stopping criterion for each is different. The Fachinotti method is said to have converged when
[U(T )] oo < €] ¥(T™)] 00, Where € is taken to be equal to 1075, The method of Nedjar is said
to have converged when ||AT; ||« < €, and corresponding results are presented in this section. The
reason for this choice of stopping criterion for the Nedjar method is that results for using absolute
criterion |AT}||c < €||ATp||o are found to be equal up to the third or higher significant digits.
However, slightly more iterations (and thus more time) are required.

Although the solution methods and their corresponding stopping criterion are essentially dif-
ferent, we believe that the comparison presented in this section is valid. The reason is that for the
given value of €, the computed errors with respect to the similarity solution, in both the 2-norm
and oo-norm, are of the same order of magnitude. This argument holds for the temperature as
function of time as well as position. In particular, it holds for the test case where the physical
parameters in for both phases are equal, most likely because the temperatures are of the order of
one. For the test case 'unequal’ the errors of the Fachinotti method are even less, for the given
tolerance €, which supports why the Fachinotti method is to be preferred.

The reason for choosing the co-norm for the measures used in the stopping criteria, is that
for melting problems in composite domains, this choice of norm ensures that the solution method
converges up to desired accuracy level, in those regions where the actual melting occurs. In
particular when these regions are small with respect to the computational domain, the use of the
2-norm would negatively affect the accuracy of the solution, because of too much averaging of the
erTor.

6.2.2 Test case 1: ’equal’

In this first 1D test problem, the thermal properties for the liquid and the solid phase are taken
to be constant, and equal for both phases. The diffusivity x = 2W/m°C, ¢ = 2.5 x 105J/kg°C
and density p = 1kg/m3. The latent heat L = 1 x 10%J/kg. The initial temperature at t =
0 of the whole domain is 2°C', the melting temperature T, = 0°C. On one end, a Dirichlet
boundary condition is imposed, T = —4°C', and on the other end we have the insulation condition
9T /0t = 0. The time step size is kept fixed at At = 21600s (6 hours) and the computation ends
at t = teng = 2.592.000s (30 days).

The computations for the original test case are performed on a spatial grid consisting of 100
elements, with Az = 0.1m. The temperature as a function of time for both methods is plotted
in Figure 6.1. Notice that the solution, as computed using the method by Nedjar, clearly shows
‘staircasing’, which is characteristic for enthalpy methods. The temperature method exhibits a
similar type of behavior.

Results with respect to a global refinement of the spatial grid are listed in Table 6.1. A benefit
of this test case, as well a test case 2, is the existence of a corresponding similarity solution [5],
which is used to estimate the errors in the approximated solution. The table clearly shows that
in general the error for the temperature as a function of time (Err( ;, evaluated at a fixed node
located at 2 = 0.3m) is about ten times larger (in both norms) than the error for the temperature
as a function of position (Err( ,)). In addition, the reduction of the errors is linear when the
spatial grid size is doubled, as expected. Also, note that for the Nedjar method for n = 400 too
low a value is found for the interface position z,,, as a result of wiggles.
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Table 6.1: Test case 1: ’equal’. The effect of a global refinement of the spatial grid. The ’exact’
position of the moving interface at ¢t = tenq is x,, = 0.587.

method n | time | av. #iters | x, | Errg, t) (Err(aes)) | Erroe (Brreg o)
Nedjar | 100 | 12 28 0.600 7 (25) 0.89 (2.2)
200 18 55 0.600 5.5 (13) 0.60 (2.0)
400 | 44 116 | 0.575 2.6 (8.0) 0.43 (1.8)
800 | 91 137 | 0.594 1.9 (3.1) 0. 22 (0.70)
Fachinotti | 100 | 10 3.2 0.601 81 (17) 3(17)
200 | 10 3.5 0.593 4.2 (7.1) 0. 67 (0.98)
400 | 13 4.0 0.589 2.2 (3.6) 0.38 (0.76)
800 | 18 4.6 0.587 1.3 (2.1) 0.15 (0.19)

6.2.3 Test case 2: ’unequal’

For the second 1D test case, the values of k and ¢ are taken to be constant, but different for
each phase. The thermal properties are: ks = 2.22W/m°C,k; = 0.556W/m°C,c, = 1.762 X
105J/kg°C,c; = 4.226 x 10°J/kg°C, L = 3.38 x 108J/kg, and p = ps = p; = lkg/m3. On the
whole domain the initial temperature is now 10°C, while the melting temperature is once more set
to be T}, = 0°C'. The temperature at the left boundary is kept at —20°C', the right end is again
insulated. Although tenq is also set to 30 days, a smaller time step size is taken: At = 2000s.

The results obtained for this second test case are listed in Table 6.2. In comparison to the
previous test problem, the overall performance of both methods is comparable. Remark that
for both test cases, it holds that the computational load, expressed by the average number of
(pseudo)-Newton iterations and the total computational time, for the Nedjar method scales with
the increase of the number of elements. For the temperature based method, the computational
load hardly increases when the mesh is globally refined.

An interesting observation can be made from Table 6.3, in which the performance of both
methods is compared for varying Stefan numbers St = ¢;(To — T, )/ L, where ¢; is the conductivity
of the liquid phase and Ty the ambient temperature. For problems for which the melting front
moves very rapidly, i.e., the Stefan number St ~ O(10%), the enthalpy based method seems to be
the method of choice. However, for the phase-change materials that are used in optical rewritable
recording, a Stefan number of O(1073) is commonly found. These problems can thus best be
resolved using the method of Fachinotti.

T (degrees Celsius) vs t (days) @ x = 0.3m

— analytical
—— Fachinotti
1.5H —+— Nedjar

0 5 10 15 20 25 T30

Figure 6.1: Test case 1: ’equal’. Difference between Nedjar and Fachinotti for the temperature as
function of time in a point £ = 0.3m. n = 100, e = 1076,
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Table 6.2: Test case 2: 'unequal’. The effect of a global refinement of the spatial grid. The ’exact’
position of the moving interface at ¢t = tenq is x,, = 0.742.

method n | time | av. #iters | xp, | Errgy (Brraes) | Errge) (BErres o)
Nedjar | 100 | 107 11 0.700 11 (30) 0.98 (2.1)
200 | 131 19 0.750 4.7 (18) 0.56 (2.0)
400 | 223 36 0.725 2.0 (9.4) 0.31 (1.4)
800 | 564 72 0.738 0.85 (5.3) 0.06 (0.64)
Fachinotti | 100 | 102 3.0 0.748 2.1 (6.0) 0.49 (1.4)
200 | 110 3.1 0.744 0.88 (3.2) 0.15 (0.39)
400 | 128 3.5 0.743 0.41 (1.6) 0.08 (0.25)
800 | 171 4.0 0.743 0.20 (0.75) 0.04 (0.19)

Table 6.3: Test case 2:

At = 2000, n = 800, tenq = 20 days.

‘unequal’. Performance with respect to Stefan number St, ¢ = 1073,

Stefan number St ~b5x107? [ ~5x1072 [ ~5x10° | =5 x 10?
total #Newton | Fachinotti 2322 2829 4957 6603
iterations Nedjar 78947 43045 14396 6271
total time Fachinotti 23 29 45 58
Nedjar 355 195 132 32

6.2.4 Test case 3: 2D corner’

The third test problem considers the melting of a square region, occupied by the same material as
that of test case 2: 'unequal’, which is on two sides enclosed by a non-melting material, see Figure
6.2. For the embedding material, p = 1 kg/m?, C = 1x10¢ J/kg°C, k = 0.5 W/m°C, L = 2x10*
J/kg and T, = 20 °C.

Table 6.4 shows that the computational demand of the Fachinotti method does not increase
as rapidly for smaller values of the tolerance € then that of the Nedjar method. This is caused by
the damping factor p in the pseudo Newton iteration process.

In Figure 6.3, contour levels are plotted of the temperature within the composite domain. The
figure illustrates the difference in the captured interface position. Although the moving interface,
represented by contour level 5, is very smooth when using the temperature approach, Nedjar

T=-20T
o)
T=-20C n=30
T(x,t=0) =10C
T=-20C

OT _ n=40

dn =0
5T ' T=-20% n=40 n=30
3T _,
on

Figure 6.2: Test case 3: "2D corner’. Initial and boundary conditions (left). Number of grid points
used (right).
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clearly shows oscillations.

Table 6.4: Test case 3: 2D corner’. Computational load for varying tolerance e: At = 2000, teng
= 20 days.

e=10"" e=10""* e=10""2
total #Newton | Fachinotti 3376 2599 1734
iterations Nedjar 88964 46020 10107
total time Fachinotti 208 166 116
Nedjar 2030 1093 266

6.2.5 Nedjar: Newton-Cotes vs Gauss rule

The results shown for the above test cases have all been obtained using first order Newton-Cotes
integration. As such, the plot of the solution for test case 'equal’, i.e., Figure 6.1, for the original
mesh size (n = 100), is found to be equal to results presented by, for instance, Chun and Park [5].
However, the solution obtained on the same grid using a 3-points Gauss rule, has quite a different
shape, see Figure 6.4.

Because of the observed difference, the computations for the various grid spacings have been
performed anew for test cases 1 and 2, using Gauss integration. The results obtained are listed in
Tables 6.5 and 6.6. When compared to the results that are found using Newton-Cotes integration,
i.e., Tables 6.1 and 6.2, it can be concluded that in general, the use of a Gauss rule is much
more costly: both the average number of iterations as well as the total time are (much) higher.
With respect to the level of accuracy, not much difference between both integration rules can be
discerned.

6.2.6 Conclusions

Based on the results, the temperature based method seems to be the method of choice for small
and medium range Stefan numbers. Not only can it easily be integrated into existing finite
element codes for conduction problems in composite domains, it also outperforms the enthalpy
based method with respect to accuracy, stability and computational load. For melting problems
with Stefan number of O(10%) or larger, the enthalpy method might be the better choice.

With respect to spatial integration, the use of first order Newton-Cotes is preferred over the
use of a 3-point Gauss rule.

~NOUTRWNR

Fachinotti Nedjar

Figure 6.3: Test case 3: 2D corner’. Fachinotti: no wiggles; Nedjar: wiggles. € = 1073, At = 2000,
tend = 20 days.
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T (degrees Celsius) vs t (days) @ x = 0.3m

2
—— analytical
v —+— Gauss
1.5¢ —— Newton-Cotes

Figure 6.4: Test case 1: ’equal’. Influence of the choice of integration rule for the Nedjar method
on the temperature as function of time in a point z = 0.3m. n = 100, ¢ = 1076,

Table 6.5: Test case 1: ’equal’. Gauss rule. The ’exact’ value of z,,, = 0.587.

n time | av. #iters | x, Errgy (BErree) | Errge (Erres o))
100 || 17 79 0.621 | 11 (18) 1.5 (1.9)

200 || 32 143 0.589 | 5.2 (8.6) 0.72 (1.2)

400 || 54 144 0.607 | 2.8 (6.5) 0.36 (0.69)

800 || 84 | 122 0.581 | 2.3 (4.4) 0.35 (1.4)

6.3 Temperature approach

This section is dedicated to the Fachinotti method. Numerical results will be discussed concerning
the introduction of an artificial mushy region and the application of adaptive local refinement of
the mesh.

6.3.1 Line search

In Section 4.3 it is explained how convergence of the Newton-Raphson method can be improved,
by means a line searching algorithm. Of particular interest is the order of the polynomial that
approximates the function g(«) as defined in (4.26), and which is used to determine the linesearch
parameter o.. In practice, the use of a linear polynomial sometimes leads to non-convergence of
the Newton scheme. No noticeable difference in performance can be discerned when using either
a cubic or quadratic polynomial. Since the cubic approximation is slightly more costly, the use of
a quadratic approximation polynomial is preferred.

Table 6.6: Test case 2: 'unequal’. Gauss rule. The ’exact’ value of x,, = 0.742.
n time | av. #iters | Erro g (BErroe) | Errge) (Errsq))
100 || 152 | 54 0.721 | 5.4 (15) 1.2 (2.7
200 || 244 | 80 0.682 | 2.4 (9.0) 0.22 (0
400 || 572 | 139 0.745 | 1.4 (8.5) 0.14 (0.
800 || 1831 | 264 0.737 | 1.0 (4.1) 0.16 (0
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Table 6.7: Definitions of the various source distributions and values for the position of the moving
interface and the maximum temperature.

short notation || actual function (A = 3.5 - 10?) Lo Tnax

exp2 Aexp (—32%/0?) 0.58890 | 1.96416
exp4 Aexp (—5a%/0?) 0.25950 | 1.38633
2exp4 Alexp (—3(z — 1)?/o") + exp (=3 (z + 1)?/0*)] | 0.51344 | 1.61716
const A X 2.22568

6.3.2 Artificial mushy region

Let us consider the performance of the Fachinotti method in case a source is added to the problem
formulation. Because the isothermal approach fails for this type of problems, an artificial mushy
region is introduced, see Section 4.4. A pivotal parameter in this, is the 'radius’ of the mushy zone
Ta. In this section, we will limit our study to 1D problems. The source functions that are used
in the experiments are listed in Table 6.7.

The physical parameters of the test problems considered are taken such that they resemble
the values used in simulations of the recording of a DVD[9]. The values for these parameters
are: ks = K = 0.006, ¢ = ¢ = 12.85, L = 6400 and T;,, = 620. (These values are scaled to
be used in the computer code, and therefore can differ from those in Reference [9]). At t = 0,
the whole domain [-1, 1] is at a temperature of 0 °C, thus solid, and the boundaries are taken
to be adiabatic. For this configuration, the reference solutions, corresponding to the four source
functions from Table 6.7, are plotted in Figure 6.5 at selected time instances between ¢ = 0 and
t = tena = 100.

In case of isothermal problems that are driven by a non-zero source term, the mushy parameter
T is preferable chosen such that the solution to the regularized problem resembles the isothermal
solution as much as possible. In order to get a good impression on how to choose Ta, a parameter
study has been performed, of which the results are listed in Table 6.8. In this table, as in future

1400

1200

1000

800

2500

2000

1500

1000

Figure 6.5: Source functions. (a) exp2, (b) exp4, (c) 2exp4, (d) const. (For definitions, see Table
6.7).
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Table 6.8: The effect of varying the mushy parameter Ta (in % of the melting temperature Ty;,).
At =1s, n =100, e = 107,

function || Ta time | av. #iters | z,, Errgq) (BErrse,q)) | Tmax
exp2 10 7.8 2.4 0.602 | 1.089 (1.92) 1.96018
0.1 83 | 4.7 0.595 | 0.120 (0.319) 1.96236
0.001 | 11 9.9 (102) 0.621 | 0.119 (0.342) 1.96242
exp4 10 7.8 2.7 0.263 | 0.739 (0.730) 1.37975
01 |84 |39 0.261 | 0.277 (0.264) 1.38267
0.001 | 85 | 4.9 0.261 | 0.277 (0.265) 1.38265
2exp4 10 7.9 2.8 0.518 | 0.416 (0.509) 1.61298
0.1 8.3 4.7 0.516 | 0.165 (0.229) 1.61520
0.001 | 10 7.4 0.516 | 0.165 (0.230) 1.61522
const 10 7.5 1.0 X 0 (0) 2.22568
0.1 7.5 1.2 X 0 (0) 2.22568
0.001 | 7.6 1.2 X 0 (0) 2.22568

Table 6.9: The effect of varying the

threshold parameter e. At = 1s, n = 100, Ta = 0.1% of T,.

function || € time | av. #iters | x, Erre ) (Err(se,s)) | Tmax
exp2 107* | 8.5 5.2 0.595 | 0.12 (0.32) 1.96236
1072 | 8.2 4.2 0.595 | 0.12 (0.32) 1.96234
1071 | 8.0 |32 0.596 | 0.20 (0.32) 1.96106
exp4 107* | 8.0 3.4 0.261 | 0.28 (0.26) 1.38267
1072 | 7.8 2.7 0.261 | 0.29 (0.28) 1.38246
1071 | 7.8 2.2 0.260 | 0.49 (0.44) 1.38031
2exp4 107* | 8.3 4.1 0.516 | 0.17 (0.23) 1.61520
1072 | 8.1 3.5 0.516 | 0.17 (0.24) 1.61521
1071 | 7.9 2.9 0.515 | 0.29 (0.33) 1.61403
const 10775 |12 X 0 (0) 2.22568
107275 |12 X 0 (0) 2.22568
10°1 |75 |12 X 0.05 (0.05) 2.22686

tables, x,, denotes the left most point at which the moving interface intersects the melting tem-
perature. For the ’exact’ values of z,, and the maximum temperature Tiax at t = tenq we refer
to Table 6.7.

An interesting observation that can be made from Table 6.8 is that the approximated solutions
are in general rather accurate (the errors are less than 1% in both norms). Furthermore, the mushy
parameter Ta can be taken surprisingly large, without much loss of accuracy. It seems that the
shape of the source function plays an important role in the performance of the method: in case
of multiple appearing fronts (2exp4) or functions with steep gradients near the front (exp2), the
performance of the temperature method is affected more for smaller values of Ta, than in case the
other source functions are applied. It can be concluded that Ta = 0.1% of T, is a save choice for
most problems.

In the previous test, the threshold parameter e, which is used in the stopping criterion for
the Newton scheme, has been kept exceptionally small (e = 107°). In Table 6.9 results are listed
on the performance for increasing values of e. The mushy parameter Ta is taken to be equal to
0.1% of T},. From the table it follows that for values of € smaller than 10~2, the gain in accuracy
becomes negligible. Therefore, a value of 1072 is a reasonable choice for parameter e.

In case both € and Ta are kept fixed, it is interesting to see how the performance is affected
when the spatial and the time grid are globally refined at the same. From Table 6.10 it can be
concluded that the reduction of the error of the approximated solution is linear with respect to
halving both the time step and the number of elements. As expected, the total amount of time
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Table 6.10: Fachinotti: the effect of varying the time step size At and number of elements n.
Ta = 0.1% of Ty, e = 1073,

function || At n time | av. #iters | x,, Errsy (Ertoos) | Timax
exp2 1 100 | 8.4 4.7 0.595 | 0.12 (0.32) 1.96236
0.5 | 200 | 18 4.0 0.590 | 0.05 (0.14) 1.96320
0.25 | 400 | 42 3.6 0.590 | 0.03 (0.10) 1.96367
exp4 1 100 | 7.9 3.1 0.261 | 0.28 (0.26) 1.38266
0.5 | 200 | 17 2.9 0.260 | 0.14 (0.15) 1.38450
0.25 | 400 | 39 3.0 0.260 | 0.06 (0.07) 1.38549
2exp4d 1 100 | 8.2 3.9 0.516 | 0.17 (0.23) 1.61519
0.5 | 200 | 18 3.8 0.515 | 0.09 (0.19) 1.61613
0.25 | 400 | 42 3.3 0.514 | 0.04 (0.05) 1.61664
const 1 100 | 7.6 1.2 X 0 (0) 2.22568
0.5 | 200 | 16 1.0 X 0 (0) 2.22568
0.25 | 400 | 34 1.1 X 0 (0) 2.22568

Table 6.11: Nedjar: the effect of varying the time step size At and number of elements n. € = 1073,
Gauss-rule.

function || At | n time | av. #iters | x, Erreq) (Err(se,s) | Tmax
exp2 1 100 | 11 31 0.638 | 0.12 (0.34) 1.96239
0.5 200 | 28 32 0.635 | 0.06 (0.15) 1.96323
0.25 | 400 | 69 25 0.631 | 0.04 (0.12) 1.96370
exp4 1 100 | 94 23 0.264 | 0.38 (0.84) 1.38265
0.5 200 | 23 24 0.262 | 0.16 (0.41) 1.38448
0.25 | 400 | 54 17 0.259 | 0.09 (0.26) 1.38542
2expd 1 100 | 9.9 25 0.516 | 0.16 (0.28) 1.61518
0.5 200 | 25 29 0.513 | 0.12 (0.42) 1.61613
0.25 | 400 | 58 22 0.515 | 0.06 (0.26) 1.61665
const 1 100 | 85 | 29 X 0 (0) 2.22568
0.5 200 | 20 37 X 0 (0) 2.22568
0.25 | 400 | 47 34 X 0 (0) 2.22568

required for the computation also scales accordingly. The average number of Newton iterations is
almost constant for each source function. The same effect on the performance is observed for the
Nedjar method, see Table 6.11. Not surprisingly, after our comparison made in Section 6.2, the
enthalpy approach shows to be computationally more demanding and less accurate.

One might wonder to what extent the latent heat affects the maximum value of the temper-
ature distribution when compared to the same problem, but with no latent heat. For the given
parameters, this difference appears to be of the order of 20%, see Table 6.12.

6.3.3 Adaptive local mesh refinement

The adaptive local mesh refinement code, discussed in Chapter 5 has been tested using test cases
1 and 2 from Section 6.2. The results can be found in Tables 6.13 and 6.14. The number of
elements of the basis mesh is taken to be n = 100. In the tables, the maximum LOR assigned
to the basis elements intersected by the moving interface is denoted by reflvl. Since n = 100 for
the basis mesh, reflul = 2 means that locally, the grid spacing is the same as for n = 400. The
maximum number of elements used during the computation is denoted by npyax-

Even though in some cases the total number of time steps taken slightly increases (as a result
of time step size reductions), there is a noticeable gain in computational time. Moreover, the
obtained accuracy in case of local refinement is almost identical to the level of accuracy acquired
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Table 6.12: Fachinotti: the difference in maximum temperature T,., for latent heat L = 6400
and L = 0. At =1s, n =100, Ta = 0.1% of T,,,, e = 1073.

function | Tiax (L = 6400) | Thax (L = 0) | difference
exp2 1.96236 2.40911 19 %
exp4 1.38266 1.71917 20 %
2exp4 1.61519 2.05155 21 %
const 2.22568 2.72374 18 %

T (degrees Celsius) vs t (days) @ x = 0.3m

—1.5H — analytical

—— n =100, refivl=3
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—— n =100, reflvl = 0
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Figure 6.6: Test case 1: ’equal’. The influence of the local adaptive mesh refinement for n = 100,
using the Fachinotti method. (a) T as a function of time (in days) at the point z = 0.3m , (b) T
as a function of position x (zoomed in) at time ¢ = teng-

when applying a global refinement.

Even more interesting is that an increase of the level of

refinement hardly affects the computational load. We refer to Figure 6.6 for an illustration of the

effect of the mesh refinement for a basis mesh of 100 elements and a reflvl of three.

Table 6.13: Test case 1: ’equal’. The effect of adaptive local mesh refinement. The ’exact’ value
of x,, = 0.587. The maximum number of elements used during the computation is denoted by
Nmax- Lhe bottom row shows the results in case it is not checked whether the moving interface
skips one or more elements during a single time step.

Nmax || Teflvl | time | av. #iters | z,, Errgy (Brres) | Errge (BErree.q))
100 || 0 96 |32 0.601 | 8.1 (17) 1.3 (1.7)
103 1 9.8 | 3.6 (123) | 0.593 | 4.2 (7.5) 0.74 (0.98)
11 || 2 10 | 41(127) | 058 | 2.2 (3.9) 0.54 (0.78)
129 |3 11 | 4.5 (131) | 0.587 | 1.4 (2.8) 0.20 (0.20)
(129 3 |10 |45 [0.587 | 1.6 (2.6) [0.22 (0.19)
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Table 6.14: Test case 2: 'unequal’. The effect of adaptively refining the mesh. The ’exact’ value
of x,, = 0.742. The maximum number of elements used during the computation is denoted by

nmax .

Nmax || Teflvl | time | av. #iters | z,, Errgy (Brres) | Errge (BErree.q))
100 0 102 3.0 0.748 | 2.1 (6.0) 0.49 (1.4)
103 || 1 103 | 3.1 0.744 | 0.91 (3.2) 0.19 (0.39)
11 || 2 105 | 3.5 0.743 | 0.42 (1.6) 0.14 (0.25)
129 || 3 108 | 4.1 0.743 | 0.21 (0.76) 0.10 (0.20)
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