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Abstract

Soft matter is a significant topic of modern research, since especially polymers and liquid
crystals are important in a wide range of technological applications. In this context, it is
essential to understand the thermodynamics of polymer solutions. In this work, we present and
validate new, efficient, thermodynamically consistent numerical schemes for the simulation of
phase separation of polymer-solvent mixtures. The proposed mathematical models are based
on a viscoelastic (non-Newtonian) phase-field model by Zhou, Zhang and E (Physical Review
E 73, 2006). 1t consists of the Cahn-Hilliard equation, describing the dynamics of a diffusive
interface separating polymer and solvent phase, and extended Oldroyd-B equations for the
complex hydrodynamics of a polymer solution. This macroscopic model is isothermal and
dissipates energy over time. Therefore, it is consistent with the second law of thermodynamics.
Further, it is the first thermodynamically consistent model which reproduces all essential
features of experimentally observed viscoelastic phase separation. The main goal of this
dissertation is to derive energy-stable numerical schemes for such a complex phase-field model,
which are both accurate and computationally efficient. Thus, the proposed schemes shall satisfy
the conservation of mass and preserve the thermodynamic consistency of the model equations
while suitably linearizing all nonlinear terms. To this end, several problem-specific time and
space discretizations will be proposed, and their properties will be discussed. Furthermore,
various numerical experiments will be conducted, including experimental convergence tests,
to verify the reliability of the proposed numerical schemes. Additionally, to investigate the
quality of our numerical solutions describing the physics of viscoelastic phase separation,
we perform a comparison to computationally vastly more expensive simulation results of a
thoroughly validated mesoscopic model describing the same physical problem. The latter is
realized through our collaboration with the Max Planck Institute for Polymer Research in
Mainz.






Kurzfassung

Weiche Materie ist ein wichtiges Thema moderner Forschung, denn insbesondere Polymere und
Flussigkristalle sind fiir vielfaltige technologische Anwendungen von Bedeutung. In diesem
Zusammenhang ist es essenziell die Thermodynamik von Polymerlésungen zu verstehen. In
dieser Arbeit prasentieren und validieren wir neue, effiziente, thermodynamisch konsistente
numerische Verfahren zur Simulation von Phasenseparation von Polymer-Lésungsmittel-
Gemischen. Die vorgeschlagenen mathematischen Modelle basieren auf einem viskoelasti-
schen (nichtnewtonschen) Phasenfeldmodell von Zhou, Zhang und E (Physical Review E 73,
2006). Dieses besteht aus der Cahn-Hilliard-Gleichung, welche die Dynamik einer diffusi-
ven Grenzflache zwischen Polymer- und Losungsmittelphase beschreibt, und erweiterten
Oldroyd-B-Gleichungen fiir die komplexe Hydrodynamik von Polymerldsungen. Dieses ma-
kroskopische Modell ist isotherm und gibt Energie tiber die Zeit ab. Daher steht es im Einklang
mit dem zweiten Hauptsatz der Thermodynamik. Aufierdem ist es das erste thermodynamisch
konsistente Modell, welches alle wesentlichen, experimentell beobachteten Merkmale der
viskoelastischen Phasenseparation reproduziert. Das primére Ziel dieser Dissertation ist die
Herleitung von energiestabilen numerischen Verfahren fiir solch ein komplexes Phasenfeld-
modell, welche sowohl akkurat als auch recheneffizient sind. Die vorgeschlagenen Verfahren
sollen folglich die Massenerhaltung und die thermodynamische Konsistenz der Modellglei-
chungen bewahren, wahrend sie alle nichtlinearen Terme geeignet linearisieren. Zu diesem
Zweck werden einige problemspezifische Zeit- und Ortsdiskretisierungen vorgeschlagen und
ihre Eigenschaften diskutiert. Dariiber hinaus werden verschiedene numerische Simulatio-
nen durchgefiihrt, einschlieflich experimenteller Konvergenztests, um die Verlasslichkeit
der vorgeschlagenen numerischen Verfahren zu verifizieren. Zuséatzlich, um zu untersuchen,
wie gut unsere numerischen Losungen die Physik der viskoelastischen Phasenseparation
beschreiben, fithren wir einen Vergleich mit rechentechnisch wesentlich aufwéndigeren Si-
mulationsergebnissen eines griindlich validierten mesoskopischen Modells durch, welches
dasselbe physikalische Problem beschreibt. Letzteres wird durch unsere Zusammenarbeit mit
dem Max-Planck-Institut fiir Polymerforschung in Mainz realisiert.
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Introduction

Phase separation in binary fluids is a fundamental process in condensed-matter physics. For
Newtonian fluids, the phenomenon of spinodal decomposition is reasonably well understood
in terms of the so-called model H, see, e.g., Hohenberg and Halperin, Onuki, Bray [10, 44,
63]. Here, the hydrodynamic equations of motion for mass and momentum conservation
are coupled to an advection-diffusion equation for the concentration. The thermodynamic
behavior of the concentration, or in general the volume fraction ¢, gives rise to a driving
force and is described by a free energy functional E(¢), see the original paper by Cahn and
Hilliard [15] or, e.g., Gurtin, Abels, Depner and Garcke [1, 41]. A major part of this energy
originates from a double-well potential that represents the tendency of a system to have two
different stable phases. There are two common choices here, the Flory-Huggins potential [32,
46], which is based on the thermodynamics of polymer solutions, and the Ginzburg-Landau
potential [35]. In the special case of diffuse interface phase-field models, the interface between
two phases is a thin layer of finite thickness, across which ¢ varies continuously. This diffusive
interface generates the other major part of the free energy. A big advantage of such models is
that interfaces are defined implicitly and do not need to be tracked.

The physics — and therefore, also the mathematics and numerics — becomes more involved
if (at least) one component is a macromolecular compound. In this case, the large molecular
relaxation time gives rise to a dynamic coupling between intramolecular processes and the
demixing on experimentally relevant time scales, with interesting new phenomena, for which
the term viscoelastic phase separation has been coined. Here, the construction of physically
sound dynamic equations with suitable constitutive relations to describe the viscoelasticity is
already a challenge in itself. Helfand and Fredrickson [43] made a first attempt in this direction,
followed by further investigations by, e.g., Onuki, Doi, Milner, Tanaka and Araki [58, 60, 62,
68, 69]. However, their proposed models do either not reproduce all the essential features
of viscoelastic phase separation observed experimentally or can not be shown to obey the
second law of thermodynamics. Therefore, Zhou, Zhang and E [74] provided a modified set of
the equations by Tanaka and Araki [68, 69], which satisfies both.

The essential features of viscoelastic phase separation observed experimentally read, ac-
cording to Tanaka [68]:

« the existence of a frozen period, which is an incubation time for nucleation of the solvent

holes,
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Figure 1.1: A phase separation process observed with phase-contrast microscopy. The polymer
solution consists of 6.78% (percentage by mass) polystyrene and diethyl malonate.
The time shown in the figure is the elapsed time after the homogeneous mixture
is rapidly cooled to 9.3 °C, which is below the upper critical temperature of 16.5
°C for the phase separation of this solution. Republished with permission of IOP
Publishing Ltd, from Journal of Physics: Condensed Matter, Institute of Physics
(Great Britain), volume 12, issue 15, 2000; permission conveyed through Copyright
Clearance Center, Inc.

« the volume shrinking of the polymer-rich phase,
« the resulting formation of a networklike structure, and finally,

« the phase inversion caused by relaxation of the pattern dominated by the elastic energy
to that dominated by interfacial tension.

These essential features are visible in observations from lab experiments from Tanaka [68],
see Figures 1.1 and 1.2.

According to the second law of thermodynamics, the change in free energy of a process with
constant temperature and volume must be non-positive. And in fact, the above-mentioned
models are all isothermal, since they use double-well potentials based on a fixed temperature.
Therefore, the total energy of these models has to satisfy

d

dr Etotal <0

at all times t € [0, c0) to fulfill the second law of thermodynamics and thus, to be thermody-
namically consistent. Note that the case of energy conservation, i.e., %Etotal = 0, typically
arises at the end of a phase separation process. Assuming a fixed temperature in the dynamic

equations reflects the experimental situation, where usually a polymer solution being in one



Figure 1.2: Another phase separation process observed with phase-contrast microscopy. The
mixture consists of 20% (percentage by mass) polystyrene and polyvinyl methyl
ether. The time shown in the figure is the elapsed time after the temperature
jump. Republished with permission of IOP Publishing Ltd, from Journal of Physics:
Condensed Matter, Institute of Physics (Great Britain), volume 12, issue 15, 2000;
permission conveyed through Copyright Clearance Center, Inc.

thermodynamic phase is cooled (or heated) to a fixed temperature below the upper critical
temperature (or above the lower critical temperature) in order to separate into two phases.

In order to describe the dynamics of a complex polymer-solvent mixture, Zhou et al. [74]
couple the Cahn-Hilliard equation for the phase-field evolution with an extended Oldroyd-
B model, which consist of the momentum equations for the velocity field, the continuity
equation, and the rheological equations for time evolution of the elastic shear stress tensor
and the elastic bulk stress. This model is thermodynamically consistent because it is derived
through the variational principle as a minimizer of a total free energy. The authors also present
simulation results, which confirm the capabilities of the model to reproduce all the essential
features of viscoelastic phase separation mentioned above. These simulation results are based
on a space discretization by finite volumes and a purely explicit solver in time. However,
this explicit solver introduces positive terms to the time derivative of the free energy on a
discrete level. Thus, the thermodynamic consistency of the model equations is not necessarily
conserved.

A main part of this thesis is devoted to the development of more suitable runtime-efficient
numerical schemes to solve the viscoelastic phase-field model by Zhou et al. [74]. Here, more
suitable means that the schemes carry forward the significant thermodynamic consistency
of the model equations. This task has already been tackled by us in a preliminary fashion
in Lukacova-Medvidova, Diinweg, Strasser and Tretyakov [56] and in more detail in Strasser,
Tierra, Diinweg and Lukacova-Medvidova [67]. Therefore, parts of this thesis, which will be
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indicated, are based on these publications.

In the literature, one can already find several numerical methods that have been used for
the numerical approximation of the diffuse interface phase-field model by Cahn and Hilliard,
see, e. g., [16, 37, 48, 53, 71] and the references therein. Typically for diffuse interface models,
the interfacial region separating the two fluids is very narrow. Thus, a high spatial resolution
is required to accurately capture the interface dynamics. Additionally, in order to conserve the
thermodynamic consistency and to reduce time step restrictions, an at least partially implicit
time discretization is necessary.

There are also numerous analytical as well as numerical results available in the literature
for the Oldroyd-B model, see, e. g., [5, 28, 31, 57]. The main challenges in this field are to
obtain a stable approximate numerical solution for large Weissenberg numbers and for rapidly
changing velocities. The dimensionless Weissenberg number represents elastic effects; it
is large when the molecular relaxation time is comparable to the time scale of the flow, or
even exceeds it significantly. In the present work, we consider the non-critical regime of
Weissenberg numbers and only small velocity changes naturally caused by the demixing
process.

Even though the system by Zhou et al. [74] reproduces all the essential features of viscoelas-
tic phase separation and is thermodynamically consistent, a fully satisfactory macroscopic
solution of the problem is probably still missing. For this reason, we carefully investigate how
well our numerical solutions to this system describes the physics, i.a. by comparing it with and
linking it to results of computer experiments that are based upon a mesoscopic (coarse-grained
molecular dynamics) model, that can be considered as physically sound beyond a reasonable
doubt. Note that the latter naturally requires vastly more computational effort.

This thesis is organized as follows. We begin by introducing the notation and essential iden-
tities in Chapter 2. In Chapter 3, we present several mathematical models for two component
phase-fields and discuss their thermodynamic consistency. The most challenging one being
the model for polymer-solvent mixtures by Zhou et al. [74], consisting of the Cahn-Hilliard
equation for the phase-field dynamics and the extended Oldroyd-B equations for the viscoelas-
tic hydrodynamics. We also consider a simplification, modeling only the phase-field dynamics
of a polymer-solvent mixture without any hydrodynamic effects. Chapter 4 is devoted to
problem-specific numerical methods for the above-mentioned models. We introduce schemes
with truncation errors of first and second order in space and time that are linear and thermody-
namically consistent. Starting with suitable semi-discretizations in time for the Cahn-Hilliard
equation, with special attention being paid to the double-well potentials beforehand, before
successively moving forward up to the most challenging model. For this aim we use implicit,
explicit and implicit-explicit (IMEX) Euler methods, the Crank-Nicolson method, the two-step
Adams-Bashforth method and some Taylor approximations. Most considered models are
highly coupled and demand an at least partially implicit discretization. Therefore, the coupled
nature of the model gets easily carried forward to its discretization. Since we focus on linear
and thus efficient schemes, we also introduce splitting methods in order to decouple the
calculations as far as possible and thereby save even more computational effort. Thereafter, we
derive finite difference and finite volume space discretizations for two and three dimensions
and present some full discretizations. Numerical experiments discussed in Chapter 5 confirm



the schemes robustness and reliability to simulate (viscoelastic) phase separation and include
parameter and experimental order of convergence studies, as well as comparisons with results
from the aforementioned coarse-grained molecular dynamics simulations. Finally, Chapter 6
provides our conclusion and a brief outlook.



Preliminaries

This chapter provides some useful preliminaries needed for the upcoming introduction and
analysis of (viscoelastic) two-fluid models and their successive numerical discretization. We
start with the notation and recall the integration by parts rules and some estimates and
equalities for symmetric positive matrices used throughout the thesis afterwards.

Notation

Let d € {2,3} denote the space dimension and let = (x, ..., x;)7 € R be a column vector.
Let ¢ and q be scalar-valued functions, u = (uy, ..., ug)" and v = (vy, ...,v;)" be vector-valued
functions and C = {C;;}, D = {D;;},i, j = 1, ...,d, be tensor-valued (or matrix-valued) functions.
Then, we use the following notation in which i, j,k =1, ...,d

I ou; aC;
V)=, UDTE VO = ——,
( (P) ax; ( u)] an ( )}k axk
d d
ou; aC;;
Viu= ) —, v-C)=)y —
“ i—1 8x,- ( ) g ox
d d 2 d 2
(p aui acl]
ih o Au); = - AC);; = ,
Z ox? (Aur) ~ Jx? (A, Z_: ox?
= j=1 k=1
d d
'u,-’v:z uv;, CZD:ZCijDij’
im1 ij=1
d d d
¢ ov; oC;;
u'v = i, u-vvl: 4—’ u.vcl_ _‘1
(o= Do () Z oy (O = Y
(u ®v);; = u;, (u® C)ijr = wCj .

The above introduced inner product (or dot product)

d
u-v= Zuivi
i=1



induces the Euclidean norm
d 1/2
lu| = (u-w)/? = (Zuz) ~
i=1

Further, C7,trC and det C denote the transpose, the trace and the determinant of tensor C,
respectively. The Frobenius inner product (or double dot product) introduced above holds

d
C : D= ) C;D;=t(CD")=tr(C"D)
ij=1
and induces the Frobenius norm
d 1/2
/
Cl=(C: €)= (Z Cé) = ((cch) ™.
ij=1

Let Q € R be a bounded domain with the (piecewise) Lipschitz continuous boundary 9. We
denote by L*(Q2) the Lebesgue space of all measurable functions whose second powers are
Lebesgue-integrable in Q. Then, we can introduce the associated L*-norm

1/2
) = ( / uf da:) |
Q

Green’s first identity

Let us assume ¢ and u are continuously differentiable, e; is the i-th standard basis vector for
i=1,..,d and n € R?is the outer normal vector. Then, integration by parts reads

d du;
/ui—(p da:z/ ui(pei-ndS—/—uq)dx. (2.1)
o 0x 90 Q 9x;

Summing over i yields the higher dimensional integration by parts formula

/u-Vrpdm:/(pu-ndS—/q}V-udw. (2.2)
Q 90 Q

Assuming q is twice continuously differentiable, the case w = Vq is known as Green’s first
identity
/Vq-V(pdw:/gqu-ndS—/(pAqdw. (2.3)
Q 90 Q

Symmetric positive definite matrices

The following lemma and its proof are based on an analogous version by Mizerova [61].
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Lemma 2.1. (Jacobi’s formula)
Any symmetric positive definite matrix function C(t) € R, which is continuously differentiable
forallt € K C R, holds

dC _ _,dcC d d
O : C™! <C " > = atrlnC = alndetC, (2.4)

where the matrix logarithm is defined as follows.

Let C = QAQT be an eigendecomposition into the orthogonal matrix Q, consisting column by
column of the eigenvectors of C, and the diagonal matrix A, having the eigenvalues A;,i = 1, ...,d,
of C on its diagonal. Then,

InC=QInAQ",

where In A is still diagonal with the logarithm of each entry of A on its diagonal.

Proof. The first equality of (2.4) holds due to the symmetry of C.
Let us decompose C' into

C=QAQ",

where the orthogonal matrix Q and the diagonal matrix A are continuously differentiable.

Then, we have the following derivatives
dC Q dA dQ’

T AQ" + Q—QT"'QAF,

dinC _ (anAQT) _dQ . _dlnA Q"
dt dt dIAQthQQIAd

Since Q" Q = I and since the trace is linear and invariant under cyclic permutations, it holds

wC ( nAQ" Q) <Q lenA>+tr<lnAEQ>

ar
T
—tr <1nA [QTd—? + LQTQD dlnA —tr (lnAM> s lnd

dt dt

Thus,

tr (C*E) _dc :C = <2AQT+Q%QT QALQT> QAT'QT

dt dt d
_ dQ ., dA g dQT
- r( @@ o @
. d(Q"Q) N din A
B dt dt
dinC d
tr i d— rinC



The last equality of (2.4) holds, since

d d
trinC =tr (QInAQ") =tr (Q"QInA) =trln A = Zln/l,- =1In <Hai) =IndetC.
i=1 i=1

Note that the last equation also proofs (2.5a). O

The following lemma is from Boyaval, Lelievre and Mangoubi [7]. Let us refer to their
publication for the proof.

Lemma 2.2. Let C € R and D € R®? be two symmetric positive definite matrices. We have:

trinC =IndetC, (2.5a)

C —InC — I is symmetric positive semidefinite and thus tr(C —InC —I) >0,  (2.5b)
C + C' — 21 is symmetric positive semidefinite and thus tr(C + C™' — 2I) >0,  (2.5c)
tr(CD) = tr(DC) >0, (2.5d)

tr ((C-D)D"')=tr (CD™"' —1I) >Indet(CD™") = tr(InC - In D), (2.5€)
tr((InC —1n D)C) > tr(C - D). (2.5f)



Mathematical models

In this chapter, we give a detailed overview of Cahn-Hilliard based phase-field models and
analyze if the time evolutions of their (free) energies are in accordance with the second law of
thermodynamics. We start from the pure Cahn-Hilliard equation for phase-fields with diffusive
interface. Then, we add hydrodynamics in form of the well-known Navier-Stokes equations.
Afterwards, we introduce and refine the effects of viscoelasticity using the Oldroyd-B model
in order to finally be able to macroscopically model the phase separation of polymer-solvent
mixtures in line with physics. Closing the chapter with some noteworthy model modifications
and extensions, as well as a brief overview of existence and uniqueness results.

3.1 Cahn-Hilliard equation

Let Q ¢ R? be a computational domain with (piecewise) Lipschitz continuous boundary 9Q.
The phase-field variable, which is a scalar function of space € Q and time ¢t € [0, ), is
denoted by ¢ = ¢(x,t). There are two major ways to define ¢. One variant is that ¢ € [0, 1]
indicates the volume fraction of one component such that 1 — ¢ is the volume fraction of the

other. Thus, ¢; = 0 and ¢, = 1 are the pure phases. The other variant is that ¢ = ﬁ indicates
the difference of the two concentrations ¢; > 0 and ¢, > 0. Here, ¢; = —1 and ¢, = 1 are the

pure phases. According to Cahn and Hilliard [15], the free energy functional of a diffusive
phase-field is given by

Bt = [ (508 + @) do. 6.1

where A is a positive constant controlling the thickness of the diffusive interface between the
phases, and F(¢) is a double-well potential that represents the tendency of a system to have
two different stable phases, see Subsection 3.1.1 for details. We refer to (3.1) as mixing energy.
Note that the mixing energy is not necessarily non-negative, but always bounded from below.

The following standard derivation of the Cahn-Hilliard equation is based on a microforce
balance, see, e.g., Gurtin [41] for more details. We start from the law of conservation of mass

2}
@ iv.J=o0, (3.2)
ot
where the mass flux J is related to the chemical potential y by the constitutive equation
J =-M(p)Vyu. (3.3)

10



3.1 Cahn-Hilliard equation

The coefficient function M(¢) is the so-called mobility, which is inversely related to the friction

{(p) > 0. It reads
1

R0

where n > 0. If n > 0, the mobility is called degenerate (or degenerative) since in this case
it decreases towards the pure phases. The chemical potential y is given by the variational
derivative of the mixing energy (3.1) with respect to ¢

M(p) (@1 + )@ — )" >0, (3.4)

5Emix((p)
p=—c".

5 (3.5)

Theorem 3.1. Assuming suitable boundary conditions, i.e., periodic or g—fbbg = 0, the variational
derivative of the mixing energy satisfies

5Emix((p) — —AAQD + f((P) , (36)
o

where

flo) =F(p).

Proof. Assuming that the mixing energy has the form (3.1), its variation reads

A

o (A_ 9
- /Q [@ <E|Vgo| >5V<v - £(F(qo)) d¢

= / [AVg - 5Vp + F'(p) S¢] dx .
0

dx

Applying integration by parts (Green’s first identity (2.3)) on the first term and defining
f(9) = F'(p) yields

5Emix((p):—//1A(p5(pdm+/ A(V(p-n)5(pd5+/f((p)5(pdw,
Q 20 Q

where . € R¢ is the outward-pointing normal vector and Vo - n = g—;’; the normal derivative
of ¢. Assuming suitable boundary conditions, i.e., periodic or g—;’; = 0 on 9Q, the boundary
integral vanishes and we obtain

SEw(e) = [ [~ A0¢8p+ f(9)¢]de
_ L [ = Mg + ()] 60 dac
Further, it follows from [33, p. 18] that

5Emix
Q ¢

11
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In conjunction with the previous computation this yields the desired result

5Emix((p) _

S = g+ (o).
]
Summarized, we have the Cahn-Hilliard equation
99
=V (M(p)Vh), (3.7a)
p=—A¢+ f(p). (3.7b)

Remark 3.2. In order to have an initial-boundary-value problem, we complement the Cahn-
Hilliard equation (3.7) with suitable initial and boundary conditions. Our initial conditions
read

Pli—o =" inQ.

Suitable boundary conditions include

« periodic boundary conditions, and

« the homogeneous Neumann boundary conditions

¢ ou
ELM:%L?Q:O onan(0,00).

Note that these two options are the most common choices in the literature studying the Cahn-
Hilliard equation and that we will rely on periodic boundary conditions for our numerical
experiments in Chapter 5. Further, note that both above-mentioned choices are suitable for the
derivation of energy laws throughout this thesis.

Remark 3.3. Assuming it exists a well-known free energy of a system of differential equations,
the time evolution of this free energy is usually computed through the multiplication of each
differential equation with a smooth test function { and the integration over the whole computa-
tional domain Q. Then, assuming suitable boundary conditions, utilizing integration by parts
(Green’s identities), choosing appropriate substitutes for the test functions for each equation and
summing up yields us an energy law.

Theorem 3.4. Assuming suitable boundary conditions, see Remark 3.2, the Cahn-Hilliard
equation (3.7) satisfies the following energy law

dEmix(QD) —

- / M(@)Vpldz <0, (3.8)
dt 0

since M(¢) > 0. Recalling that the Cahn-Hilliard equation is based on a constant temperature,
this energy law implies that it fulfills the second law of thermodynamics and therefore that it is
thermodynamically consistent.

12



3.1 Cahn-Hilliard equation

Proof. Multiplying (3.7a) by the smooth test function ¥, integrating over the computational
domain Q and applying integration by parts, we obtain

0= / (‘z—f . (M(q»)vm) yda

Q‘;_f¢dx_ / V- (M(p)Vp) ydz
_ [ . _ .
—/Qatl//d:c%rLM((p)Vy Viydx AQM((p)V‘UI// nds,

where m is the outer-pointing normal. Taking, in particular, y = y yields
0
0= /—(pyda: + /M(q))Vy -Vudx — / M(p)Vuu - ndS

dE'"”‘("’) / M(qo)wmzam /M(qo)u—dS

Assuming suitable boundary conditions, see Remark 3.2, the boundary integral vanishes and
we have the desired energy law (3.8).
O

For the sake of simplicity, we will leave out the symbols dz of the space integrals and dS of
the boundary integrals in the following.

3.1.1 Double-well potentials

A double-well potential represents the tendency of a system to have two different stable phases.
A simple potential that satisfies this condition is the Ginzburg-Landau potential

Fou() = 40" — 17, (9)

which is defined on the whole real axis, and whose two minima occur at the pure phase
values ¢ = +1, see Figure 3.1. This potential is quite often used in the mathematical literature
studying the Cahn-Hilliard equation, see, e. g., Elliot and Zheng [25] or Elliot and Garcke [23,
24]. Note that we can extend the Ginzburg-Landau potential to a general formulation for
polynomial double-well potentials,

Fpolyn(q)) = ﬁ((l’ - 051)2(90 - aZ)Z > (310)

where the minima occur at the pure phase values a; and a,, which can be chosen arbitrarily
in R, while § > 0 is used to control the slope.

From a physical point of view, the Flory-Huggins potential [32, 46] describes polymer-
solvent phase separation more accurately, as it is derived from the mean field theory for
polymer systems. It is usually given by

1 1
Fru(p) = 0 Ing + n—(l —@)In(1—¢) + ye(1—9¢), (3.11)
p s

13
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Figure 3.1: Ginzburg-Landau potential (3.9) for ¢ € [—1.5,1.5].

which is defined on the interval [0, 1] and has up to two minima within. In equation (3.11), n,
and n, denote the degrees of polymerization of the two components. In viscoelastic phase-field
models usually n, > 1, depending on the length of the polymer-chains, and n, = 1 for a pure
solvent, resulting in an asymmetric double-well potential, see Figure 3.2. Furthermore, y > 0
is the polymer-solvent interaction parameter, also called the Flory-Huggins interaction, which
is inversely proportional to the constant temperature of the system (the model is isothermal
as pointed out before). It controls the regime of the potential, i.e., whether it separates the
phases or mixes them. If the temperature is above a certain value (the so-called upper critical
temperature) the potential only has one well, see Figure 3.3. Note that the Flory-Huggins
potential is usually measured in units of the thermal energy kzT, where kj is the Boltzmann
constant and T the absolute temperature, but it is non-dimensionalized here.

Note that the Flory-Huggins potential can also be formulated for arbitrary intervals. [—1, 1]
is a not uncommon choice due to the analogy to the pure phase values of the Ginzburg-Landau
potential (3.9).

For purposes of the derivation of linear numerical schemes that provably conserve the
thermodynamic consistency of the Cahn-Hilliard model which they approximate, it is indis-
pensable for the potential to have a uniformly bounded second derivative, i.e.,

sup [F”(¢)| < const.
peK

where K C IR is chosen suitably. Since neither of the two aforementioned potentials fulfills
this demand, we suggest suitable modifications of them in the following.

For example, in [38, 72], the authors use an appropriate modification of the Ginzburg-Landau
potential (3.9), where the steep increase ~ ¢* outside [—1, 1] is replaced by a weaker quadratic

14
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O V/
-0.02
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np:3, x=1.8
n,=10, x=1.3
-0.12 + 4
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Figure 3.2: Flory-Huggins potential (3.11) for different degrees of polymerization n, while
ns = 1. The Flory interaction y has to be adapted to the polymerization such that
we stay in the regime where phase separation occurs (below the upper critical
temperature of the system).

increase
(p+1)  @<-1,
For(p) = 130?17 g e[-1,1], (3.12)
(p—1)* p>1.

This modified potential is twice continuously differentiable on the whole real axis with

2 p<-1,
Fllp)=13¢* -1 ¢e[-1,1],
2 p>1.

Here, F;,(—1) = 2 = F%(1), i.e., the second derivative of the Ginzburg-Landau potential is cut
and continuously extended constantly outside [—1, 1]. Therefore,

sup |F; (9)] = 2,
peR

i.e., (3.12) has a bounded second derivative.
We can modify the general polynomial potential (3.10) analogously to (3.12) outside the

15
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of
-0.05
-0.1
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-0.2 + 4
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Figure 3.3: Flory-Huggins potential (3.11) for different Flory interactions y and n, = 1 = n,. If
the temperature, which is inversely proportional to y, is above the upper critical
value, we are in a regime where no separation occurs. Therefore, the wells reduce
from two to one for low values of y.

interval between the two minima, yielding

Play — )’ (p —)* @ < ay,
Footyn(@) = { Bl — an)?(p — 2)* ¢ € [y, ], (3.13)
Plar — )’ (p — 2)* ¢ > ay,

where f > 0 and —o0 < @; < @, < o in order that F(«;) and F(«a,) are the two minima of ﬁpolyn.
This general potential is also twice continuously differentiable on the whole real axis with

2f(ay — @) ¢ <a,
Flin(@) =128 [(p —a)? + 4lp — a)(p — ) + (¢ — )?] ¢ € [a1, aa],
2f(ar — o)’ Q>a.
Here, ~I’J;lyn(0{1) = 2f(a; — a)? = Nf’,:,,yn(az) is used for the constant continuous extension

analogously to %, (¢). Since F,

oiyn(@) is convex on [ay, a; ] with min(ﬁ;;,yn((p)) = —f(a; — az)?

sup | ~1/):)lyn(¢)| = 2f(a1 — )’ < o0,
peR
i.e., (3.13) also has a bounded second derivative for K = R. In order that the two minima occur

within the interval [0, 1], we can specify 0 < a; < @, < 1.

16



3.1 Cahn-Hilliard equation

Due to its more accurate description of polymer-solvent phase separation, let us also
introduce a suitable modification of the Flory-Huggins potential (3.11). It is achieved by the
same technique, yielding

Bi(¢ — a1)* + Frp(ary) o <ap,
Fru(p) = { olng+ (1= 9)In(1 - ) + xo(1—¢) ¢ €[m. ], (3.14)
P2 — a2)* + Fru(ar) ¢ >a,

where f;/, > 0and 0 < a; < a; < 1 such that
IEI?H(OCI) =0= F;H(a2) .

Thus, Fr; has the same two minima Fry(a;) and Frg(a,) of the original Flory-Huggins potential
(3.11). Potential (3.14) is also twice continuously differentiable on the whole real axis with

2181 (p < al 5
Fea(@) = Ve + g — 20 @ €l ],
2ﬁ2 Q@ > o .

In order that F/;,(¢) is continuous in R, we can define

~ 1 1
2B, = Fi(ay) < 1= + —
pr (1) pi 2npo; - 2n(1 — o) X
and
~, 1 1
2By = Fy(az) < o i= X-

21,0 * 2n(1 — o) B
Hereby, we also continuously extend the second derivative of the Flory-Huggins potential
constantly outside [ay, a;].

Note that we can also cut and continuously extend the second derivative of a double-well
potential constantly at a certain distance from the interval between its minima, i.e.

F"(61) ¢ <éi,
F'(p)={F"(p) ¢ €ld, 0], (3.15)
F"(62) ¢ > 62,

where —c0 < §; < oy < az < §, < o0 for polynomial potentials and 0 < §; < a; < a4, < 9, < 1
for the Flory-Huggins potential (3.11). This second derivative is also uniformly bounded, since
it is convex in the interval [8;, 8,] and constant outside. The corresponding potential F(¢) can
be reconstructed by integrating (3.15) with suitable integration constants, such that F” and
F are continuously differentiable. Note that the further away from the minima we cut, the
higher the bound of the resulting second derivative of the double-well potential.

Further, note that we do not leave the interval [, a;] by more than a small margin in our
numerical experiments, see Chapter 5. Therefore, we can use the boundedness of the second
derivative (3.15) for the discrete energy laws in Chapter 4 without the necessity to implement
any modification of the original potentials (3.9) and (3.11).

17
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3.2 Cahn-Hilliard-Navier-Stokes model

We start from the Cauchy momentum equation, which describes the momentum transport
u € RY of a fluid in a continuum. For more details, see, e.g., Landau and Lifshitz[49]. In
Lagrangian (i.e., convective) form, the equation reads

Du

Py = VPP +V-T+pg, (3.16)

where % = % + w - V is the material derivative, p > 0 the density, p(p) € R the pressure,
T € R the stress tensor and g € R? represents body accelerations acting on the continuum.
To complete the conservation form of the equations of motion we add the mass continuity

equation (3.2) for density p with mass flux J = pu, reading

0
8—'1;+V-(pu):0. (3.17)

For viscous Newtonian fluids the stress tensor is given by
T = 2n(p)D(u), (3.18)

where 1(p) > 0 is the viscosity, which varies according to the density p, and D(u) € R%“
is the rate of deformation or rate of strain tensor, which equals the symmetric part of the
velocity gradient
1
D(u) = ; [w + (Vu)T] . (3.19)
Now, combining (3.16) and (3.17) with the just mentioned stress definition yields the com-
pressible Navier-Stokes equations

‘Z_f LV (pu) =0, (3.20a)
p (aa—"; +(u- v)u> = —Vp(p) + V- (U(p) [Vu + (Vu)TD - pg. (3.20b)

Note that they reduce to the compressible Euler equations for an inviscid fluid where n = 0.
Assuming the Mach number to be small, i.e., the flow to be slow in relation to the speed of

sound, the flow can be considered to be approximately incompressible. Thus, the density p is

considered to be constant in (, t), reducing the mass continuity equation (3.17) to

V-u=0, (3.21)
i.e., the velocity field is divergence free. Furthermore, the viscosity n becomes constant, too.

Theorem 3.5. For a constant density and viscosity, it holds

V-2nD(u) = V- [Vu + (Vu)T] =nAu.

18



3.2 Cahn-Hilliard-Navier-Stokes model

Proof. Since the calculations are analogous for two and three space dimensions, we only show
. : X u
the two-dimensional case. Let & = ) u = ( > and u, := g—” and u, := g—” are the
y v * Y

partial derivatives in x and y direction, then
Vevu=v. [ W) = BT ) 2 ag
U Uy Ve + Uy

T
AR ( ety )

Ve Uy

_v. Uc Vx| _ [ Uxx + Uxy _ (ty +vy)x = (V- u).
u, vy Usy + Vyy (uy +vy),

Since the velocity is divergence free, it holds

and

V(V-u)=V0=0.

]
Thus, the incompressible Navier-Stokes equations read
ou
p (E + (u - V)u) = —Vp +nAu - pg, (3.22a)
V-u=0. (3.22b)

Note that Vp # Vp(p) in the incompressible case. Here, p is a Lagrange multiplier enforcing
the incompressibility of the system. Therefore, Vp can be redefined by the addition of arbitrary
gradients of scalar functions, which we will use later.

Let us consider a mixture of two fluids with different velocities w; and w,. Let ¢ be the
volume fraction of fluid one and 1 — ¢ of fluid two. Hence, the total volume is a conserved
quantity and therefore, the fluids obey the continuity equations

d
a—f +V-(pu,) =0, (3.23a)
0
—a—‘f +V-((1—@)uy) = 0. (3.23b)

The volume-averaged velocity u of both fluids is given by
u=ou; +(1—@)u,.
Summing up the continuity equations (3.23a) and (3.23b) yields
V- (pus + (1 - @luz) =0,

i.e., the volume-averaged velocity w is incompressible.
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The dynamics of u follow the aforementioned momentum equation (3.16). It can be shown,
using the least-action principle and the mixing energy (3.1), that the total stress of the two-fluid
model reads

T = 2n(¢)D(u) + I1(gp),

where the viscosity 7 now depends on the volume fraction in case that the two fluids have
different viscosities. II(¢p) € R% is the osmotic tensor, also called Korteweg stress, which is
extra elastic stress induced by the interfacial surface tension between the fluids and reads

aEmix

I(p) = Vo

®Vp=—-AVp®Vep.

Then, by replacing the time derivative in the Cahn-Hilliard equation (3.7) with the material
derivative and by neglecting the body accelerations g in the momentum equation (3.16), we
have the incompressible Cahn-Hilliard-Navier-Stokes model

Z—f +u-Vo=V- (M((p)V,u) , (3.24a)
p=-A¢ + f(p) (3.24b)

au
o (E +(u- V)u) - Vp+V. {iy((p) [V’u, + (vU)T] } _V- (A9 ® Vo), (3.24¢)
V-u=0. (3.24d)

Its total energy consists of the mixing energy and the kinetic energy and reads (for p = const.)

A
Erotat(@, 1) = Epnin(@) + Egin(w) = / <5|V<p|2 + F(qo)) + L %plulz- (3.25)

Q

The original model which led to the Cahn-Hilliard-Navier-Stokes model (3.24) is the so-called
Model H by Hohenberg and Halperin [44].

In order to prove that the free energy of a solution to system (3.24) is non-increasing in
time, we need the following lemma.

Lemma 3.6. The divergence of the interfacial elastic stress satisfies

V-(AVp ® Vp) = —uVo +V (%|V(p|2 + F((p)) ) (3.26)
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3.2 Cahn-Hilliard-Navier-Stokes model

Proof. For e; the i-th unit vector and d the spatial dimension the following relation holds true

d
V-(/W(/)@V(p):/lz 4 (8_(/)8_(/)) e;

i=1 8xj 8xi 8xj
d 2 2
dp 0 2 0
'y <_<P_<g L % _<0> e
] 0X; 0X;  0X;0X; 0X;

a0\’ 9F(p) - g
) ot (% - 10) ave

= (Mg = f(@) g +V (%wz + F(@)
= —¥p + ¥( 0 + F(9)).
[

Since the Cahn-Hilliard-Navier-Stokes model (3.24) is incompressible, the pressure is a
Lagrange multiplier like in the incompressible Navier-Stokes equations (3.22). Therefore, we
can introduce a modified pressure term

) A
p=p+ EIW)I2 +F(p).

Thus, by using relation (3.26), we can rewrite system (3.24) to

?9_(5 +u-Vo =V (M)Vp), (3.27a)
p=—A0¢ + f(p) (3.27b)

P (2—1: +(u- V)u) =-Vp+V- {ry(qo) [Vu + (Vu)T] } + Ve, (3.27¢)
Vou=0. (3.27d)

Remark 3.7. In order to have an initial-boundary-value problem, we complement the Cahn-
Hilliard-Navier-Stokes model (3.27) with suitable initial and boundary conditions. Our initial
conditions read

(@, W= = (¥°,u’) inQ.

Suitable boundary conditions include

« periodic boundary conditions and
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3 Mathematical models

« homogeneous Neumann boundary conditions for ¢ and p

o _8/1‘

%ag_ﬁmzo onan(0,00),

coupled with homogeneous Dirichlet or no-slip boundary conditions for u, both yielding

u-n=0 ondQx(0,00).

Note that these are the most common choices in the literature studying the Cahn-Hilliard-Navier-
Stokes model and that we will rely on periodic boundary conditions for our numerical experiments
in Chapter 5. Further, note that all above-mentioned choices are suitable for the derivation of
energy laws throughout this thesis.

Theorem 3.8. Assuming suitable boundary conditions, see Remark 3.7, the Cahn-Hilliard-
Navier-Stokes model (3.27) satisfies the following energy law

d tota s 2 2
w / M)l — / 20(p)| D(w)P . (3.28)

Since the mobility M(¢) and the viscosity n(¢p) are non-negative, model (3.27) is thermodynami-
cally consistent.

Proof. Analogously to the derivation of energy law (3.8), equation (3.27a) is multiplied by u
and integrated over Q. Assuming suitable boundary conditions, see Remark 3.7, we obtain

dEmix
%+/M((p)|v#|2+/u~mp,u: 0.
t Q Q

Taking the inner product (dot product) of (3.27c) and u and integrating over Q yields

=Lpaa—?-U+/QP(U'V)U'U—L(V'{U(‘P)[VU"'(VU)T”)'U
+/§2Vﬁ-u—[2qu)-u

:/Qp%agﬂz +/p(u~V)1|ulz+/{17((p)[Vu+(Vu)T]} : Vu
- [ ({mo]u+ @ur] }n)-u- [0 u>+/ pun= [ po-u

d
T dr g %pm'z - /p(v-u)—|u|2 + /aQ P(u'n)—IUI2 + /n(tp)[Wulz +tr ((Vu)z)]

- [ ({povar o] }n) -u- [owps [ pun- [uve

dEkm(u) /(v Wil p|u|2+ )+ / n(go)Z(ZZl %)
i,j=1 1 '

+/aQ (%plulzn+ﬁn—{n(q))[VUHVU)T]}n) -u—Lu-VWL
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3.3 Viscoelastic two-fluid models

Taking into account the incompressibility (3.27d), [,(V - u)(plul® + p) vanishes. Assuming
suitable boundary conditions, see Remark 3.7, the boundary integral vanishes, too. Further-

/ (@) < 3 (3”1 “f> = L WD)IV + (V) |? = L 2n(p)|D(w)f.

! ox; X;

more,

Thus, summing up the above relations, we obtain

dEmix dE in\U
ﬂ+/M(q))IVuIZ+/u-V¢u+ kol )+2/r7(<p)lD(U)!2—/u-V¢ﬂ=0,
dt Q Q dt Q Q

which is equivalent to the desired energy law (3.28). [

3.3 Viscoelastic two-fluid models

Now, let us discuss complex fluids, in particular polymer solutions. We are interested in the
phase behavior of polymer-solvent mixtures, which usually consist of a Newtonian fluid filled
with a certain amount of polymer chains. Polymer chains are often coarse grained to elastic
bead and spring dumbbells. Such dumbbells induce the inclusion of the elastic stress o € R
in the aforementioned total stress tensor T. For now, let us neglect the phase behavior, i.e., we
assume the mixture to be homogeneous. We define the total stress of a viscoelastic fluid by

T =2nD(u) + o, (3.29)

where 25, D(u) is the solvent part, which is equal to stress tensor (3.18), with 7, being the
viscosity of the solvent. To determine the time evolution of the polymeric part o, we use the
upper-convected Maxwell model

o +10=2q,D(u), (3.30)

v
where 7 is the relaxation time of the polymers, 7, is their viscosity and o is the upper-convected
time derivative of the elastic stress, which reads

0
o= a—(: +u-Vo - |(Vu)o + o(Vu)|. (3.31)
Together, these are the rheological equations for an Oldroyd-B fluid, see, e.g., Larson [50]. To
determine the dynamics of an Oldroyd-B fluid, we supplement the rheological equations by
a generalization of the incompressible Navier-Stokes equations (3.22), wherein the viscous
stress (3.18) is replaced by the viscoelastic stress (3.29). Summarized, the Oldroyd-B model for

incompressible fluids reads

p (aa—t +(u- V)U) =-Vp+V- {r)s [Vu + (Vu)T] } +V-0 - pg, (3.32a)
Veu=0, (3.32b)
(5w (o o] ) = o g [ @u]. )
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3 Mathematical models

Now, in order to analyze the phase behavior of polymer-solvent mixtures at a fixed temper-
ature, we extend the Cahn-Hilliard-Navier-Stokes model (3.24) to a viscoelastic phase-field
model. This has been done at first by Helfand and Fredrickson [43], also by considering the
elastic stress o in addition to the viscous stress 2n,D(u) and the Korteweg surface stress
II(¢p). Thus, for viscoelastic fluids with a diffusive interface, the total stress reads

T = 2n,D(u) + o + II(e). (3.33)

The viscoelastic two-fluid model by Helfand and Fredrickson is further investigated by, e.g.,
Onuki, Doi and Milner [58, 60, 62], and can be written

op o(1— @)
L= Ve(up)+V- [V -V o], (3.34a)
ot ’ ()
Du
P = —Vp+nAu+V-o+ Ve, (3.34b)
V-u=0, (3.34¢)

with the assumption that one may set %—’t” = 2 Like in the Oldroyd-B model (3.32), the
classical example of a constitutive equation determining the stress tensor o is used, the

upper-convected Maxwell model

9o +(u-V)o = (Vu)o + o(Vu) — L0' + Gs(¢) [V'u, + (Vu)T] , (3.35)
ot (p)
where the relaxation time 7 is now dependent on the local polymer volume fraction. Following
the description of the Oldroyd-B model above, the so-called shear (relaxation) modulus or
rigidity Gs(¢) is given by the polymer viscosity 7,(¢) divided by the relaxation time 7(¢).
Since numerical solutions of system (3.34), (3.35) do not reproduce all the essential features
of viscoelastic phase separation observed experimentally, Tanaka and Araki [68, 69] suggest
incorporating the effect of volume change into the stress tensor. For this aim, they include the
usually neglected bulk relaxation modulus Ggz(¢) as a controllable parameter, and separate
the elastic stress into what they call shear stress o5 and bulk stress o5. Tanaka and Araki
propose the separate calculation of both stress parts by the similar upper-convected Maxwell
equations
Jo,, T
— + (u-V)o,, = Vu)o,, + o,(Vu)' —

1
ot TW((P)

o, + G, (@) [Vu + (Vu)T] , (3.36)
with w € {B, S}, followed by the following final corrections O"]:.
¥ 1
o5 =05 — Etr(JS)I, (3.37)

where I € R is the identity (or unit tensor), i.e., the final shear stress is traceless as expected
of a shear stress tensor.

1
O'JJ; = Etr(a'B)I, (3.38)
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3.3 Viscoelastic two-fluid models

i.e., the final bulk stress is diagonal with identical values. Hence, the total elastic stress reads
1 1
o= o{ + 0'11; =05 — atr(as)I + atr(aB)I. (3.39)

The numerical solutions of model (3.34), (3.36), (3.39) shown in [68, 69] approve that such
a model reproduces all essential features of viscoelastic phase separation observed in lab
experiments.

However, the respective authors do not show if the two above-mentioned viscoelastic
two-fluid models are thermodynamically consistent. Other than the mixing energy and the
kinetic energy, the free energy of the elastic stress is not definitely determined. It is regularly
supposed to be given by

E (o) = L%tra’, (3.40)

see, e.g., [45, 74]. Thereby, the total energy of the two viscoelastic two-fluid models (3.34),
(3.35) and (3.34), (3.36), (3.39) reads

A 1 1
Etotal((p’ u, U) = Emix((p) + Ekin(u) + Eel(o-) = /<_|V‘P|Z + F(‘P)) + /5P|'Uf|2 + /Etra s

Q Q Q

where for the second model tro = tr(O'B) since 0‘£ is traceless.

Theorem 3.9. We assume that the free energy of the elastic stress tensor is given by (3.40) and
that suitable boundary conditions are used, see Remark 3.7 again, since no specific boundary
conditions for o are required for what follows. Then, the viscoelastic two-fluid model (3.34), (3.35)
satisfies the following energy law

dEwap,u,0) (1 —@))® _ 2
d T Qe ™ / v

_ 1 e(l—9)
/szp)“‘”/g oy o)V

Obviously, the last integral can be positive, i.e.

(3.41)

dEtotal(QDa u, J) S 0
dt
does not necessarily hold.
Energy law (3.41) is also satisfied by model (3.34), (3.39), (3.36). Here, the elastic dissipation

term becomes
- / ! tr(a' ),
o 215(¢p) B

Proof. Analogously to the derivation of energy law (3.28), equation (3.34a) is multiplied by u
and integrated over Q, yielding

/—u+/v (up)p — /Q (g(_;p)z[q)vu—v-o]u

since ol is traceless, i.e., tr(al) = 0.

5 mix

/(Z) E t((p) /(V u)qo,u+/u Vou (3.42)
o= o g Q=)

+,/Q () [V =Vl Vu /agn {(p) lVp=V-alp.
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3 Mathematical models

Assuming suitable boundary conditions, see Remark 3.7, the boundary integral vanishes.
Furthermore, using the incompressibility condition V - u = 0, (3.42) reduces to

dEmlx((p) (‘P( _‘P))2 2 _ ‘P(l_(P)Z . .
0=—" / Vou+ / ) V] L ) (V-0)-Vu. (3.43)

Also analogously to the derivation of energy law (3.28), we take the inner product of equation
(3.34b) and u and integrate over Q, yielding

d
:/p—u-u+/Vp-u—/rys(Au)~u—/(V~a')~u—/yV(p-u
o dt Q Q Q Q
/18|u|2_/ (Vv u)+/ un+/ Vu - Vu — / ou
p2 ot Qp an Q’]S nsan
+/0':Vu—/(0'n)-u—/u-v§0,u.
Q plo} Q

Due to the incompressibility and suitable boundary conditions, see Remark 3.7, the equation

reduces to
d 1 ) )
=% |u| nNul*+ [ o : Vu— [ u-Vou. (3.44)
Q Q Q

Now, we take the Frobenius inner product (double dot product) of (3.35) and %I , where I is
the identity, and integrate over Q, yielding

0= a_a —I+/(u V)o : —I /[(Vu)a'+0'(Vu)T] : %I

Q

+/Q%(p)0' : EI—[!G(QD)[Vu+(Vu)T] : %I

Recalling that for all matrices C, D € R™",n € N,
C : D=u(CD", C:I=tr(CI)=1tr(C),

and that the elastic stress o is a symmetric tensor, we get

0:/5 < ) /(uV)tra / (Vu:a’ +0o: Vu)
+ / 27(p )tra / G(p)tr(Vu)
/ ia’gto' / (V- u)tro + / —(u - n)tro — / o Vu
+/Qzl_(q))tra /G(qo)(v u).

Again due to the incompressibility and assuming the same suitable boundary conditions for u
as above, the equation reduces to

d [1 1
O:—/—tra—/a:Vu+/ tro . (3.45)
dt Jo 2 Q o 27(p)

Summing up (3.43), (3.44) and (3.45) yields energy law (3.41). O]
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3.3 Viscoelastic two-fluid models

In the thematically still recent paper [74], Zhou, Zhang and E propose a modified model for
polymer-solvent phase-fields. It is based on the model by Tanaka and Araki but supposedly
thermodynamically consistent.

Zhou et al. derive their model from the total energy

Etotal(§0> u, C], 0') = Emix(qu) + Ekin(u) + Ebulk(q) + Eel(a)

B Ao 1, 1, 1 (3.46)
—L<2|V<p| +F(¢))+[)2|u| +/qu +[22tr0',

where qI corresponds to the bulk stress tensor ag . Note that g being scalar is reasonable,
since O'f; is diagonal with identical values as discussed above. According to Zhou et al., the free
energy of the bulk stress Ej,;(q) is derived “from the chain conformational entropy of polymer
molecules which can be regarded as some penalty function since the migration of polymer
molecules will cause much more decrease in entropy compared with the solvents”. E. (o) is the
same elastic energy of polymer molecules as given by (3.40) above, with o supposedly being
related to the (non-final) shear stress tensor o5, which is not necessarily traceless. Therefore,
we refer to it as elastic stress and not as shear stress. The kinetic energy Ej;,(u) does not
contain the density parameter p here, i.e., the latter is set to one.

Starting from the total energy (3.46), Zhou et al. obtain by the principle of virtual work a
modified model for polymer-solvent phase-fields, which reads

2—f +u-Vop=V- {fp(l - q))@ [(p(l — )V - V(GB(fp)q)] } ; (3.47a)
Z—f +u-Vg = —ip)q — Galp)V - {@ |01 = )V~ V(Ga(0)a)| } . (347b)
9\ (u- Vo = (Vo + o Vu) — ——o + Gs(p) [Vu + (Vu)T] , (3.47¢)
ot zs(¢p)
aa—": +(u-Vyu = ~Vp+ V- {n(@)[Vu+ )| } V- O 8 V) + V-0, (3470
V-u=0, (3.47e)

where the chemical potential reads p = —AA@ + f(¢) like above, with f(¢) being the derivative
of the Flory-Huggins potential (3.11) specifically.

Based on the assumption that ¢ € (0, 1), with ¢ being the polymer volume fraction and thus
1 — ¢ being the solvent volume fraction, Zhou et al. have set the physical quantities of model
(3.47) in the following way:

+ The relaxation times read, following Tanaka [68]

0

8(p) = 130", 75(p) = 7507,
with their coefficients 7§} and 72 being positive constants.

« The shear relaxation modulus reads

Gs((P) = G§ 2,

with G? also being a positive constant.
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3 Mathematical models

« The bulk relaxation modulus is given by

t *) — cot
1+tanh<co(m'0) C“”“"’)]m;,,
€

Ga(p) = G%

which is a smoothed step function from G to Gj, where the smoothed jump occurs
around ¢” and its width is controlled by ¢, which hence should be small (<< 1). Here,
¢" is the critical concentration for polymers to crosslink.

Remark 3.10. There are a few physical quantities in the model of Zhou et al., which we want
to discuss in more detail. According to Zhou et al., the bulk stress q is derived from the polymer
crosslinking, which does not occur noticeably below the critical concentration ¢*. Thus, it is
reasonable to assume that the bulk modulus Gg(¢p) vanishes for ¢ < ¢*. For this purpose, Gy has
to be zero. Tanaka [68] uses a non-smoothed step function here, which also jumps from zero to a
positive value.

Note that the total elastic stress is given by

Ot =0 +ql.
Therefore, the elastic stress coupling term in the Navier-Stokes equation (3.47d) originally reads
V-(o+ql)=V-0+Vq.

At this point, the property of p being a Lagrange multiplier (due to the incompressibility) is used.
Thereby, Vp contains the bulk stress coupling term Vq in this model.

Furthermore, the deformation rate tensor in the Navier-Stokes equation (3.47d) is written in its
general form, with the viscosity n(¢) being a function of the volume fraction. This is reasonable,
since u is a volume averaged velocity in this model. In the Oldroyd-B model (3.32), u is the solvent
velocity, i.e., n is the constant viscosity of the solvent as long as we assume incompressibility.

However, we can transfer from the Oldroyd-B model that the shear modulus Gs(¢) equals the
fraction of polymer viscosity n, and relaxation time ts. And according to Le Bris and Leliévre [51],
the polymer viscosity of an Oldroyd-B fluid is given by

Np = nptsksT .

Here, n,, is either the local polymer count or the total polymer count in the computational domain,
with the latter being constant for appropriate boundary conditions. Thus, transferred to the model
of Zhou et al., we have

np(¢) _ n,(@)rs(@)ksT

GO=1@ T

= kgTn,(p),

where kgT is constant, since the model is isothermal. Thus, a constant polymer count n,, results in
a constant shear modulus Gg.
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3.3 Viscoelastic two-fluid models

3.3.1 Simplified model (without hydrodynamics)

Zhou et al. [74] also consider the special case of model (3.47) without hydrodynamic transport,
Le.
u=qu,+((1-¢u,=0.

The resulting simplified model reads

99

e { (1- <P)§( ) [fp(l —Q)Vu — V(GB(fp)q)] } , (3.48a)
aq _ 1 B ' B

ot (p)q Ge(p)V { O )[fp(l @)V — V(GB((p)q)]} (3.48b)

For the sake of simplicity, we denote model (3.47) as the full model and its simplification (3.48)
as the simplified model in the following.

Remark 3.11. In order to have an initial-boundary-value problem, we complement the simplified
model (3.48) with suitable initial and boundary conditions. Our initial conditions read

(@, Pli=o = (¢°.¢°) inQ.

Suitable boundary conditions include

« periodic boundary conditions, and

« the homogeneous Neumann boundary conditions

op ac1
a_n}aQ on ‘aQ |aQ on 9Q x (0, 0).

Note that these two options are the most common choices in the literature studying Cahn-Hilliard
models and that we will rely on periodic boundary conditions for our numerical experiments in
Chapter 5. Further, note that both above-mentioned choices are suitable for the derivation of

energy laws throughout this thesis.

The total energy of the simplified model consists of the mixing energy and the bulk energy,
reading

Bu.0) = Ensl@)+ Bu@) = [ (S0 47 @)+ [ Ga)

Theorem 3.12. Assuming suitable boundary conditions, see Remark 3.11, problem (3.48) satisfies
the following energy law

Bl @) _ B
d /Q 7a(p)? / 5((;})“”(1 OV = V(GB(q))q)‘ (3.50)

The bulk relaxation time t5(¢) and the friction {(¢) are both positive. Therefore, the simplified
model (3.48) is thermodynamically consistent.
Note that for t5(p) = t3¢* and ¢ # 0

/rquo) 2 i/sa(%)z:é

2

q

¢

LX(Q) .
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Proof. Multiplying (3.48a) by p, integrating over the computational domain Q and applying
integration by parts, we obtain

o= [%u [v-{ot- )5 [ot1 - 0w vGaon)]

_ (9(/) 5Emix(§0) _ _ _ .
_/ a S L { a ‘/’)g( )[‘P(l ¢IVH V(Gs(fp)q)” Z

— A n-p(1- q))g( ) [(p(l — @)V — V(GB(@‘J)]IJ
dEmlx((p)

/ (o ) q)(l—q))vu v(GB(fp)q)] [q)(l—q))v,,]

2G0)9)
—n] o

(1 - <p)% - — Q).

) aQ Z(o) [
Multiplying (3.48b) by q and integrating over Q yields

0= [%q+ [ B;D)qz + [ Gty {@ |01 = )V = V(Ga(p)a)| } q
- / ; aaqt A TB(<P) / { ) [(p(l — )V — V(GB((P)C])] } Ga(p)q

-5/ _qz) t [ 5= [ s [0 - 000 = 9Gate))] - 7 Gateda

[ )[(p(l_q,)v,, V(Ga(0)9)| Ga(o)a

:dEbSIf(q)+/ o)’ [ a gy |90~ 07 = VGo(@)a)| - | - V(Gulo)o)

1 op  3(Gp(p)q)
+/39@ o(1— )%—T] Gs(p)g.

Summing up the above relations yields

dEmix dE u 1
(0) el «(q) +/ 2

dt dt o TB(<0)q
+ L ﬁ [(p(l — )V — v(GB(fp)q)] : [«)(1 —)Vp— V(GB(fp)q)]
1 o a(Gele)q) _
~fott [P0~ "] (¢ - w- o) =o.

where the second normal derivative of the boundary integral satisfies
9(Gr(9)g) _ 9Gx(p) 9q _ 9Gp(p) 99 9q

= +Gp(p)— = ————q + Gp(p)—.
on on 1 2 on ell) anq 2 on

Thus, assuming suitable boundary conditions, see Remark 3.11, the boundary integral vanishes,
and we obtain

dEmix(qo) dEbulk(q)

1, / 1 9
+ + + | s =le(1—)Vu—V(G =0,
dt dt /QTB((P)q Q év(@)‘q)( P)Vu (Gs(e))
which is equivalent to the desired energy law (3.50). =
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3.3 Viscoelastic two-fluid models

3.3.2 Full model (with hydrodynamics)

Let us now discuss the energy properties of the full two-fluid model for viscoelastic phase sepa-
ration (3.47). For this aim, we rewrite the model, using the pressure term p = p + £|Vo|* + F(gp),
introduced in Section 3.2, together with Lemma 3.6, yielding

aa—(f tu-Vp=V- {q)(l - "))g(%p) [(p(l —)Vp— V(GB(q))q)] } , (3.51a)
Z—z +u-Vg= —i{p)q — Gp()V - {@ [40(1 — Q)Vu - V(GB(qo)q)] } : (3.51b)
il +(u- Vo = (Vu)o + o(Vu)! — ! o + Gs(p) [Vu + (Vu)T] , (3.51¢c)
ot s(p)
‘2—1; +(u-V)yu=V- {ry(q)) [Vu + (Vu)T] } —Vp+ Vo +V -0, (3.51d)
V-u=0. (3.51e)

Remark 3.13. In order to have an initial-boundary-value problem, we complement the full
model (3.51) with suitable initial and boundary conditions. Our initial conditions read
(0.9.0,w)= = (¢°.¢°, 0%, u")  inQ.
Suitable boundary conditions include
« periodic boundary conditions, and

« homogeneous Neumann boundary conditions for ¢, u and q

o0 _om _oq
on'?  an'%®  on'?

coupled with homogeneous Dirichlet or no-slip boundary conditions for u, both yielding

0=0 on 9Q x (0,0),

u-n=0 ondQx(0,00).

Note that these are the most common choices in the literature studying Cahn-Hilliard-Navier-
Stokes models and that we will rely on periodic boundary conditions for our numerical experiments
in Chapter 5. Further, note that all above-mentioned choices are suitable for the derivation of
energy laws throughout this thesis and that no specific boundary conditions on o are required for
the latter.

Theorem 3.14. Assuming suitable boundary conditions, see Remark 3.13, system (3.51) obeys
the following energy law

dEwalp. g 0u) 1, 1y ~ 2
it = /Q o) [z g((p)(<p(1 @)V —V(Gp(p)q)

1 2
B / 2 / (@) D(w)? .

The bulk relaxation time t5(¢), the friction {(¢) and the viscosity n(¢) are all positive. Conse-
quently, the full model (3.51) is guaranteed to be thermodynamically consistent if the elastic
stress satisfies tro > 0 for allt > 0, which is fulfilled under certain conditions, see Lemma 3.17
for details.

(3.52)
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Proof. Analogously to the derivation of energy law (3.50), (3.51a) is multiplied by y and (3.51b)
by q and both are integrated over Q. By the same calculations as above, we obtain

dEmix((p) dEbulk(q) 1 2 1 2
), Eotdd) / T / oyl = 7= TGi0)g)

1 o a(Ge(p)q)
_ /aQ <®) [(p(l —¢)5 - —] ((p(l — Q) — GB(<P)CI>

an

+/u-V(p,u+/u-qu=0,
Q Q

where the last term satisfies

1 1 1
/u'qu:/u-V—qzzf u~n—q2—/(V~u)—q2.
Q Q 2 9 2 Q 2

Due to the incompressibility condition V - u = 0, the last term vanishes. Assuming suitable
boundary conditions, see Remark 3.13, the boundary integrals vanish as well, and we obtain

dE,,; dE 1
mzx((p) + bulk(q) + / qz
dt dt o 73(0)

; (3.53)
+ L@‘q)(l — @)Vp —V(GB(qo)q)‘ + [zu-vw =0.

Now, analogously to the derivation of energy law (3.41), we take the Frobenius inner product
of (3.51¢c) and %I , and integrate over Q, yielding

1otro 1 1
- — | =(V-w)tro + —(u - n)tro
02 ot o 2 0 2

—La’ : Vu+£2rsl((p)tr0'—LGs(fp)(V'U):0~

Assuming suitable boundary conditions for u, see Remark 3.13, the boundary integral vanishes,
and due to the incompressibility of u, we can further reduce the last equation to

d /1t / Vu+/ L to=0 (3.54)
— [ -treo— [ o : ro =0. )
dt Jo 2 Q a 275(¢p)
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3.3 Viscoelastic two-fluid models

Taking the dot product of (3.51d) and w and integrating over Q yields

0= [Frous [ vwu= [ (v-{s@) [+ @uw]})
/Vﬁu //qu /(V o) u
= [3Es [w o+ [ (@) @ar]} s v
—/aQ({U(qo)[VuHVu)T]}n)-u+/Vﬁ-u—/QuV<p-u—/Q(V-a)-u
=5 [t [ wg+ / enygluf + [ 1) [7uf +tr (vu))|
—/m({n«p)[vw(wf /p<v w+ [ puen
—/Qu-V(p,u+La' : Vu—/ag(dn)-w

Again, assuming suitable boundary conditions for u, see Remark 3.13, and using the incom-
pressibility, the last equation can be reduced to

d 1
— [ =|uf +2/17(<p)|D('u,)|2 - /u-V(pp+ /o’ :Vu =0. (3.55)
dt O 2 Q Q Q

Summing up equations (3.53), (3.54) and (3.55), we obtain the desired energy law (3.52). [l

Remark 3.15. We consider a divergence free velocity w. Therefore, we may rewrite the advection
and convection terms as follows

u-Vo=u -Vo+V-uw=V-(uw), we{p,qu,o}, i,jeq{l,..d}.

For example, the full model (3.51) with rewritten advection terms reads

i—f + V- (up) = {fp( — @) O [q)(l — @)V - V(GB((P)q)] } : (3.56a)
% __ . _
5 TV (ug) = ! Gp(p)V { ) [(p(l @Vu— V(GB(qo)q)] } (3.56Db)
i +V-(u® o) = (Vu)o + o(Vu)" - ;0' + Gs(¢) [Vu + (Vu)T] , (3.56¢)
ot 75()
aa—,l; +V-(u®u)=V- {ry(qo)[Vu+ (V’u,)T] } —-Vp—¢@Vu+V-0o, (3.56d)
V-u=0. (3.56€)

Note that the ¢-coupling term in the Navier-Stokes equation (3.56d) is rewritten as well, such that
it corresponds to the rewritten advection term of the Cahn-Hilliard equation (3.56a) in the energy
law. Consequently, the pressure term reads p = p — ou here, since

VP +@Vu =Vp—Vou— ¢V +¢Vu=Vp—pVp.
The introduced modifications of p are still Lagrange multipliers, enforcing the incompress-

ibility. Therefore, we will just write p instead of p and p in the following for the sake of
simplicity.
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3.3.3 The conformation tensor

We should point out that the elastic stress tensor o does not necessarily need to be positive
definite. Thus, tr(o) in the energy law (3.52) is not necessarily positive and could therefore
interfere with the thermodynamic consistency of the full model. To control this, we introduce

the so-called conformation tensor

C=Lo+1I. (3.57)
Np

To avoid conflicts in what follows, we only consider the case

T
— = const.,

Mp

which means that the shear modulus G = 1,/7 is based on the total polymer count of the
computational domain as discussed in Remark 3.10 above.

The conformation tensor is a physical quantity related to the elongation of polymer chains.
It is well-known to satisfy symmetric positive definiteness and this property is propagated in
time as stated by Lemma 3.16 below.

First, let us rewrite the Oldroyd-B model (3.32) to the conformation tensor notation. Rear-
ranging equation (3.57) to o reads

o= ”?P(C - D). (3.58)

Then, we substitute (3.58) in the evolution equation for the elastic stress (3.32c¢), yielding

0=r (”—PM +w-VEC-D- [we-n+ 2 - I)(Vu)TD
T ot T T T

+ e -1-y, [vu+ (7w |
T

= qu +1,(u-V)C =1, [(w)(c _D+(C- I)(VU)T] — 1, [w + (Vu)T]
+ ”?P(C -1
= qp‘;—f +n(u-V)C -1, [(Vu)C + C(Vu)T] + ’771’(0 -D. (3.59)

Further, we substitute (3.58) in the Navier-Stokes part of the Oldroyd-B model (3.32a), which
reads

‘2—? +(u-V)u=V- {I]S[VU—I-(VU)T]}—VP-I-V‘ ”?P(C—I). (3.60)

Together with the divergence-freeness of u and equation (3.59), divided by the (positive)
polymer viscosity 7,, we have the Oldroyd-B model in conformation tensor notation, reading

aa—?:+(u-V)u=V-{qs[Vu+(Vu)T]}—Vp+n?pV-C, (3.61a)
V-u=0, (3.61b)

oC 1

-+ (u-V)C = (Vu)C + C(Vu)' - ;(C ~1). (3.61c)
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3.3 Viscoelastic two-fluid models

Lemma 3.16. Let C be a smooth solution of system (3.61). Then, if the initial condition C/|,-, is
symmetric positive definite everywhere in Q, the solution C' remains so at all timest € (0, o)
and for all x € Q.

Proof. See Hulsen [47], where sufficient conditions for a rather general model are derived. [l

Note that the following Lemma and its proof are based on [45] by Hu and Leliévre, and that
this Lemma is essential for the thermodynamic consistency of the full model (3.51).

Lemma 3.17. Let us assume that det C|;—y > 1. Then, we have det C > 1 for allt > 0, which
yields tro > 0 forallt > 0.

Proof. Taking the double dot product of the evolution equation for the conformation tensor
(3.61c) and C~! reads

0= <§ +(u-V)C - [(Vu)C + C(Vu)T] + %(C’ - I)) : C™!

—tr (01§> +(C7 (- V)O) — tr( €7 (Vu)C + C7C(vw)' )
s w1 C- O

—tr (C—laa—c) + (O (VO —tr((Vu+ (Vu)' ) + Lu@ - .

t T
Using Jacobi’s formula, see Lemma 2.1, we can rewrite the above equation to

0= %m det C + (u-V)Indet C — tr(V’u, + (vU)T) + %tr(I —cY
= %ln detC + (u-V)Indet C — 2tr(Vu) + %tr(I -C™h
= %lndetC +(u-V)IndetC + %tr(I -Ch,

where the last equality holds true, since tr(Vu) = V-« = 0. Since any symmetric positive
definite matrix M € R* satisfies

1 1
(det M) < EtrM, (3.62)
we have

17) 1 d 1
o IndetC + (u-V)IndetC = ~(rC™" —d) > - ((detC) 7 — 1) ,
T T
which we can rewrite to

d (%ln(det C)} + (u - V) In(det C)é> > ¢ ((detO) i 1)

N

d 9 i 1 d )
- (det C)i <§(det C)¢ + (u-V)(det C)d> - ((detC) @ —1)

o7 (%(det C)i + (u - V)(det C)é) >1—(detC)i. (3.63)
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Now, let us assume (det C|,_)¢ > 1. If (det C)7 does not remain greater than 1, let us consider
the first time t,, where (det C |t:t0)é = 1 (in case det C|;—y = 1, obviously #, = 0). Inserted in
equation (3.63), we have

D 1 a 1 1
(et Cliy)! = £ (det Climy)? + (u- V(det Cloy)' 2 0.

Therefore, (det C) can not decrease any further. This yields (det C)i > 1if
(det Clo)? > 1 and thus det C' > 1 if det Cl,_p > 1.
Inequality (3.62) with (det C)i>1 yields C—lltrC’ > 1,ie., trC > d. And since o = ”{(C —1),

tro = 2(trC —trl) > 2d—d) = 0.
T T

Thus, tro > 0. O

Rewriting the full model (3.56) to conformation tensor notation analogously to above yields

Z—‘f +u-Vo=V- {q)(l - <p)§( j [(p(l —Q)Vpu - V(GB((p)q)] } ; (3.64a)

% +u-Vg= —iq))q — Gp(@)V - {{( ) [ (1—@)Vu-— V(GB(qo)q)] } (3.64b)

o, (u-V)C = (Vu)C + C(Vu)" - (Cc-1), (3.64c)
ot rs«p)

aa—? +(u-Vu=Vv- {n(q)) [Vu + (Vu)T] } —Vp+ Ve +V-[Gs(C - ], (3.64d)

V-u=0. (3.64e)

The elastic energy in conformation tensor notation is according to Hu and Leliévre [45] given
by
Gs
E (C) = ?tr(C —InC-1),
Q

where tr(C —InC — I) > 0 due to estimate (2.5b). Thus, the total energy of the full model
(3.64) in conformation tensor notation reads

Etotal((P: q: C> ’LL) = Emix(qo) + Ebulk(q) + Eel(C) + Ekin(u)

= [(Gwok+r@) + [0+ [Suwc-mo-D+ [Jur

Theorem 3.18. Assuming suitable boundary conditions, see Remark 3.13, model (3.64) satisfies
the following energy law

dEtOtal((p7 q9 C’ u) - _ /
dt Q

r(p)’ / 5(@“’)( - V)= V(Cal9))|

(3.65)
Gg ) )
- [ sst© + 07 =an) =2 [ gIDG <o,

since tr(C' + C~' — 2I') > 0 due to estimate (2.5c).
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3.3 Viscoelastic two-fluid models

Proof. Analogously to the derivation of energy law (3.52), equation (3.64a) is multiplied by g,
(3.64b) by g and (3.64d) with the dot product by u, and all three are integrated and summed
up. Assuming suitable boundary conditions, see Remark 3.13, and using the incompressibility,
we obtain

dEmtx(QD) dEbulk(q) dEkin(u) 1 2
dt - dt " dt +LTB(¢)q

1 2 2 _
+ A@‘fp(l — @)V - V(GB(fp)q)) +2 [)n(@)ID(U)I - L(V- [G(C-D)]) -u=0,

(3.66)

where the last integral satisfies

—/Q(v-[GS(C—I)])-u:—/Q(v-(GSC))-u

:/chc : (Vu)—[)QGs(Cn)'u
= /QGSC : (Vu).

Here, the boundary integral vanishes in the last equality due to the assumed boundary
conditions for u. Then, taking the double dot product of (3.64c) and £ I, and integrating over
Q, we obtain

0= aC GS / (u-V)C : / [(V’u,)C+C(Vu)T] : GSI

*Lrs(@(c D
_/Q%tr<aa—(tj>+é%(u V)trC—[)%[Vu :CT+C Vu]

Gg
+ tr(C -1
/ 2y " C D)
Gs oG _ / S upC + / % mrC - / GsC = Vu

o 2 odt
Gs
+ tr(C -1
fim™€ =D
d Gs
/ =trC - /GSC Vu +/ tr(C - 1). (3.67)
T dt o 215(¢)
Additionally, we take the double dot product of (3.64c) and —£C! and integrate, yielding
oC G G
0=- . Do / (w-V)C : 2C™ + / (w)C + Cu)| : 220
at 2 Q 2

—/ Cc-1I): —C‘
75() 2
=—/Q(;S (C‘ a;:) —/Q%tr< _1(u-V)C)+/Q%tr<Vu+(Vu)T>

Gs 1
_/QZTS((p)tr(I_C ).
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Rewriting the first two terms using Lemma 2.1, we get

Gsa /G5 / / GS -1
0=— | ——trlnC - | —(u-VtrinC + | Gstr(Vu) + tr(C -1
/Qzat L2V LSt o™ )

:_i/%trlnc_i_/%(v.u)trlnc—/ %(u'n)trlnC
dt Q 2 Q 2 oQ 2

G
+/Gsv-u+/ > _tr(C7' = I)
Q a 215(¢p)

d / Gs / Gs i
=—— [ —trinC + tr(C —1). 3.68
dt Jo 2 o 215(p) ) (3.68)
Finally, summing up equations (3.66), (3.67) and (3.68) yields energy law (3.65). O

3.3.4 Noteworthy model extensions

The above introduced phase-field models for two-phase flows are restricted to the case of
matched densities of the two fluids, since they consider the density p of the mixture to be
constant in (x, t). However, there are various approaches in the literature considering different
densities for the two fluids. Lowengrub and Truskinovsky derive in [55] one of, if not the first
thermodynamically consistent Cahn-Hilliard-Navier-Stokes model with different densities,
but the resulting model is quasi-incompressible, i.e., the averaged velocity field is no longer
divergence free. In [9], Boyer derives an incompressible Cahn-Hilliard-Navier-Stokes model
with different densities and viscosities and even proposes a numerical scheme for it, but leaves
out respective energy laws. Shen and Yang do take care of the thermodynamic consistency of
their proposed model and the matching numerical scheme in [64], but the convection term of
their model is not frame invariant. The model by Abels, Garcke and Griin derived in [4] has
the same flaw. However, they also derive a frame indifferent, thermodynamically consistent
two-phase flow model with different densities in [3], reading

i—f +u -V = V- (M(p)Vh), (3.69a)
u .

Pt ((pu+J)-V)u=-Vp+V- {n(qo) [Vu + (V) ] } —V-(A\Vp ®Vp),  (3.69b)
V-u =0, (3.69¢)

ap
o TV (putd)=0, (3.69d)

where B
J = —¥M(¢Wﬂ

is specified as a relative mass flux related to the diffusion of the two components, which have
the different densities p; and p,. Numerical schemes and simulations for model (3.69) are
presented by Guillén-Gonzalez and Tierra in [40]. Another thermodynamically consistent
model having a variable density is derived by Liu, Shen and Yang in [54], using the energetic
variational approach. They also propose numerical schemes and validate them and the model
by experiments, using large density and viscosity ratios.
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For our own model, let us use an idea originally mentioned for an Allen-Cahn/Navier-Stokes
system by Giga, Kirshtein and Liu in [34]. It is sufficient to rewrite the material derivative of
the Navier-Stokes equation (3.24c) as follows to incorporate different densities

99
— tuve=v. (M(p)Vh), (3.70a)

ap(p)u
ot

: [p«p) (‘2—’; (- v>u) + b v>(p(<o>u)} _v.T, (3.70b)

V-u=0, (3.70c)

where
T=—pI +n(p) [w + (Vu)T] — WV ® Vo,

i.e., the right hand sides of the Navier-Stokes equations (3.70b) and (3.24c) are identical. Note
that both variable density models (3.69) and (3.70) have the same free energy (3.25) as the
constant density model (3.24) and satisfy the same energy law (3.28). Further, note that the full
model for viscoelastic phase separation (3.47) should be modifiable like model (3.70) in order
to incorporate different densities, which is left for future work. The derivation of appropriate
compressible models for two-phase polymer-solvent mixtures is also part of ongoing research
in the SFB-TRR 146 subproject C3. The compressible model naturally contains a variable
density, but obviously complicates the analysis and the numerics considerably.

A second model extension concerns the Oldroyd-B model (3.32). As mentioned above, it is
derived from bead and spring dumbbells. In the derivation, one assumes similar velocities for
both beads of one dumbbell. However, in order to allow for a slight variation between these
velocities, one can add noise in terms of diffusion to the evolution equation of the stress. The
resulting diffusive version of the stress evolution equation (3.35) reads

9 (u-V)o = (Vu)o + o(Vu)' —

1
ot T 5(40)

where the diffusion term e;A0 is related to the center-of-mass diffusion of the polymer chain,
with €5 > 0, but small. We can regularize the bulk stress equation (3.47b) as well, reading

o + Gs() [V'u, + (Vu)T] + esAo (3.71)

aq 1 1

A Vg =———q— Gy )v'{—[ (1 — @)y — V(Gs(p) )]}+g Aq, (372

o 9= " e oy 1P~ OVH 5(¢)q sAg,  (3.72)
where also €5 > 0, but small. These generalizations lead to a fully parabolic system, instead of
a parabolic-hyperbolic one, which enables the exploration of analytical properties like the
existence.

3.4 Existence and uniqueness

In order for a differential equation model to be mathematically well-posed, it is crucial that
a solution to the problem exists and that this solution is unique and stable. The required
analysis is not a part of this thesis, but due to its importance, we will give some references.
For the sake of clarity, we list the known existence and uniqueness results for two and three
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space dimensions in Tables 3.1 and 3.2. The abbreviations used in these tables are explained
in the following. Note that the existence results listed in Table 3.1 are in general for weak
solutions. Here, we distinguish between the degenerate (deg) and the non-degenerate Cahn-
Hilliard model. The degenerate model is named after its degenerate mobility, i.e., equation
(3.4) with n > 0. It uses a logarithmic potential like the Flory-Huggins potential (3.11). The
non-degenerate model has a bounded, positive mobility, i.e., equation (3.4) with n = 0, and
uses a polynomial potential like the Ginzburg-Landau potential (3.9). Since the Navier-Stokes
equations and the Oldroyd-B model in and of itself are independent of the potential and the
mobility, the existence results are the same with or without “deg". Regarding the uniqueness
results listed in Table 3.2, we separate into the uniqueness of weak solutions and the weak-
strong (w-s) uniqueness, with one exception being for strong solutions (str). To the best of our
knowledge, there are no uniqueness results for the degenerate Cahn-Hilliard model, therefore,
this case is left out. Some uniqueness results only hold locally (loc), i.e., for t € [0,T), with T
depending on the initial conditions and usually small, while others, having different additional
assumptions, are conditional (con). A bracketed reference means that the results are originally
for a greater system, but directly transferable to this model. A checkmark without a reference
indicates that we are aware of existing proofs that are not published yet.

Elliott and Garcke [26] investigate both variants of the Cahn-Hilliard model (3.7) (CH),
while Brunk, Egger, Habrich and Lukacova-Medvidova [11] add weak-strong uniqueness results
for the non-degenerate model. The incompressible Navier-Stokes equations (3.22) (NS) are
analyzed, e.g., by Boyer and Fabrie [59] and with respect to their weak-strong uniqueness by
Fefferman, Robinson and Rodrigo Diez [30]. Note that the existence of smooth solutions in
three space dimensions is an open millenium problem, see the official problem description
[29]. In [19], Constantin and Kliegl discuss the diffusive Oldroyd-B model (3.71) (OB), since the
non-diffusive one is presumably only locally unique. Note that their uniqueness results are for
strong solutions. The Cahn-Hilliard-Navier-Stokes model (3.24) (CH-NS) is, e.g., investigated
by Abels, Depner, Garcke, Boyer and Fabrie [2, 8, 59]. A viscoelastic two-fluid model similar
to (3.34), (3.35) (CH-OB) is covered by Chupin [18]. And finally, in [12, 13, 14], Brunk and
Lukacova-Medvidova investigate a viscoelastic Peterlin two-fluid model (full model), which is
similar to the full model in conformation tensor notation (3.64), but with diffusion and further
generalizations to the Oldroyd-B model, yielding the diffusive Peterlin model. For details on
the latter, see, e.g., Mizerova [61]. Note that the results from Brunk and Lukacova-Medvidova
are directly transferable to the Cahn-Hilliard-Navier-Stokes model (3.24) and to the simplified
model (without hydrodynamics) (3.48) (simp model). Further, they should be transferable
to the full model (3.51) as well, if we add diffusion to the shear and bulk stress evolution
equations as done in equations (3.71) and (3.72).

Table 3.1: Existence of weak solutions

CH NS OB CH-NS CH-OB full model simp model
2D | [26] [59 (191 (8]  [18] [13] ([13])
2D deg | [26] [59] [19] [2,59] [14] ([14])
3D [26] [59] [59] [18] v/ (V)
3D deg | [26] [59] (2, 59] v (v)
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Table 3.2: Uniqueness of weak(-strong) solutions

CH NS OB CH-NS CH-OB full model simp model
2D [26] [59] [19] str (8] [18] v (v)
2D w-s | [11]  [30] ((12]) [12] (12])
3D [59] loc [59] loc  [18] loc
3D w-s | [11] [30] ([12] con) [12] con ([12] con)
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Numerical schemes

In this chapter, we propose numerical schemes for several phase-field models introduced in
Chapter 3, and analyze their properties. For the numerical time integration of these models,
we primarily use linear low-order Runge-Kutta methods, and for the space discretization finite
difference and finite volume methods.

We start with semi-discretizations in time, since they contain the main challenges regarding
the thermodynamic consistency. These challenges will be outlined in Section 4.1. Section 4.2
deals exclusively with suitable discretizations for the derivative of the double-well potential.
Then, in Section 4.3, we introduce our first numerical schemes, focusing on the Cahn-Hilliard
equation. In Section 4.4, we add the Navier-Stokes equations and introduce a first splitting
scheme. In Section 4.5, we propose schemes for the simplified model (3.48) and in Sections 4.6
and 4.7 for the full model for viscoelastic phase separation in its original form (3.51) and in
conformation tensor notation (3.64), respectively.

Thereafter, we introduce our spatial discretization methods in Section 4.8, and also some
full discretizations. Here, we successively derive finite differences for one, two and three space
dimensions, such that we can fully discretize the Cahn-Hilliard equation and the simplified
model afterwards. Then, we derive finite volume methods, again for one to three space
dimensions, to finally fully discretize the Cahn-Hilliard-Navier-Stokes model and subsequently
the full model for viscoelastic phase separation.

We conclude the chapter with a brief overview of time step restrictions and adaptive
time-stepping in Section 4.9.

4.1 Challenges of appropriate time discretizations

Fundamental for numerical schemes is the conservation of as many properties of the continuum
model as possible. The major advantage of the full two-fluid model for viscoelastic phase
separation (3.47) from Zhou et. al. [74] is that it is thermodynamically consistent, since its free
energy is non-increasing in time, while also being able to reproduce almost all the essential
features of viscoelastic phase separation. Thus, the primary focus of appropriate numerical
schemes is the conservation of the thermodynamic consistency.

Definition 4.1. (energy-stability)
We call a numerical scheme energy-stable, if it conserves the thermodynamic consistency of
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the original partial differential equation (system), which it solves approximately, for suitable
boundary conditions. Thus, if for alln € N

Etotal(wn+l) < Etotal(wn) 5

where W™ = w(t,.1) and W" = w(t,) are the numerical solution vectors at times t,,; and t,,
with t,.q > t,.

Since the Cahn-Hilliard equation is derived from the law of conservation of mass, see
Section 3.1, it is obviously mass-conservative. Therefore, it is desirable that our numerical
schemes conserve mass as well.

Definition 4.2. (mass conservation)
A numerical scheme for a Cahn-Hilliard model is mass-conservative, if for suitable boundary

conditions and alln € N
/ = / o
0 Q

where ¢" = ¢(t,) is the numerical solution of the Cahn-Hilliard equation at time t,.

Even though the Navier-Stokes equations are derived from the law of conservation of
momentum, momentum is only conserved for periodic boundary conditions. Additionally,
conservation of momentum is in general very difficult to preserve numerically. Therefore, we
neglect it when constructing our numerical schemes.

Another crucial property of numerical schemes is efficiency. The introduced continuum
models are highly nonlinear, therefore, their fully implicit discretizations are nonlinear as well.
Solving nonlinear systems of equations necessitates an iteration in each time step with the
Newton method or a fixed-point method, which can substantially increase the computational
cost. Thus, we focus on time discretizations which linearize the continuum models, such that
we obtain fully linearized schemes. To achieve this goal, we use suitable mixed low-order
IMEX (implicit-explicit) Runge-Kutta methods, i.e., the implicit and explicit Euler method and
the Crank-Nicolson method. Further, we apply a simple multistep method in order to construct
numerical schemes with a truncation error of second order in time, which is the two-step
Adams-Bashforth method. Furthermore, we use Taylor approximations and stabilization terms
to treat the derivative of the double-well potential, since its approximation is anything but
trivial. We also introduce some more stabilization terms in order to be able to decouple some
calculations, which significantly reduces the size of the systems of linear equations, which
have to be solved, and therefore leads to a reduction of computing time.

Remark 4.3. Summarized, we aim for the following three major properties when constructing
our numerical schemes:

« linearity of the discretized systems,
« energy-stability, and

e mass conservation.
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Further, in order to be efficient, the possibility to use a comparatively large time step size is always
advantageous and the decoupled calculation of coupled equations can be favorable. On the other
hand, in order to have a good approximate solution, a small truncation error is preferable, as well
as keeping deviations from the continuous energy law small in its discrete version, or if possible,
having none at all.

We will summarize the fulfillment of these properties in the form of a table at the end of
subsections, where it is relevant.

Zhou et al. [74] state to use the explicit Euler method, a purely explicit solver, to discretize
the full model (3.47) and the simplified model (3.48) in time.

Let us consider the Cahn-Hilliard equation

W v (M@V(-209 + (@), (4.1)

initial and boundary conditions from Remark 3.2, and a uniform partition of the time interval
[0,T] into N time steps with constant time step size At. Further, let ¢" be the numerical
approximation of the solution ¢(t,), where t, = nAt,n € {1,.., N}. Then, the explicit Euler
method for the Cahn-Hilliard equation (4.1) reads

Y V- (M(@")V(=AA9" + f(@")) (4.2)
= " = " + AtV - (M(@"V(=AAQ" + f(™) .

Thus, given initial data ¢° = ¢(t,), one can iteratively calculate ¢",n = 1,..., N, without the
necessity to solve any linear equation system.

We will show in Theorem 4.4 that the explicit Euler method for the full model (3.51) by
Zhou et al. [74] is in general not energy-stable. Thus, it does not necessarily conserve the
thermodynamic consistency of the continuum model. This result is transferable to any kind
of Cahn-Hilliard model, which will be obvious from the theorem and its proof.

Another letdown of purely explicit schemes is their time step restriction. In order to be
numerically stable, the time step size At has to correlate to the spatial step size h to the power
of the degree of the highest explicitly discretized spatial derivative of the underlying partial
differential equation (system). Thus, if the fourth derivative in the Cahn-Hilliard equation is
calculated explicitly, the time step size has to be as small as

Ate O (') .

We will discuss time-stepping in more detail in Section 4.9.
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4.1 Challenges of appropriate time discretizations

The explicit Euler method for the full model (3.51) reads

# tut Ve (4.3a)
-V { 2”( _;p ) [90”(1 —"Vy" — V(Gs(w")q”)] } =
qn+1 _ qn . . 1 .
A TwoVe TB((pn)q (4.3b)
+ Gr(@")V - { g(:,,n) [40"(1 — ")V — V(Gp(e") q”)] } =0,
AL 059
1 n n n m\T | _
+ G )[w + (V) ] — o0,
% +@"-V)u"-V- {17((/)”) [Vu" + (Vu”)T] } (4.3d)
+Vp" — """ -V-0" =0,
V-u'=0, (4.3¢)

where

H'=—A0e" + fe").
Note that the semi-discrete free energy is given by the same equation as the continuous free
energy (3.46). Thus, at time t, = nAt, the semi-discrete free energy reads

Etotal(q)ns un’ qn; o_n) = Emix(q)n) + Ekin(un) + Ebulk(qn) + Eel(an)

=L<§|V<P"|2+F(<P"))+/Qélu”lz+L%(q")2+éétr(a”). (44)

Consequently, a numerical scheme is energy-stable, i.e., the thermodynamic consistency of
the original model is conserved, if for alln € N

1 n+

Eqoral( 0™, g, o Lut) = Epga(e”, q", 0" u") <0
At -
Theorem 4.4. The numerical scheme (4.3) is linear and, assuming suitable boundary conditions,
see Remark 3.13, it satisfies the following discrete version of energy law (3.52)

(4.5)

Etotal(§0n+1 n+13 O.YH—I’ un+1) - Etotal(qon, qn: a-n: uﬂ) (4 6a)
At :
1 2 1
- / 0" (1 — ¢")Vp" = V(Gp(p") q")| — = il (4.6b)
Q g(ﬁ” ) Tg 90 12(Q)
/ (o™ - / 20(") D) (4.60)
275(p™)
n+1 n n+1 n
—¢"  F(p"") — F(o")

- " - 4.6d
[z (f @* At Al (4.6d)
+ 2 (V" = V"o + 10" = ¢l + " = ) (4.6¢)
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4 Numerical schemes

where (4.6a)-(4.6¢) are analogous to energy law (3.52), while (4.6d) and (4.6e) consist of numerical
dissipation terms caused by the explicit time discretization. Here, the double-well potential integral
(4.6d) can be either positive or negative, while the three norms in (4.6e) are positive. Therefore,
scheme (4.3) is in general not energy-stable.

Proof. 1t is clear that the proposed scheme is linear. Analogously as for the continuous model,
we multiply each semi-discrete partial differential equation with a suitable test function,
integrate over the computational domain Q, and apply integration by parts in order to calculate
a discrete energy law. A suitable test function for (4.3a) is y", giving

(pn+1_(pn n / n n,n
0= —_—u + u -V
/Q At H A ¢ H

) / . { T [0"(1 = ")Vu" = V(Gale") g } i

e
B / % (—A0¢" + f(p™) + / "V
+ /Q% [40"(1 — @"Vu" — V(Gg(e") q")] "
- / (,,(;(_;;o) [0"(1 = ¢"WH" = Y(Gae") )| -
- [t [ RS [ s+ g
" / mlo") [ = 007" = VGale )] [0 = (@)

Assuming suitable boundary conditions, see Remark 3.13, the boundary integrals vanish. Since
we want to calculate the discrete time difference of the semi-discrete mixing energy, which

reads

Emix((pn+l) - Emix((pn) 1 /1 +112 +1 1 A 2
= SV + F(o" - = Z|\Vo"? + F(o"
A Até 2| " (") At[) 2| @"| (™)

A F(e™) — F(o")
— _ v n+12_ v n|2
[ (5 (o =1wg) « L)
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4.1 Challenges of appropriate time discretizations

we rewrite the first integral of (4.7) as follows

A
i/ n+l _ . n Vo
LAt (0" =" Vo

A
_/At (vqonﬂ V(P |v(pn|2)

A 1 1 1
— e __v rlJrl_v I’l2+_v rl+12__v n|2
/At( V"~ V" Vg™~ [V

A
- vflz + vn+12 vnz
Sl =gy + [ S (g = 1)

+/<F(¢”+1)—F(¢")_F(<p"“) F(@”))
o At At

A
=— E"W’Ml — V"7 +

At At

Summarized, (4.7) becomes

Emin(@"") = Emix(9")
0= \V/ n+1 —V n||2 + mix mix’
2At” @ @ ||L2(Q) At

(Pn+1 n ) F(¢n+l) _F((pn) . -
+L( Cfen - oy )+/QU'V<P/1

" [z 4 (fp") q)n(l — ")V — V(Gg(e") q”)] A ACE )7

A suitable test function for (4.3b) is q", yielding

qn+1 _qn n / n ny n / 1 n_n
o= [T "L oy [ -vg)q +
/Q A 4 Q( q')q etk

+ [ Gt { |71~ 0T = TG ) } 7

_ 1 n+1n ny2 lnz (qn)z
—/QAt( (q))/ V(z(q)>+ Yo

; / v-{g(;n)[ "(1 - ")y —v<GB(¢">q")]}GB<¢">q

1 1 ny2 n+1\2 n\2 1
= [ o C@ =@ @)

— /Q(v . un)%(qn)Z + /BQ(un . n)%(qny

- { g 770~ T = VGl ) } Y Galo")

+ /HQ n- {{(qlo") [(pn(l — "V — V(Gg(p™) q")] } Gs(o")q" .

7|
¢"

L*(Q)

Emix(q)m—l) - Emix((pn) _ /F(QDYH—I) - F(q’")
Q

(4.8)

(4.

9)

Assuming suitable boundary conditions, see Remark 3.13, using the incompressibility condition
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4 Numerical schemes

(4.3e) and substituting the semi-discrete elastic bulk stress energy, (4.9) becomes

1wt Epir(@™") = Eva(q) 1 ||
OZ—E"C]H“]";(Q)*‘ plcd AL ulcd +_0q_n
1 T 19" 2 (4.10)
-/ { o= = 9Gaten) 4] } V(a9 -
o [ {(eM)

Taking the Frobenius inner product of (4.3¢c) and ;I and integrating over the computational
domain Q yields

o™l —o" 1 1
0= [ —— I+ [(@WVo": -I- [ (Vu)-o"+o" - (Vu")') : =T
/Q ST /Q(u Yo 5 /Q((u)a o (u)) 5

+ /Q 2rsz<pn)"n L T- L Gl [V + (Y| %I

t - — : ! 1 T n n
:L e Z)At r(a)+[zgtr((un'V)UH)_[)5(vun (0 + o :vu)

1 ny __ n n
+ L 2e ((pn)tr(a ) L Gs(p"Mtr(Vu™)
AT BT L@+ [ Swr e - [of v

1 ny _ n L agh
+/921'5(q)")tr(a) /QGs(q) )(V-u").

Assuming suitable boundary conditions for u, see Remark 3.13, and using the incompressibility,
(4.11) becomes

(4.11)

E.(0""") — Eq(0") / / 1
0= — [ o" :Vu" + tr(o"). 4.12
At 0 a 275(¢") (4.12)

Taking the inner product of (4.3d) and u" and integrating over Q yields

0:A¥-u”+/g(u”~v)u”‘u"
— L (V- {n(q)”)[Vu” + (Vu")T] }) u
+/QVp”-u”—/Q,u"Vq)"-u”—/Q(V-O'")-u"

1 1
- un+1 Lut — |un|2 + /(un . v)_|un|2
At Q Q 2

+ L {n(¢")[VU”+(VU”)T]} P Vu' - /a . {n(fp”)[vu”+(Vu”)T]}u"-n (4.13)

—/p"(v-u”)+/p"u"-n—/,u”Vgo”-u"+/a‘":Vu"—/ o'u"-n
Q 90 Q Q 90

1 1 1
“oa ), —[u"™t =+ - u - /Q(V : ’U»")Elunl2 + AQ(U" : 'n)Elun|2
+ /’7(90") [WU/"\Z +tr ((VU")Z) ] - / {77(40") [Vu" + (Vu”)T] } u"-n
Q oQ

—/p”(v~u")+/p”u"'n—/u"-V(p"y"—k/a":Vu”—/ o'u"-n.
Q o0 Q Q o0
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4.2 Approximations for f(¢)

Using the incompressibility, (4.13) can be reduced to

1 Epn(u™") = Epu(u™) [ (") & ’
0=— — n+l _  .n 22 + 1 i + /
|w A ) AL UZl axj ™

2 At

—/u”-qu”y"+/o"’ : Vu" (4.14)
0 0

+ AQ <%|u”|2u” +p'u" — {n(q)”) [Vu“ + (Vu")T] } u" — a‘"u”) ‘n.

Furthermore, with

ne") & (o ou\' [ n(e") . o
/QTIZ_: <£+£> /Q V' + (Vu') " = /9217(4) ID(u"F,

and assuming suitable boundary conditions for u like above, (4.14) becomes

E in n+1) __ E in n 1
0= k (’U, ) k (U ) _ ”un+1 _
At 2 At

¥ / 21D / Vg + / o V.
Q Q Q

Summing up the four discrete energy laws (4.8), (4.10), (4.12) and (4.15), the integral forms of
the coupling terms cancel out thanks to the chosen test functions and we have the claimed
discrete total energy law (4.6). O]

n||2
22
(4.15)

To validate thermodynamic consistency, it is crucial that we either eliminate the three
positive norms at the end of energy law (4.6), or that we can at least substitute them by
negative terms, e.g., by changing their signs. This can be achieved by an at least partially
implicit discretization, as we will show in the following sections. Since the integral including
the double-well potential can be either positive or negative, we have to control it somehow as
well.

In the following, we start with suitable discretizations for the derivative of the double-well
potential F(¢), before we introduce thermodynamically consistent schemes for the Cahn-
Hilliard equation and successively move forward up to the full model.

4.2 Approximations for f(¢)

The choice of a suitable linear approximation f(¢p™*, ¢") for f(¢) = F'(¢) strongly depends on
the given double-well potential F(¢). We present several approximations and their applicability
in the following and summarize their properties in Remark 4.9 at the end of this section.

4.2.1 Midpoint approximation

The only way to eliminate the numerical dissipation term

n+l . n+1 - (P F(‘Pn+1) - F(‘P”)
NDg;; : /f(q) ,0") /Q (4.16)

At
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4 Numerical schemes

in the discrete energy law is achieved by using the midpoint approximation

_ EG™) -~ Fle")

n+1 n
f((p+’¢) ¢n+1_§0n

(4.17)

Approximation (4.17) is nonlinear, since both the Ginzburg-Landau and the Flory-Huggins
potential and all of their modifications introduced in Subsection 3.1.1 are nonlinear. Thus, since

we focus on linear schemes, we cannot eliminate the numerical dissipation ND}'. Instead,

we introduce approximations in the following, which either result in positive dissipation or
in dissipation whose dimension is of the same or a higher order as the error in time of our
numerical schemes.

4.2.2 Linear Eyre approximation

In [27] Eyre proposes a linear semi-implicit time discretization for the derivative f(¢) of the
Ginzburg-Landau potential (3.9), which ensures the positivity of the numerical dissipation

term NDZ;}1 for certain intervals of ¢. Let us extend the Ginzburg-Landau potential to

For(p) = i(qf -1y = i(qf* + 209" —2(B + D¢ + 1), (4.18)

where f > 0, and split it into

1 1
Fi(p) = 2 pg* and Fy(p) = (" =28+ D" +1). (4.19)
Then, the linear Eyre approximation reads

f(¢n+1’¢n) — Fl/((pm—l) + le((Pn)
= (") = (B+ D" + " (4.20)
— f(q)n) + ﬁ(¢n+1 _ qon) .
Theorem 4.5. Approximation (4.20) satisfies for any potential

NDj! € O(At) vneN,

and for the Ginzburg-Landau potential (3.9) additionally

NDj.! >0,

if for all x € Q and some { € (0,1) with "™ = ¢" + {(e"' — ¢") = @™ + (1 — o™

2+ 1
3

> ((pn+§)2 )

Proof. Replacing F(p™') in the numerical dissipation term (4.16) by the following Taylor
expansion [70]

(™" —¢") P

F(q0n+1) — F(gDn) + (q)n-H _ (pn)f(qon) + ;
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4.2 Approximations for f(¢)

yields

n+l _ n F((p"+1) _ F(q)n)
NDrH—l n+1’ n (p (p _
ot / fl@™, 0" oy v

= [t = T )
Using approximation (4.20), we have
NDE = [ () + B =) T e - e

B ((er—l _(pn nig ((pn+1 )
=[BT - e

A n+l _ n 2
=[5 reora (S5

Then, substituting the discrete time derivative

yields
Nz = 2 () + 28) (o)
pot T 2 Jo ¢ tQ
Thus, it holds

ND;,! € O(At)  vneN.

Further, using the Ginzburg-Landau potential (3.9), which fulfills
f/((pn+§) — 3((pn+§)2 -1

equation (4.22) satisfies

NDZ:; = %[)(—3@)’”5)2 + 28 + 1) (atq)’”%)z

Therefore, it holds

ND;,/ >0,

ifforallz € Q

2 +1
3

3" +2+120 e > (™).

")

(4.21)

(4.22)

]

The original discretization introduced by Eyre in [27] considers = 2 and therefore satisfies

5
ND):! >0 if vazeQ: (") < 3
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4 Numerical schemes

Setting, e.g., f = 1 yields less numerical dissipation, but satisfies NDZZ} > 0 only if for all
x €Q: (¢"*)? < 1. Let us point out that no matter how we chose f, it is not clear that always
NDZ:;tl > 0, since the Cahn-Hilliard equation does not obey a maximum principle.

However, we can fix this issue by, e.g., using the modified version (3.12) of the Ginzburg-

Landau potential, which has the bounded second derivative

| ey = 1 le-rn = 2.

Setting f = 3| f’l.=w) in the linear Eyre approximation (4.20), we get the general approxima-
tion .
flo" 0" = flo™) + Ellf’llmm(fp'l“ —¢"), (4.23)

which was originally proposed in this form by Guillén-Gonzalez, Rodriguez-Bellido and Tierra
n [38].

Theorem 4.6. Using a potential with a bounded second derivative, approximation (4.23) satisfies
foralln e N :

ND;,/! € O(At) and  NDj;/ >0.

Proof. The first part

ND;.! € O(At)  vneN

directly follows from Theorem 4.5. Replacing F(¢"*') in the numerical dissipation term (4.16)
by the Taylor expansion

n+1 n 2
F™) = F@") + (0 o0 + 0 o),
where { € (¢", ™) or { € (™, ¢™), yields
r1+1 n n+1 ( n+1 n)Z
NDg = [ fr o T T - O
Using approximation (4.23), we have
(anJrl _ (pn)Z ( n+l __ n)2

+1 1 /
NDg = [ S e T - 0P

_ 1 / n+l _ n 2
= s (I =y — £/ QO) (@ ) ,
which satisfies
NDZ;}1 >0 vne N,
since || =) = f/({) for all { € (¢", ™) or { € (¢p"*',¢") and n € N. O]

Note that approximation (4.23) and Theorem 4.6 hold for any potential with a bounded
second derivative. But the resulting numerical dissipation rises with the size of the upper
bound of its second derivative, which can become quite large for the proposed modifications of
the Flory-Huggins potential, see Subsection 3.1.1. The further away from the minima the cut is
applied, the higher the upper bound of the second derivative, because the original potential and
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4.2 Approximations for f(¢)

its derivatives have singularities at 0 and 1. Even if we cut directly at the minima as proposed
in modification (3.14), the bound is much higher than that of the modified Ginzburg-Landau
potential (3.12).

Nevertheless, if using a modified Flory-Huggins potential, we suggest using the following
extension

1 1
Fru(op) = n—q)lnq) + n—(l —@)In(1—¢) + yo(1—1¢)
P s

1 1 1 1 (4.24)
= —¢plnp+—(1-9)In(1-9)+(x + - fe(1 — @) — - fo(1 - ¢),
n, ng 2 2
which can be split into
Fp) =~ o1 - 0), (4.250)
Fi(g) = ~plng +—(1 - @) In(1 - 9) + (y + ~Fp(1 — ). (4.25b)
np n, 2

Using this splitting, the approximation
f((PnH,(Pn) — Fl/((pnﬂ) + FZI((pn)

=B P+ (1 Ing) — (1 +In(1 — ") + (r + 2 )1 - 2")
ny n 2

= f(e") + (™" —¢")

is analogous to the linear Eyre approximation (4.20).

4.2.3 Optimal dissipation 2 approximation

As a universal linear second order approximation for any potential, we suggest using the
second order accurate Taylor expansion
n+1

Flo™ oM = (o) + 2 f (oM. (4.26)

This is called the optimal dissipation 2 (OD2) approximation, see Guillén-Gonzalez and Tierra [37],
because the generated numerical dissipation is of second order in time.

Theorem 4.7. Approximation (4.26) satisfies

ND}7) € O ((Ar)?) vneN.

Proof. Substituting the following Taylor expansion, where { € (¢", ¢"*') or { € ("™, ¢"),

( n+1 n

F™) = )+ 0~ 0f0) + O iy

( n+1 n

—)f"(§)

and approximation (4.26) into the numerical dissipation term (4.16) yields

ND: = [ = 170 (0 = ¢7)
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4 Numerical schemes

Then, substituting the discrete time derivative (4.21), we have
NDT‘H—I _ A 2 1 74 (a n+%)3 4 27
= [ 1O (0 (4.27)

Thus, it holds

ND}:! € O ((Ar)) vneN.

O
n+1

pot *
only use schemes with truncation error up to second order in time. One may assume that an

approximation causing dissipation which is of similar or smaller scale as the truncation error
of the whole scheme does not violate the thermodynamic consistency as long as the time
step size is sufficiently small. And indeed, our numerical experiments presented in Chapter 5
validate this.

Note that this approximation is not able to control the sign of ND’"". Nevertheless, we

4.2.4 Linear stabilized second order approximation

We can also construct a linear second order accurate approximation for the modified Ginzburg-
Landau potential (3.12), which can provably ensure the energy-stability of a resulting numerical
scheme, even though it does not guarantee the positivity of the numerical dissipation term.
Using the same splitting as in (4.19) with § = 2, Fi(¢) = ¢* =: F,.(¢) is convex and
Fy(p) = ;(p* — 6¢° + 1) =: F.e(9) is concave in [—1, 1]. Then, the approximation, which was
originally proposed by Wu, van Zwieten and van der Zee in [72], reads

n+1

_n n+l _ n
f((p”"'l, (pn) :ﬁ)ex((Pn+1) - %f;x(gﬁm—l) + fcave((pn) + %fc/ave((pn)

_At(XA ((pn+1 _(pn) ,

(4.28)

which is a combination of two second order accurate Taylor expansions and a stabilization
term. Note that the coefficient « of the stabilization term has to satisfy the following estimate

2
IMzory (IfLelio@my + 1 = faelioary)

a2|
16

in order to get a provably energy-stable numerical scheme, see [72] for more details and the
proof. Further, note that M in the above estimate is the mobility function (3.4), which in case
of not being bounded has to be cut and continuously extended analogously to the second
derivatives of the modified potentials in order to be bounded. The truncation error of the
stabilization term is also of second order in time, since

n+l _ n 1
Atad (9" = ¢") = (At ar (u) = (AtYaA (9,9"7) .

At

Approximation (4.28) is linear, since the implicitly discretized derivative f,., of the convex
part of the potential is linear and its second derivative f, is constant.
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4.2 Approximations for f(¢)

Theorem 4.8. Approximation (4.28) satisfies

ND}:!' € O ((Ar)?) vneN.

Proof. Substituting the Taylor expansions

n+1 )

Fcave(q)nﬂ) = Fcave(qon) + (‘Pnﬂ - ¢n)ﬁaue(¢") + ((p—fcave((pn) +

g £ (") —

uﬁave(g) >

Fooe(0") = Foe(@™) = (0™ — ") roe(0") + W= g

and approximation (4.28) into the numerical dissipation term

n+l _ n F ((pn+1) + F ((pn+1) _ F ((pn) _ F ((pn)
NDn+1 — n+1’ n @ @ __ ~cave vex cave vex
pot /Q(f(qo (P ) At At

yields

N = [ (<atanter - - O+ SO =0 )

Using partial integration and assuming suitable boundary conditions, see Remark 3.2, we have

NDZ:tl — [2 (0(|V((pn+1 _ (pn)|2 _ if//(g)((pnﬂ _ (pn)?») .

Then, substituting the discrete time derivative (4.21) yields

i\ |2
ND2! = (At)? / (a ‘v (2,0™?)
Q

- %f”@) (at¢n+%)3> .

Thus, it holds

ND;i' € O ((At)))  vneN.

]

Approximation (4.28) is also applicable for the modified Flory-Huggins potential (3.14), if
we use the above-mentioned splitting (4.25). But note that the proof of energy-stability in
[72] is based on the fact that the splitting is convex-concave, with F;(¢) being convex and
having a linear derivative and F,(¢) being concave. While F;(¢) given by (4.25a) is indeed
convex for f > 0 and has a linear derivative, the unconditional concavity of F,(¢) given by
(4.25b) can only be guaranteed for a suitably large f > 0. Further, the size of the numerical
dissipation of this approximation is again related to the upper bound of the second derivative
of the potential, which is directly related to . And as mentioned above, this upper bound for
modified Flory-Huggins potentials is much higher than that of the modified Ginzburg-Landau
potential (3.12).

Remark 4.9. Summarized, see Table 4.1, we have introduced some linear potential derivative
approximations, which do not void the thermodynamic consistency under certain conditions, and
/ or if used for the modified Ginzburg-Landau potential (mod. GL) or the modified Flory-Huggins
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Table 4.1: Approximation summary for f(¢)

error and | ND,, >0

ND,; size | unmod. pot. mod. GL mod. FH
Eyre (4.20) O (At) conditional conditional conditional
mod. Eyre (4.23) | O(At) | inapplicable v/ v
OD2 (4.26) O ((Ar)?) - - -
Stabilized (4.28) | O ((At)z) inapplicable - (but energy-stable) - (but energy-stable)

potential (mod. FH). But they can introduce large dissipation, since they include stabilization
terms relying on parameters which may have to be large. We have also introduced the OD2
approximation, which is always applicable and causes small dissipation, since it does not include
stabilization terms, but can theoretically void the thermodynamic consistency. Despite this,
we preferably use OD2 for our numerical experiments in Chapter 5 due to its flexibility and
universally small dissipation. We then always check the energy-stability of our simulations.

4.3 Schemes for the Cahn-Hilliard equation

As mentioned above, an at least partially implicit discretization is necessary to prove ther-
modynamic consistency for a semi-discretization in time of the Cahn-Hilliard equation (3.7).
We present several suitable discretizations in the following and summarize their properties in
Remark 4.17 at the end of this section.

4.3.1 Partially implicit Euler scheme

An intuitive approach for a thermodynamically consistent scheme for the Cahn-Hilliard
equation results from an implicit discretization of the fourth derivative of the volume fraction
¢, which results from the second derivative of the chemical potential . We will show in
Theorem 4.10 that this partially implicit Euler discretization changes the sign of the related
L*-Norm 54|V — V@"|7:(q) in the resulting discrete energy law. We consider a uniform
partition of the time interval [0, T] with a constant time step At. Given ¢" from the previous

time step, we compute ¢"*! such that

n+l _ n

% — V- (M(pMvp™) =0, (4.292)

’un+1 — —AA(pn-H + f((pn+1’ (pn) , (429b)

where f(p™!, ¢") is a suitably linearized approximation of f(¢) = F/(¢). A reasonable choice

for the approximation f(¢™, ¢") is a topic on its own and therefore outlined in Section 4.2
above.

Note that we do not need to compute ¢™*! and p"*! in a coupled way, since we can insert

relation (4.29b) in equation (4.29a), before solving the latter numerically.
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4.3 Schemes for the Cahn-Hilliard equation

Theorem 4.10. Let f(¢™"", ¢") represent a suitably linearized approximation of f(¢), see Ta-
ble 4.1. Then, the resulting numerical scheme (4.29) is linear and, assuming suitable boundary
conditions, see Remark 3.2, it satisfies the following discrete version of energy law (3.8)

mzx((Pn+1) Emlx((p )
At

- [ MR - NDE = 9 = Ty, (430

where

n+l _ n F((er—I) _ F(q)n)
NDn+1 — n+1’ n u _/ .
= [ s - [

n+1

Proof. Ttis clear that the proposed scheme is linear if f(¢"*', ¢") is linear. Multiplying equation
(4.29a) with p"*!, integrating over the computational domain Q and applying integration by
parts results in

_ (pn+1_(pn n+l V- (M(o" n+1 n+1
0= [ ————n (M)
Q t Q
n+1 n
_/(P -9 ( AA(p"H +f((Pn+1’(P +/M((pn)V[Jn+l -V,lln+1
Q

/M((pn)v#n-H n+l | (431)
n+l _ .n a(pn+1 (pn+1 _ (pn
— \V/ n+l _ n \V/ n+1 (p 40 /1 +/ n+1, n
/QA (""" —¢") - Ve /aQ Y om T LT f@"™ ")

v [ M- [ e

Assuming suitable boundary conditions, see Remark 3.2, the boundary integrals vanish and
since the first integral satisfies

A A
v n+l _ n .V n+1:/_ \V n+12_v n.v n+1
/QAt (" = @™ - Vg | N (V™' = Vg - V™)

A /1 1 1
— e _v n+1_v n2+_v n+12__v n|2
/QAt<2|<p @"| 2|<p | zlfpl
p) )
— vn+1_v nZZ +/ vn+12 vnz ,
S lve 0" 120 A (V™ '[* — [Vo"?)

equation (4.31) becomes

A A
Oz_v n+1_v n22 +/ v n+12 v n|2
Ve = Vel + | S (Ve = V')

n+1 __ (432)
¥ / OO ) / M.

Further, since the discrete mixing energy at time ¢, reads
n A n|2 n
Emix((P ): EW(P | +F((P ) >
Q
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4 Numerical schemes

we sum equation (4.32) with

0_/ F(e™") — F(¢") _F(e"") — F(p")
o At At ’

to get

A A F(o™") = F(o™)
0 — v n+1 _ v n|2 + / v n+1|2 _ v n|2 _+_
Ve 020 [ ome (IVe™ ' — [Ve™?) -

(pn+1 - (pn n+l ny _ F((pn+1) - F((pn) n n+1|2
+/Q<—f(qo o )+/QM<¢ Y

At At
A Epmis(@"") — Epix(")
=—_|Vv n+l _ \V/ n 22 + mix mix’
2At” @ @ ”L (®) At

(er-l - (pn n+l n F((pm_l) - F((Pn) n n+12
+L<Tf(<p ") — " >+/QM(</) IV

Rearranging yields the discrete energy law (4.30). []

As discussed in Section 4.2, ND}»! represents numerical dissipation caused by the discretiza-

tion of the derivative of the double-well potential. Depending on the approximation considered
for f(¢p™!, ¢"), we obtain different numerical schemes with different discrete energy laws.

Theorem 4.11. Assuming suitable boundary conditions, see Remark 3.2, scheme (4.29) satisfies

/qo”“z/qoo vneN.
Q o

Proof. Multiplying equation (4.29a) by the smooth test function ¢/, integrating over the com-

Thus, it is mass-conservative.

putational domain Q and applying integration by parts, we obtain

[2 %w - / V- (M) y

== [ M@ wp [ Mty
o 90

= [ M@ o+ [ ey,
Q 2Q

an

Then, setting ¥ = 1 and assuming suitable boundary conditions, see Remark 3.2, we have

q)n+1 - an / n+1 / n
—— =0 = = .
/Q At Q ¢ Q ¢

Thus, it follows by induction that

/(p”“:/(po vn e N.
Q 0

58



4.3 Schemes for the Cahn-Hilliard equation

4.3.2 Crank-Nicolson type scheme

An improved thermodynamically consistent scheme for the Cahn-Hilliard equation is achieved

using a midpoint approximation for the fourth derivative of ¢, which completely eliminates

the L*-Norm 5
PUTLACAI A Y

in the resulting discrete energy law, see Theorem 4.12 and, e.g., Guillén-Gonzalez and Tierra [37].

We consider a uniform partition of the time interval [0, T] with a constant time step At. Given

¢" from the previous time step, we compute ¢"*! such that

n+1 n

% — V- (M(p"WVpE) =0, (4.33)
‘un+§ — —AA(pn+§ + f((pn+1’q)n),
where B
1 n + (pn
n+s - (P
¢ 2

is a midpoint approximation in time, i.e., scheme (4.33) is of Crank-Nicolson [21] type.

Theorem 4.12. Let f(¢™', ¢") represent a suitably linearized approximation of f(¢), see Ta-
ble 4.1. Then, the resulting numerical scheme (4.33) is linear and, assuming suitable boundary
conditions, see Remark 3.2, it satisfies the following discrete version of energy law (3.8)

Emix((pn+l) - Emlx((pn) n n+i n
- =—/M@»Wﬁ¥—Nmy, (434)
Q
where » (") (o)
n+l _ n F (pn —F (pn
NDn+1 — n+1’ n u _/ .
= [ s - [T

n+1

Proof. Ttis clear that the proposed scheme is linear if f(¢"*', ¢") is linear. Multiplying equation
(4.33) by y**2, integrating over the computational domain Q and applying integration by parts,

we obtain
n+l _ n L . A
0 :/(P o ¢ 'Un+§ _/v_ (M((pn)v/ln+§)lln+2
Q Q
— (pn-%—l —¢" n+l ntl  n n n+l n+l
= [ (FAAGME ) + | MG vy
Q t Q
— AQ M((pn)Vﬂn+EIjn+§ ‘n (435)

/1 i qDnle _ qDn a(pn+% qDnJrl _ §0n
— i y/ n+l _ . ny . \V/ nt+s A + r v n+1, n
/QAt (¢ ¢") - Vo /aQ A7 on /Q A fle"™ ")

n n+i2 n a‘un+%
+ [ M@V F = [ M(e")
Q a0

n+1
on F

Assuming suitable boundary conditions, see Remark 3.2, the boundary integral vanishes, and

since

V(g™ — ") - Ty = (Vg™ — V") - (Vg™ + V") = (Vo™ = [ve"P) |
2

N | =
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4 Numerical schemes

equation (4.35) becomes

n+1

A — " B
0= / (|v(pn+1|2 _ |vq)n|2) + / % % f(QDnH,QDn) + /M((pn)|v’un+2|2 ) (4.36)

Further, since the discrete mixing energy at time ¢, reads

A
Epix(@") = ( /Q EIW"I2 +F(qo")> ,

we sum equation (4.36) with

B F(§0n+1) _ F((pn) B F(¢n+1) _ F(q)n)
0= L( At At ) ’

to get

A F(p™") — F(o™)
0= = (v n+12_v n|2
/Q(zm(uo o) + D

n+l _ n ) ) F( n+1) _ F( n) . o
v [(F s - =2 )+ [ e
o At At Q

— Emix(q)m—l) - Emix((pn)
At

(pn+1 N . ; F((pn+1) _ F(¢n) . el
+/—(p fle™ ") - + [ M(e")Ivp 2
Q At At Q

Rearranging yields the discrete energy law (4.34). []

Theorem 4.13. Assuming suitable boundary conditions, see Remark 3.2, scheme (4.33) satisfies

/qo"“z/qoo vneN.
Q Q

Thus, it is mass-conservative.
Proof. Analogous to the proof of Theorem 4.11. [

Remark 4.14. Note that in general, the explicit and the implicit Euler method have a truncation
error of first order in time, since they correspond to the right and left finite difference, respectively,
see Subsection 4.8.1 for the derivation. The Crank-Nicolson method corresponds to the central
finite difference and is therefore second order accurate in time.

Note that even though the Crank-Nicolson method is second order accurate in time, scheme

(4.33) is of first order in time as long as the mobility M(¢) is not constant, since we discretize
the latter explicitly in order to have a linear scheme.
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4.3 Schemes for the Cahn-Hilliard equation

4.3.3 Second order scheme

In order to introduce a linear second order numerical scheme for variable mobilities, we use
the explicit multistep method by Adams and Bashforth [6] to extrapolate M(¢") by M(p" %),
where o
e T i Ay
2
yielding a two-step numerical scheme, i.e., a scheme using the information from two previous
time steps.

(4.37)

Theorem 4.15. The explicit extrapolation (4.37) is of second order in time.

Proof. Let us consider the two central approximations

L n+1 + n
o=t T (4.38)
2
like in the Crank-Nicolson method, and similarly
n+1 + n—1
o=t (4.39)

which both yield second order in time schemes, since they are midpoint approximations that
correspond to central finite differences, see Subsection 4.8.1 for the derivation. Rewriting
(4.39) to

qDn+1 — 2§0n _ §0n_1
and substituting it into (4.38) reads

n+

o=

240" _(pn—l +(pn _ 3q}n _(pn—l _ 1

2 2 v
[
The proposed two-step numerical scheme reads
n+l _ .n . .
¢ At_(p — V- (Mg 2)vp™2) =0, (4.40)

#n+% — —AA(p’H—% +f(¢n+1’(pn).

Theorem 4.16. Let f(¢""', ¢") represent a suitably linearized approximation of f(¢), see Ta-
ble 4.1. Then, the resulting numerical scheme (4.40) is linear and, assuming suitable boundary
conditions, see Remark 3.2, it is mass-conservative and satisfies the following discrete version of
energy law (3.8)

Emix((Pn+1) - Emix( n) n—1i n+i n
) / M(p™ DIV = ND, (4.41)
where » (™) (o)
n+l _ n F (pn —F (pn
NDn+1 — n+1’ n (p (p _/ )
ot Lf(qo v A A7
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4 Numerical schemes

"1 ") is linear. The mass conser-

Proof. 1t is clear that the proposed scheme is linear if f(¢
vation is calculated analogously to the proof of Theorem 4.11 and the discrete energy law

analogously to the proof of Theorem 4.12. [

In order to compute ¢ from ¢°, a second order one-step nonlinear scheme can be considered.
We overcome this by setting ¢! := ¢°, i.e., we solve the first order scheme (4.33) in the first
time step. As long as the initial data is sufficiently smooth, the influence to the final solution
@V is usually negligible for T >> 0, see the experimental convergence results presented in
Chapter 5.

Table 4.2: Summary of the schemes for the Cahn-Hilliard equation

linear energy-stable mass-cons. truncationerror At
explicit Euler (4.2) v - v O (At) Oh*)
implicit Euler - - v O (At) -
implicit (4.29) / / v O (At) O(h?)
Crank-Nicolson (4.33) / v v O (At) O(h?)
second order (4.40) / / v O ((At)z) O(h?)

Remark 4.17. Summarized, see Table 4.2, the second order Crank-Nicolson type scheme (4.40)
delivers the best properties while fulfilling all our necessities and is therefore our method of
choice for solving the Cahn-Hilliard equation numerically. Note that the two Crank-Nicolson type
schemes are not only energy-stable but conserve the continuous energy laws up to the dissipation
term ND,; resulting from the linearized potential.

Other common thermodynamically consistent approaches to solve the Cahn-Hilliard equa-
tion numerically are BDF schemes, see, e.g., Yan, Chen, Wang, Wise [73]. Their main disadvan-
tage, compared to the above introduced methods, is that they require modifications to the free
energy functional E,;, in order to be energy-stable.

4.4 Schemes for the Cahn-Hilliard-Navier-Stokes model

Adding the Navier-Stokes equations introduces additional challenges to the derivation of
suitable linear numerical schemes. One being the added advection term w - V¢ in the Cahn-
Hilliard equation, which couples it to the Navier-Stokes equations. We have to ensure that it
cancels out in the discrete energy law with the ¢-coupling term in the Navier-Stokes equations,
analogously to the continuous case (3.24) and to the explicit Euler scheme (4.3) for the full
model. Another one being the (modified) pressure p, which again acts as a Lagrange multiplier
due to the incompressibility condition V- u = 0.

4.4.1 Mixed scheme

An often used approach for solving the Navier-Stokes equations numerically is the implicit
Euler method. We combine it with the Crank-Nicolson type scheme (4.33) for the Cahn-Hilliard
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4.4 Schemes for the Cahn-Hilliard-Navier-Stokes model

equation to get a coupled scheme to solve the Cahn-Hilliard-Navier-Stokes model (3.24). We
consider a uniform partition of the time interval [0, T] with a constant time step At. Given
(¢", u") from the previous time step, we compute (¢, u™*!, p"*!) such that

(Pn+1 _ (Pn L
Yt u™ Ve — V- (M(e")Vu"2) =0, (4.42a)
’un+% — —AA(er—% + f(¢n+1’(pn),

u"tt -y +1 +1 +INT

—+ (" - VU )—V-{ "[Vu” + (Vu" ]}
(W) 1™ (Vu") wat

+ vpn+1 _ ‘un+%v(pn — 0,

V-u"l=0. (4.42c)

Note that the numerical scheme (4.42) is fully coupled through the implicit coupling terms
u™1.Vg" and p"*2 V" and the implicit discretization Vp™*'. Thus, one has to solve all equations
simultaneously, which may cause increased computational effort in comparison to solving
one equation after the other.

Theorem 4.18. Let (™", ¢") represent a suitably linearized approximation of f(¢), see Ta-
ble 4.1. Then, the resulting numerical scheme (4.42) is linear and, assuming suitable boundary
conditions, see Remark 3.7, it satisfies the following discrete version of energy law (3.28)

Etotal((pn+1> un+1) - Etotal((Pn’ un)
At

— —NDI - / MV
Q

p n+1 n|2 n n+1y\|2
— Pt —/z< D HE,
2 AL 12(Q) Q’?‘P

(4.43)

where like above

n+l _ .n F((pn+1) _ F((pn)
NDn+1 — n+1’ N L _/ )
= [ et - [ S

Proof. 1t is clear that the proposed scheme is linear. Analogously to the proof of Theorem 4.12,
we multiply (4.42a) by "2 and integrate over the computational domain Q. Assuming suitable
boundary conditions, see Remark 3.7, we get the same equation plus one integral from the
advective coupling term

Emix my — Emix g : :
! )At @) + NDj,' + / M(pMV™ 2 + / wtt Vet =0, (444)
Q Q
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4 Numerical schemes

n+1

Taking the inner product of (4.42b) and u

un+1 —u
0= . n+1 .V n+l | n+1
_ / (v A {n((Pn) [vunﬂ + (vunﬂ)T] }) . un+1
Q
/vpn-H n+1 _/’un+;v(pn.un+l
Q
1
_ n+lj12 _ .n n+1 + n_v_ n+1|2
= [ L (- ) + [ ot
+ /{U((pn) [vunﬂ -}-(V’U,HH)T]} . vun+1 _/ {n((pn) I:V’U,’H—l + (vunﬂ)T] } un+1 ‘n
oQ
n+1 n+1 n+1 ntlg n ., ntl
/P (V-u )+/pu /ﬂ2V<P'U
1 1
n+l _ n2+ n+1|2 / v-ut)- n+12+/ n. " |aynt1)2
= [ e Gt =P =) = [ o) e [ p g
+/’7((pn) [|vun+1|2 +tr ((Vu"“)z)] _/ {’7(40") [vunﬂ +(vun+1)T]}un+1 ‘n
Q Q2

_ /pn+1(v . un+1) +/ pn+1un+1 ‘- /un+1 . v(pn#m—
Q 2Q Q

Using the incompressibility and assuming suitable boundary conditions for u, see Remark 3.7,

and integrating over Q yields

we can eliminate a few integrals, including all boundary integrals. Further, since the discrete
kinetic energy at time ¢, reads

1
Ekin(un):/E,Dlun|2,
Q

and since
d 41N 2
1 ourtt  ouj 1
|vun+1|2 +tr ((vum—l)z) - _ Z i + J — _|vun+1 + (vun+1)T|2 — 2|D(un+1)|2 ,
2 i=1 8x]~ ax,- 2

we can rewrite the above relation to

Ein(u™) — Egin(u™)
At

+ P ||un+1 _un”iz(g)+/20(¢")|D(un+1)|2_/un+l ,v(pn'un+ —
2 At Q Q

Finally, summing this discrete energy law for the kinetic energy and the discrete energy law
for the mixing energy (4.44), the integrals of the coupling terms cancel out and we have the
desired energy law (4.43). [

Theorem 4.19. Assuming suitable boundary conditions, see Remark 3.7, scheme (4.42) satisfies

/(p”“:/(po vneN.
0 0

Thus, it is mass-conservative.
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4.4 Schemes for the Cahn-Hilliard-Navier-Stokes model

Proof. Multiplying equation (4.42a) by the smooth test function ¢, integrating over the com-
putational domain Q and applying integration by parts, we obtain

L %‘# - / w V'Y / V- (Mg VR y
:Lv'(um"”q’"‘/a@ WY /QM(<”">W”“'V¢+/GQM(¢")85—::¢.

Then, setting {/ = 1, using the incompressibility and assuming suitable boundary conditions,
see Remark 3.7, we have

(pn+1 — qon / n+1 / n
— =0 — =
/Q At Q v Q ¢

Thus, the theorem follows by induction. OJ

4.4.2 Crank-Nicolson type scheme

Note that the norm )
—lu
2 At

in the discrete energy law (4.43) can be eliminated analogously to the improved scheme for
the Cahn-Hilliard equation (4.33). Thus, by using the midpoint approximation

n+l _ un ”i2(9)

wth = u"™ +u” ,
2
we have

P - (i) <o (4.452)

At (p (p ‘U - 1) . a
lln+% — _AA(er—% _+_f((pn+l’(pn),

n+l _ o, n . 1 R
p('u, — u + (u" ,v)un+§> V- [ZU(¢n)D(un+§)] + VP — V" = 0, (4.45b)
Vet =0 (4.45¢)

Theorem 4.20. Let f(¢"*', ¢") represent a suitably linearized approximation of f(¢p), see Ta-
ble 4.1. Then, the resulting numerical scheme (4.45) is linear and, assuming suitable boundary
conditions, see Remark 3.7, it is mass-conservative and satisfies the following discrete version of
energy law (3.28)

E ota n+1 n+1 E ota n
tot l(<P A)t fot l(‘P u ) ngtl /M((p )IV,u’”Z |2
(4.46)
- [2nD@rhr,
Q

where like above

—¢" F(e™!) — F(¢")
Dn+1 n+1’ (P / )
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4 Numerical schemes

Proof. 1t is clear that the proposed scheme is linear if f(¢"*', ¢") is linear. The mass conserva-
tion is calculated analogously to the proof of Theorem 4.19. Then, analogously to the proof of
Theorem 4.12, we multiply (4.42a) by 4"z and integrate over the computational domain Q.
Assuming suitable boundary conditions, see Remark 3.7, we get the same equation plus one
term from the coupling, reading

Emix((pn+1) - Emix((Pn)
At

"=, (4.47)

i
<
<
El
=

+NDj! +/M(<p”)|v;1”+§|2+/u”+ :
Q Q

Further, analogously to the proof of Theorem 4.18, taking the inner product of (4.42b) and

w7 and integrating over Q yields

n+l _ ,,n
0= / P / (" - Dyt -
Q At Q

_ / (v A {U((pn) [vurw% + (vun+%)T] }) X un+%
Q

+ /vpn+l . ’U,rH—% _ /ﬂn+;v(pn . urH—%
Q Q

:/%(,un+1‘2_‘un|2)+/2’7((pn)|D(un+é)|2_/un+é'V(Pn’urﬁ;
Q Q Q

Erin(u™") — Egin(u") n ntl nal n onal
= +/2'7(<p D (u +Z)Iz—/u IRV
Q Q

At

Summing the mixing and the kinetic energy law, the integrals of the coupling terms cancel
out and we get the desired energy law (4.46). []

4.4.3 Second order scheme

Furthermore, scheme (4.45) can be modified to a second order in time two-step scheme by
using the second order extrapolation

L 30" — ™!

W = — o € {o, u},
for the explicit terms, yielding

A AT S R (M(g™Hvpmt) = 0 4.48

~ Vo -(M("2)vp"2) =0, (4.48a)
lln+% — _AA(er% + f((Pn+1,(Pn),

'U,n+1 —u" 1 1 1 1 1 1
p(T +(u"? -v)u'”é) — V- [2n(e" ) D(u"2)| + Vp — y"2ve" 2 = 0, (4.48b)
V-u"l=0. (4.48¢)

Theorem 4.21. Let f(¢""', ") represent a suitably linearized approximation of f(¢), see Ta-
ble 4.1. Then, the resulting numerical scheme (4.48) is linear and, assuming suitable boundary
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4.4 Schemes for the Cahn-Hilliard-Navier-Stokes model

conditions, see Remark 3.7, it is mass-conservative and satisfies the following discrete version of
energy law (3.28)

Etotazl(ﬁon-'—1 n+1) Etotal(qo un)
At

—M%I/MW%WWW—/MWﬂmeW.
Q Q
(4.49)

"1 ") is linear. The mass conserva-

Proof. Tt is clear that the proposed scheme is linear if f(¢
tion is calculated analogously to the proof of Theorem 4.19 and the energy law analogously to

the proof of Theorem 4.20. [

4.4.4 Splitting schemes

Due to the increased computational effort of solving coupled systems, we want to decouple
them if possible while conserving their thermodynamic consistency. Starting from scheme
(4.42), we have to modify one of the coupling terms in order to decouple the calculation of
(4.42a) and (4.42b). A suitable modification is given by substituting «"*! in the advection term
u™! - Vo of (4.42a) by

w' = u"+ g,u’”% i (4.50)

p

i.e., by its explicit discretization minus the ¢-coupling term of the Navier-Stokes equation
times the time step size. The resulting splitting scheme can be written

U Ve =V (M(p"Vp™:) =0, (4.51a)
1 1 At 1
P = =A™+ f(@" "), ut =+ — Ve,
p

n+l _ p,*

p<“A—t + (u” -V)u”“) _v. {7](<p”)[Vu"+1 + (Vu"H)T] } VP =0,  (451b)
V-u"lt =0, (4.51c)
where (4.51b) with (4.50) is identical to (4.42b).

Theorem 4.22. Let f(¢"", ¢") represent a suitably linearized approximation of f(¢), see Ta-
ble 4.1. Then, the resulting numerical scheme (4.51) is linear and, assuming suitable boundary
conditions, see Remark 3.7, it satisfies the following discrete version of energy law (3.28)

Etotal((pn+1 n+1) Etotal((p u )
At

Dy~ [ AT
Q

- o (0 =l + ' =) = [ @D, (@52
Q

where like above

— 9" F(e™!) — F(¢")
Dn+1 n+1’ (P / )

67



4 Numerical schemes

Proof. It is clear that the proposed scheme is linear. Analogously to the proof of Theorem 4.12,
we multiply (4.51a) by 4"*2 and integrate over the computational domain Q. Assuming suitable
boundary conditions, see Remark 3.7, we get the same energy law plus one term from the
coupling, reading

Emix ntl _Emix " :
(¢ )At ") + NDJ! + / MMz + / w V"t =0, (4.53)
Q

Then, analogously to the proof of Theorem 4.18, taking the inner product of (4.51b) and u"*!
and integrating over Q yields

0:/[)%'1&”“ /P(U v)unH n+1
Q

_ [z (v. {U((p")[Vu"H i (vun+1)T] }) 4 /vpn+l n+l

p x x
= (1 By =T + ™ = w) + [ 2D s
Q

Taking the inner product of relation (4.50) and ©* and integrating over Q yields
At
||u*||i2(9) = /un . u* + _lln+% v(pn
Q Qp

1 At
= [ (PP e R) + [ S vg e
Q 2 Q p

1 * * At *
(= g + Il ) + [ S gt
Q

Multiplying the above equation by two and subtracting |u*|};, yields

* * 2At * 2
”’U, ||i2(Q) = —”U — ’U/n”iZ(Q) + ”’LLHH%Z(Q) + /7 u - V(pn [Jn+ . (455)
Q

Inserting relation (4.55) in (4.54) reads

P 2At .

L (e + I = W'y = Iy = [ ==tV it 4 ! = ')
2At Q p
" / (") D" )P

Q
Ekin(un+1)_Ekin(un) P( +1 2 2

- P (™t =gy + =Wl ) = [ ut v
At 2 At L) 1(@) o

¥ / 2" D P

Q

Summed up with the discrete mixing energy law (4.53), the integrals of the coupling terms
cancel out and we obtain the desired energy law (4.52). [

Theorem 4.23. Assuming suitable boundary conditions, see Remark 3.7, scheme (4.51) satisfies

/(p"Jr1 = /(p” if and only if //1”+§|V(p"|2 =0.
0 o o

Therefore, it is in general not mass-conservative for ¢.
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4.4 Schemes for the Cahn-Hilliard-Navier-Stokes model

Proof. Multiplying equation (4.51a) by the smooth test function ¢, integrating over the com-
putational domain Q and applying integration by parts, we obtain

L‘/’_"HA; oy = -/u* -V¢"¢+Lv- (MG 7))

Q

At 1 n n n n+1
Z—/U"'V¢”¢—L;ﬂ”+zv<p Ve t//+/QV~(M(<p)V/1 Y1)y

Q

n n n n At nl n
:/v-mwp —/ uw-n—/—u+2|w Py
Q 90 Q P

- / M(g") V™ -y + / M2y
Q oQ

n+ 2
an

Then, setting ¢/ = 1, using the incompressibility and assuming suitable boundary conditions,

see Remark 3.7, we have
n+l _ n At s
/fp ¢ :_/_ﬂnﬂw(pnlg
o At QP

In order to construct a mass-conservative splitting scheme, we propose to rewrite the
coupled scheme (4.42) at first. Using the incompressibility V - u"*! = 0, we can rewrite the
advective Cahn-Hilliard equation (4.42a) into its conservative form analogously to Remark 3.15.
For consistency, we also rewrite the ¢-coupling term in the Navier-Stokes equation (4.42b)
appropriately. The resulting scheme reads

O

(Pn+1 _ (pn L
Vv (™" = V- (M(p")Vp™2) =0, (4.56a)
’un+% — —AA(J)M—% + f(¢n+1’(pn),
un+1 _ un . . T
e u”-Vu’”)—V-{ "[Vu”++Vu”+ ]}
(i + @) o) (vur) (w560
+ vpn+1 + (pnv’un+% =0 ,
V-u"l=0. (4.56¢)

Again, we decouple the calculation of scheme (4.56) by substituting «"** in the advection
term of (4.56a) by its explicit discretization minus the ¢-coupling term of the Navier-Stokes
equation times the time step size, now reading

At 1
u =u"— —¢"Vu"z, (4.57)
p
The resulting splitting scheme reads

(pn+1 _ qon L
Ve (ute") — V- (M(pMVETE) =0, (4.58a)

1 1 At 1
U 2 = —AA(pn"LE + f((p"+1’¢"), u =u" — _(pnvyn+§ ,
p

n+1 *

p<“—_ +(u” -V)u”“) _v. {q(q)")[vwl + (VU"H)T] } LVp =0,  (4.58b)
V-u"l=0. (4.58¢)
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4 Numerical schemes

Theorem 4.24. Let f(¢™"", ¢") represent a suitably linearized approximation of f(¢), see Ta-
ble 4.1. Then, the resulting numerical scheme (4.58) is linear and, assuming suitable boundary
conditions, see Remark 3.7, it satisfies the discrete energy law (4.52) with u* given by relation
(4.57).

Proof. It is clear that the proposed scheme is linear. Analogously to the proof of Theorem 4.22,
we multiply (4.58a) by "2 and integrate over the computational domain Q. Then, assuming
suitable boundary conditions, see Remark 3.7, we get

Emix((pn+1) - Emix((pn)
At

+ND + /Q MMV + L Ve(uig =0 (459)

n+1

Taking the inner product of (4.58b) and u
proof of Theorem 4.22,

and integrating over Q yields, analogously to the

p . )
0= 2At<"“’n+1”%2(9> — [l + lu™ —u ||iz<sz)> + / 2n(e™)|D(u™MP. (4.60)
Q

Taking the inner product of relation (4.57) and w*, integrating over Q and applying integration
by parts yields

At
[ |F2 0 :/U”'U*—/—WV#H; -t
Q Q

p
At 1 At 1
Q Q p o P

Assuming suitable boundary conditions, see Remark 3.7, the boundary integral vanishes and
we get

1

* * * At * 1
gy = 5 (= T = Wl + Wl + W) + [ S0 gt

Multiplying both sides of the equation by two and subtracting [u[7,, yields

* * 2At * 1
[ 720y = =" — w72y + lu" 17y + /7 Ve (ute") e (4.61)
0

Inserting relation (4.61) in (4.60) yields

P n * n n 2At e nel . .
0= —(”’u, +1||i2(Q) + |u" —u ||i2(9) —|u ||]%2(Q) — /_ V- (u ") 1" + |u 1 _ "i%g))

2 At o p

+ [y
Q

Ekin(un+1) - Ekin(un) 1Y n+1 %12 * n|2 * ny . o+l

) At - zm(”“ B S (T ||L2<Q>> - [)v'(u OYaE

+ / 2n(") D" .

Q

Summed with the discrete mixing energy law (4.59), the integrals of the coupling terms cancel
out and we have the desired energy law (4.52). O]
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4.4 Schemes for the Cahn-Hilliard-Navier-Stokes model

Theorem 4.25. Assuming suitable boundary conditions, see Remark 3.7, scheme (4.58) satisfies
/go”“:/goo vne N.
Q Q

Proof. Multiplying equation (4.58a) by the smooth test function ¢, integrating over the com-
putational domain Q and applying integration by parts reads

= [werw- [ woyen- [menuetope [ umen y.

Then, setting ¢/ = 1 and assuming suitable boundary conditions, see Remark 3.7, we have

/(pn+1—(P":0 — /¢n+1:/¢n
Q At Q Q

Thus, the theorem follows by induction. O

Thus, it is mass-conservative.

Theorem 4.26. The splitting method used in scheme (4.58) has a truncation error of first order
in time.

Proof. Inserting relation (4.57) for «* in the Cahn-Hilliard equation (4.58a) reads

n+l _ n
_u+v.

At 1 n n n+i
<un ) ?(’)nv”m) v ] = V- (M)
n_n n n+i At ny\2 n+i
= T+ V- (u"") — V- (M(p")Vp""?) e (CORTAEIR
where the last term is the splitting error, which holds

1 s
At=V - ((p")*Vp™2) € O(At).
p

4.4.5 Chorin’s projection method

To further reduce the computational cost of our mass-conservative splitting scheme (4.58), we
propose to use Chorin’s projection method [17]. This algorithm enables a decoupling of the
computation of the velocity and the pressure of the coupled Navier-Stokes equations (4.58b),
(4.58c), by using the following pressure correction method

" |

p(“’ Atu + (’U,n . V)’U,T> —-V- {n((p”) I:VUT + (V’U,T)T] } + (pHV[ln+§ =0, (4623_)
At

whm e (4.62b)
p

vou=0. (4.62¢)

The above system is solved as follows:
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4 Numerical schemes

1. Find u" by solving equation (4.62a).

2. Applying the divergence to (4.62b) yields
At
Voul =voumtt £ —Apttt
p
Consequently, due to the incompressibility condition (4.62c), we find p™*! by solving

the Poisson equation

Ap™t = Aﬁtv Lt

n+1

3. Since u' and p"*! are now known, we find ™! by solving equation (4.62c).

In summary, instead of solving a coupled system for u"*! and p"*!, we compute u', p"*! and
u™"! one after another.

Theorem 4.27. The Chorin projection method (4.62) has a truncation error of first order in time
and does not influence the discrete energy law for a constant viscosity . For a variable viscosity,
the discrete energy law for the splitting scheme (4.58a), (4.62) reads

Etoml((Pan un+1) - Etotal((Pna un) _

+1 +1
At - ND;ot - NDZhorin

- / MMV — / 2n(¢") D(uNP
Q Q

where the numerical dissipation caused by splitting and projection reads

(4.63)

At P + * *
NDrcl;;)lrin = 5"vpn+1”i2(§2) + 2 At ("’U, -—u ||i2(9) + ||'LL - un”IZJZ(Q)) s
ut = u— g(pnv‘urw% )
pP

Proof. Inserting relation (4.62b) in equation (4.62a) reads
n+l _ ,,n At
0= p (u + (un . v) <un+1 + _vpn+l>> + vpn+1
At p
-V {n(q)”)

T
At At
v <un+1 + _vpn+1) + (v (un+1 + _vpn+l>)
p p
n+l _ ,,n

= p(uA—t +(u"- V)u"“) - V- {ry(<p”)[Vu”+1 + (Vu”“)T] } + VP 4 "V

+ At - V)V pt — %V- {’7(4’") [v2pn+l + (vzpnﬂ)T] } ’

} + (pnv'unﬁ-%

where
At
A nvv n+1_ v n vz n+1 vz n+1\T
- Dp =2 |+ (7 |

= At ((u” V)Vp" - %V- [7(e") Vzp"“]) € O(Ar)
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4.4 Schemes for the Cahn-Hilliard-Navier-Stokes model

is the splitting error.
Assuming a constant viscosity 7, we can use the following equality for the last term of the
splitting error
UV'VZPHH — nv_ (AanI).

Now, taking the inner product of the splitting error and ™! and integrating over Q, we can

calculate the influence of the splitting error on the discrete energy law. Assuming the same
suitable boundary conditions as above, see Remark 3.7, and using the incompressibility, we
have

2Atn

At /(un . v)vpnﬂ . un+1 v (AanI) ’U,
Q

= —At /(v cu” un+1 +u'v- un+1) . vpn+1 + At/ (un . n)vpnﬂ . un+1
Q oQ

2At 2At

+ _’7 Apn+1I . vun+1 _ _’7 / Apn+1 un+1 ‘n
P Ja P Jao

_ 2Atn

P Ja

Apn+1v . un+1 — O
For a variable viscosity n(¢"), we substitute (4.57), i.e.
n+%

. VAV
u =u ——¢Vu
P

in equation (4.62a), before we take the inner product with u" and integrate over Q, yielding
analogously to the derivation of energy law (4.52)

,D * +
= o (1~ W + ' =) + [ o@D o
Q
Since
’U,T — un+1 + gvptﬁl ,
p
n At n
Ju’ ||L2(Q) Ju™" + ;VP H”IZ}(Q)
At)?
— ||un+1||iz(Q)+( ) ”vpm—l”Lz(Q) _/ n+1 vpn+1
At 2 2At 2At
— ”un+1”%2(9) + ( ) ”vpm—l”Lz(Q) /v . un+1 pn+1 + _/ un+1 . npn+1
p* p Jo p Joa
(At)2

= Ju"! ||22(Q) + ——[Vp" [} 12(Q) >

where the last equality holds true due to the incompressibility and suitable boundary conditions

for u™*', see Remark 3.7. Inserting the last relation into (4.64) reads

p . . At
= P (I ey = ey + et =Ty ) + 190" ey + [ 20(0"ID (P
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4 Numerical schemes

Now, analogously to the proof of Theorem 4.24, we insert relation (4.61) for ||u*]|§2(Q), yielding
the discrete kinetic energy law

Ekin(un+1) _ Ekin(un) p * * n * N n+l
0= = 4P (I = g + e = ) - Av.(u e

At
+ VP e + / 2n(e") D(uh .
P Q

Finally, adding the discrete mixing energy law (4.59), the integrals of the coupling terms cancel
out and we have the desired energy law (4.63). [

Table 4.3: Summary of the schemes for the Cahn-Hilliard-Navier-Stokes model

linear en.-stable mass-cons. trunc. error At
part. implicit (4.42) / / v O (At) O(h?)
part. Crank-Nicolson (4.45) v v v O (At) O(h?)
second order (4.48) / / / O ((At)z) O(h?)
splitting scheme (4.51) v v/ - O (Ar) O(h?)
cons. splitting scheme (4.58) / / / O(At) O(h?)
Chorin splitting (4.58a), (4.62) v / v O (At) O(h?)

Remark 4.28. Summarized, see Table 4.3, the second order Crank-Nicolson type scheme (4.48)
has the best properties on the face of it and we should note that again the two Crank-Nicolson
type schemes are not only energy-stable but conserve the continuous energy laws up to the
dissipation term ND,,, where the latter results compulsorily from the linear approximation
of the potential derivative f(¢). Even though the mass-conservative (cons.) splitting scheme
(4.58) has a larger truncation error and additional numerical dissipation from the splitting, the
decoupled calculation also resulting from the splitting yields a major efficiency advantage and
more flexibility regarding the spatial discretization of the advection due to its explicit discretization
in time. Finally making the mass-conservative splitting scheme our method of choice for solving
the Cahn-Hilliard-Navier-Stokes model numerically.

4.5 Schemes for the simplified model for viscoelastic
phase separation

We start this section proposing a one step numerical scheme for the simplified model (3.48),

which is based on the Crank-Nicolson type scheme (4.33) for the Cahn-Hilliard equation. Note

that we have originally introduced the following two schemes in Strasser, Tierra, Diinweg and
Lukacova-Medvidova [67].
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4.5 Schemes for the simplified model for viscoelastic phase separation

4.5.1 Crank-Nicolson type scheme

We consider a uniform partition of the time interval [0, T] with a constant time step At. Given
(¢", q") from the previous time step, we compute (¢p™"*, ¢"*') such that

n+1 n n n
i A; ¢ V- {(,0 (;(_n;” ) [(pn(l — qpn)vlurw% _ V(GB((Pn)q"Jr%)] } =0, (4.65a)
’U % = —AA(p"JrZ +f((P"+1,(P )
n+1 1 .
: At - i 5(¢") "
1 1 1 (4.65b)
+ Gp(p")V - { . [4’"(1 — V"2 — V(GB(¢")q”+f)] } =0,
(™)
where " ) o
(PH% - % and qn+% _4 2+ q

are midpoint approximations, yielding a Crank-Nicolson type scheme.

Theorem 4.29. Let (™, ¢") represent a suitably linearized approximation of f(¢), see Ta-
ble 4.1. Then, the resulting numerical scheme (4.65) is linear and, assuming suitable boundary
conditions, see Remark 3.11, it satisfies the following discrete version of energy law (3.50)

Etotal((pn+1a an) Etotal((p qn) _ NDn+1 / 1 ( n+%)2
(™)

At pot
. 1 L (466)
n(l_ n)v I’l+§ _v(G( I’l) TH—E) ,
Ol ned
Where n+1 n F( n+1) F( n)
NDn+l n+1’ n (10 _qo _/ (P - QD ]
= [ s - [R

Proof. 1t is clear that the proposed scheme is linear if f(¢"", ¢") is linear. The discrete mixing

energy is calculated analogously to the discrete energy law (4.34), i.e., multiplying (4.65a) by
"%, integrating over Q and applying integration by parts yields

n+1

mix n+1 _Emix n n+l _ .n P 3

o = Emi(e ) (") #NDE - /rpAtq)Ag
Q n
g( n) —0 )V/ln+2 —V(GB((Pn) qn+2)] [ ( _ qo")V,u"Jr%

oG
/W)"’(‘ "% mo e

Assuming suitable boundary conditions, see Remark 3.11, the two boundary integrals vanish,

1
n+3 .

")

yielding the discrete energy law

mzx((pn+l) Ele((p ) n+1
At ~NDpy

- [ g @ =it =9 ] [ - gy
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4 Numerical schemes

Multiplying (4.65b) by q"*%, integrating over Q and applying integration by parts reads

' / ol { { (1 D) ["’"(1 — "Wt = 9(Gale") g ) } g
/ (@ = (@) + / = n)(qn+2)2
- [ = e -G ] Gt

. 0 aﬂn+% a(GB(qan)qu%)
[(p ( ) an on

1 ny n+3
+ T ]GB(<p )q"

Again, assuming suitable boundary conditions, see Remark 3.11, the boundary integral van-
ishes. Since the discrete bulk energy at time ¢, reads

1
Epui(q") = /E(qn)Z :
Q
we have the following discrete energy law

Epu(q"") — Epun(q"™) _ / L gy
At Q TB(‘P")

(Pn(l — "V = V(Ga(e™) q’”%)] | [ — V(Ga(p™g™ )| .

Y (<P")
Summing up the two discrete energy laws yields the desired energy law (4.66). [

Theorem 4.30. Assuming suitable boundary conditions, see Remark 3.11, scheme (4.65) satisfies

/(p”“:/(po vn e N.
Q 0

Proof. Multiplying equation (4.65a) by the smooth test function ¢, integrating over the com-
putational domain Q and applying integration by parts yields

[ = [ {8 vt - veuee ] v

Thus, it is mass-conservative.

1D
-y et - 9G]
’ /ag % [go”(l B (p")Vp”Jr% — V(Gs(¢") qn+%)]¢ ‘n
o /Q % [0"(1 = ¢"pE = VGale" gD - W
+ /aQ (ﬂ;(—q;)w [q)”(l _ (,)n)af;:; ~ 3(GB(g2 q"*%)]l//.
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4.5 Schemes for the simplified model for viscoelastic phase separation

Then, setting / = 1 and assuming suitable boundary conditions, see Remark 3.11, we have

/(pn+1_(P":0 — /(pn+1:/¢n
Q At Q Q

Thus, it follows by induction that

/q)"“:/(po vn € N.
Q Q

The numerical scheme (4.65) is of first order in time, since some discretizations are evaluated
explicitly at time t" to avoid nonlinearities.

]

4.5.2 Second order scheme

Analogously to scheme (4.40), we propose a linear second order numerical scheme by using
the second order Adams-Bashforth method to extrapolate the explicit terms ¢" by

1 3(pn _ (pn—l
2 = -
¢ 2

The resulting two-step numerical scheme reads

n+l _ n n—% 1— ”—% 1 1 1 1 1
LA —Vv- {w[(pn 2(1 _q)n Z)V/ln+2 —V(GB(qD" z)qn+2)]} =0, (4.67a)

At {(gm?)
’un+§ — —)LAQD]H—E + f(gDn_H,QDn),
qn+1 _ qn 1 n+%

+ =q
At (" 2)

(4.67b)
+ Ga(p" )V - {

1 1 a1 nal nely el

— [qo" 2(1— " 2)Vp"*e —V(Gp(p" ) q +2)]} =0.
§le"2)
Theorem 4.31. Let f(¢™", ¢") represent a suitably linearized approximation of f(¢). Then,
the resulting numerical scheme (4.67) is linear and, assuming suitable boundary conditions, see

Remark 3.11, it is mass-conservative and satisfies the following discrete version of energy law
(3.50)

Etotal(§0n+la qn+1) - Emml(QDH, q") +1 1 +1\2
=—-ND""' — | ——=(q""? 4.68
- [ @ (4.68

("2
B / g(qoi-é)

Proof. Tt is clear that the proposed scheme is linear if f(¢"*!, ¢") is linear. The mass conser-
vation is calculated analogously to the proof of Theorem 4.30 and the discrete energy law
analogously to energy law (4.66). O]

1 1o pal TN
@ (1= " )vp" = V(G 2) g7
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4 Numerical schemes

In order to compute the pair (¢', ") from (¢°, ¢°) a second order one-step nonlinear scheme
can be considered. We overcome this by setting ¢! := ¢° and g ! := ¢’, i.e., we solve the
first order scheme (4.65) in the first time step. As long as the initial data is sufficiently smooth,
the influence is usually negligible for T > 0, see the experimental convergence presented in
Chapter 5.

Note that due to the highly coupled nature of the two equations, we restrain from using a
splitting scheme for the simplified model. But since both ¢ and g are scalar functions, unlike
the velocity field u, the computational effort of the coupled calculation is less severe.

Table 4.4: Summary of the schemes for the simplified model

‘ linear energy-stable mass-cons. trunc. error At
part. Crank-Nicolson (4.65) / / v O(At) O(h?)
second order (4.67) / / / O ((Ar)?)  Oh?)

Remark 4.32. Summarized, see Table 4.4, the second order Crank-Nicolson type scheme (4.67)
has better properties and is therefore our method of choice for solving the simplified model
numerically. Note that again both Crank-Nicolson type schemes are not only energy-stable but
conserve the continuous energy laws up to the dissipation term ND,, which results from a linear
potential approximation.

4.6 Schemes for the full model for viscoelastic phase
separation

Based on the methods introduced above, we present schemes for the full two-fluid model for
viscoelastic phase separation (3.47) in the following. Note that most of these schemes have
already been published in Strasser, Tierra, Diinweg and Lukacova-Medvidova [67].

4.6.1 Mixed scheme

At first, we propose to combine the coupled scheme (4.42) for the Cahn-Hilliard-Navier-Stokes
part with scheme (4.65) for the simplified model. In order to discretize the stress tensor
evolution equation (3.47c), we primarily use the explicit Euler method here, since the equation
contains only first order derivatives. Given (¢",q", 0", u") from the previous time step, we
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4.6 Schemes for the full model for viscoelastic phase separation

Compute (qon+l, qn+1 n+1, ,u,n+1, pn+1) SUCh that

(Pn — (pn n+1 n qon(l B (pn) [ n n n+l ny n+i ]

PO vt — v LT OO oyt — w6 H =0, (.69
A7 u @ { o) ¢"(1-¢")Vu (Goe") q""?) (4.692)
‘un+% — —AA(er% +f((pn+1’qon)’

qn+1 - qn n n+l 1 n+1i

-V 2 2 4.
X +u" Vg + TB(q)”)q (4.69Db)
1 1 ny nal
+ Gp(p")V - { . [fp”(l — ")V = V(Gs(e") g +2)] } =0,
(o™
n+l _ —n
o At g + (’U,n+1 . v)o_n . (vun+1)0_n _ a_n (vun+1)T (469C)
1 1
+ S — +0 G5(§0n+5)[ n+1 + (v n+1)T] — ,
s(p"2)
n+l _ ,,n
¢ Y vy (u"-V)u™' -v. {77(90") [Vu"“ + (VunH)T] } (4.69d)
+ VP - iV —V 0" =0,
Veou™ =0, (4.6%)

where 0 € {0, 1}.

Theorem 4.33. Let (™", ¢") represent a suitably linearized approximation of f(¢), see Ta-
ble 4.1. Then, the resulting numerical scheme (4.69) is linear and, assuming suitable boundary
conditions, see Remark 3.13, it is mass-conservative and satisfies the following discrete version of
energy law (3.52)

n+1

Etotal((Pn+1’ an,U n+1) Etotal((P q o" un) _NDn+1

At pot
Lo — gyt - e ntiy2
_ /Q RODI4 (1 —"Vp™2 —V(Gple") ¢"?) [) TB((pn)(q ) (4.70)

1 1
- —1tr 0,n+0 - 'u,"“ T 22 — /2 D ,un+1 2’
/Q 2 75(g") @) = oAl lire = | 20D ™)

where like above

—¢" F(o"™") — F(p™)
Dn+1 n+1’ (p / ]
w= [ 5@ [

Proof. Apart from the stress evolution equation (4.69¢), it is clear that the proposed scheme is
linear if f(¢™*', ") is linear. The elastic stress tensor o only occurs in its evolution equation
(4.69¢) and the Navier-Stokes equation (4.69d). Since it is discretized explicitly in the latter, the
computation of (4.69c) is decoupled from the computation of the other (coupled) equations
and performed afterwards, when the solution (¢"*!, ¢"*', u"*', p"*') is already known. Thus,
equation (4.69c¢) is linear as well.

The mass conservation is calculated analogously to the proof of Theorem 4.19.

Then, analogously to the derivation of the discrete energy law (4.66) of the simplified model,

(4.69a) is multiplied by y"*2 and (4.69b) by ¢"*2. Integrating both equations over Q, using
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4 Numerical schemes

partial integration, assuming suitable boundary conditions, see Remark 3.13, and summing up
yields the same energy relation as above plus two terms from the previously missing advection

Emix((Pthl) - Emix(qon) + Ebulk(qn+l) - Ebulk(qn)

NDn+1
At At Dot
1 1 1 1 1 2
+ ( n+5)2 +/ n(l _ n)v n+; _v(G ( n) n+§) 4.71
L@wﬂq o L ? TV o774 (*7

+/un+1 _v(pn'urw% +/un+1 _vqn+% qn+% =0.
Q Q

Here, the last term vanishes, since

/un+1 .vqn+% qn+% — /un+1 . lv(qn-#%)Z — _/v_un+11(qn+§)2 +/ un+1l(qn+%)2 n=0,
Q Q 2 Q 2 90 2

using the incompressibility and assuming suitable boundary conditions, i.e., periodic or
u™ - n =0 on 99, see Remark 3.13.

Further, we take the Frobenius inner product of (4.69c) and %I and integrate over Q, enabling
analogous calculations as for the shear stress part of the continuous energy law (3.52), yielding

Ea(a™) — Ea(a") _ / o VUt + / — (o™ = 0. (4.72)
At o 0 275(p"2)

Taking the inner product of (4.69d) and u"™* and integrating over Q yields, analogously to the
derivation of energy law (4.43),

Ekin(un+1) _Ekin(un) 1 n+1 ny2 n n+1y|2
o e~ + [ 2 D)

_/un+1.v(pn'un+;_/(v.o,n)'unﬂzo’
Q Q

where for the last integral it holds

—/(V-o"‘)-u"+1 :/a'" : Vu"”—/ a”n-u"“:/a" s Vu't.
Q Q P Q

Thus, summing up the above three energy relations, all integrals which are related to coupling
terms vanish and we get the desired energy law (4.70). ]

80



4.6 Schemes for the full model for viscoelastic phase separation

4.6.2 Crank-Nicolson type scheme

n+1

It is possible to eliminate the term |u™" — u" ||%2(Q) from energy law (4.70), considering the
following linear one-step scheme
n+l _ n L 1— " L L
u +uttz 'V(Pn —V- {(,0 ( ) ) [ n(l _ <p”)v,u”+5 — V(GB((Pn) qn+§)] } =0, (4_733)
At J(e™")
‘un+% — _AA(pn‘F% + f((pn+1’(p ),
qn+1 — qn n n+ n+1i
+u" -V + 2 4.73b
AT q PRPOX (4.73b)
1 1 n n 1
+ Gp(p")V - { . [(p”(l — ")V —V(Gp(9") q +2)] } =0,
4D
n+l _ =n . . .
g A A (u"2-V)o" - (Vu"2)o" — o" (Vu’”f)T (4.73¢)
1 1 1
+——0 0 _ 2G5((pn+E)D(’U/n+§) =0,
Ts(p""2)
n+l _ o ,n L R X
v ot (u"-V)u": —V- {217(90”)D(u”+5)} +Vp™ — "2V —V-0o" =0, (4.73d)
V-utl =0, (4.73¢)

where 0 € {0, 1}.

Theorem 4.34. Let f(¢"*', ¢") represent a suitably linearized approximation of f(¢p), see Ta-
ble 4.1. Then, the resulting numerical scheme (4.73) is linear and, assuming suitable boundary
conditions, see Remark 3.13, it is mass-conservative and satisfies the following discrete version of
energy law (3.52)

n+1

+1 +1 +1
Etotal((pn s C]n , O s u" ) - Etotal(gon: qn’ Un: u ) _NDn+1

/ 1 At pot
Ja L")

0= =G = [t
_ 1 n+6 n+l A
L g™~ [ aneina .

which is, up to NDZ;}, analogous to the continuous energy law.

Proof. Can be shown analogously to the proof of Theorem 4.33, except for the calculation
of the kinetic energy law. For the latter, we calculate the inner product of (4.73d) and u"*:
analogously to the derivation of energy law (4.46). ]

4.6.3 Second order scheme

Analogously to schemes (4.48) and (4.67), using the second order extrapolation

30)" _ a)n—l
= T’ w E {(P, us 0‘}1

n—

w

[N
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4 Numerical schemes

for the explicit terms in scheme (4.73) yields the following linear and second order in time
two-step numerical scheme

n+l _ _.n . .
¢ v LANAPIS Vo' 2 (4.75a)
"_%(1 - ”_%) a1 S T | nely el
—V-{—q) n_ip [qo 2(1— " 2)Vu"" 2 — V(Gp(e 2)q+2)] =0,
{(p"2)
'un+§ — —AAQDM—? + f(§0n+1,(pn)’
n+1 n L X 1 L
T~ | gynbggs 4 —— g (4.75b)
At TB(@"“
+G(p" )V { e (AR R [ (M e VS } =
{(p"2)
n+l - n 1 1 1 1 1 1
g A T 4 (U2 -V)o" 2 —(Vu"*2)o" 2 —o" 2 (Vu’”?)T (4.75¢)
]. 1 1
b g Gy DU ) = 0
s(¢"2)
un+1 _ un L i o i
vt - v {n((p" z)zD(u"+z)} (4.75d)
+ Vp'”% - y"+%V(pn_% ~V.o"1=0,
V-u"l =0, (4.75e)

where 0 € {0, 1}.

Theorem 4.35. Let f(¢""', ¢") represent a suitably linearized approximation of f(¢), see Ta-
ble 4.1. Then, the resulting numerical scheme (4.75) is linear and, assuming suitable boundary
conditions, see Remark 3.13, it is mass-conservative and satisfies the following discrete version of
energy law (3.52)

n+1 n+1 n+1

Etotal(qo O

- / l (<p1‘1

— 1 +9 3 n+2 2
/ LR [t Hipa b,

which is, up to NDZ;}I, analogous to the continuous energy law.

n+1) Etotal(q) q o" un) n+1
At _NDpot

(p"—%(l — (pn_%)VllH% - V(GB(ﬁf’n_%)q - / ( 1n—)(q ) (4.76)
o 7(¢

Proof. Can be shown analogously to the proof of Theorem 4.34. O]

4.6.4 Splitting scheme

In this subsection, we present yet another possibility to discretize system (3.56). In order to
save computational cost, we split the computation into three different sub-steps. The first two
steps are the interesting ones here, allowing us to decouple the calculation of the fluid part
(u, p) from the phase-field and bulk stress parts (¢, q) analogously to the mass-conservative
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4.6 Schemes for the full model for viscoelastic phase separation

splitting scheme (4.58) for the Cahn-Hilliard-Navier-Stokes model, by modifying the advection
term of the ¢-equation.
Step 1. Find (¢™*!, ¢"*!) such that

n+l _ .n . n n(l _ n) . . " o
¢ - Y v e -v. {_90 §(<pn_;0 [(P (1 = "Wt — V(Ga(o™) g +2)]} —0, (477a)
'un+% — —AAQDM—% + f((pn+1,(pn)’
u' =u"— At q)”vu”% , (4.77b)
q""’l _ q” n_n+l 1 n+l
Vi) 2 4.77c
At WOt e (477¢)
1 3 ny n+i
+ Ga(¢")V - { 0D [w"(l — ")V = V(Gr(eM g +2)] } =0.

Step 2. Find (u™*!, p"*') such that
n+l _ %

At
V-u"l=0. (4.78b)

v + @ - VUt -v- {q(<p"+%) 2D(u”+1)} +Vp"' —V-o" =0, (4.78a)

Step 3. Find o™*! such that

n+l __

At

+ (un+1 . v)o,n _ (vunﬂ)o,n —o" (vun+1)T
) 1 (4.79)
+ . a_n+0 _ GS(§0n+§) 2D(un+1) =0,
s(p™2)

g g

where 0 € {0, 1}.

Theorem 4.36. Let f(¢"", ¢") represent a suitably linearized approximation of f(¢), see Ta-
ble 4.1. Then, the resulting numerical scheme (4.77)-(4.79) is linear and, assuming suitable
boundary conditions, see Remark 3.13, it is mass-conservative and satisfies the discrete energy law

n+

+1 +1
Etotal((Pn 5 qn ) o

_[zé(;”)

— ; n+0y _ n n+1y|2
Azfs(q,w;)tf(ff ) [)%((p D™,

1, un+1) _ Etotal((Pns qn, 0'", un) B _NDn+1 B NDn+1
At - pot split

0= =G| - [ @ s

where )

NPz = (! = g+ — Wl )
Proof. Analogously to the proof of the discrete energy law (4.70), the proposed scheme is
linear, and analogously to the proof of Theorem 4.25, it is mass-conservative. To calculate

the discrete energy law, we multiply (4.77a) by 1"z and (4.77¢) by q"+% and integrate over
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4 Numerical schemes

Q. Assuming suitable boundary conditions, see Remark 3.13, and summing up, we obtain an
energy law analogous to (4.71), with only the last term being different, reading

Emix((pn+1) - Emix(qon) + Ebulk(qn+1) - Ebulk(qn) + NDn+1 + / 1 (qn+%)z
At At pot o 5(e™)

+[z§(<1p") 2+/QV'(U’ED")#’”%=0.

Taking the Frobenius inner product of (4.79) and ;I and integrating over Q yields the identical

(4.81)

qon(l _ QDH)V/.In+% _ V(GB((pn)qu%)

elastic energy law (4.72) as above, i.e., we have

Ee n+1 _Ee n 1
(") — Eu(a™) / o s a4 / (o™ =o. (4.82)
At Q o 275(p""2)

n+l1

Then, analogously to the proof of Theorem 4.22, taking the inner product of (4.78a) and u
and integrating over Q yields a similar equation as above, but now with an additional integral
from the o-coupling term, reading
1
0=—
2 At

+/2’7(¢n)|D(un+l)|2+/o_n . V’Ll/n+1,
Q Q

where the last term is calculated identically as in the proof of the discrete energy law (4.70).
Taking the inner product of relation (4.77b) and w*, integrating over Q and applying integration

(i A T S AT
(4.83)

by parts yields

[ 20y = / u'ut - / Atg" V™2 -
Q Q

= /u”-u*+/AtV-(u*q)")p"+; —/ Atg" " iU .
Q Q 9

Assuming suitable boundary conditions, see Remark 3.13, the boundary integral vanishes and
we get

* 1 * * * 1
B = 5 (= " = B+ Iy + 1l ) + [ A7 g

Multiplying both sides of the equation by two and subtracting [u[7,, yields
* %* * 1
[ 720y = —lu” — w72y + lu" |7y + /ZAtV () e (4.84)
Q

Inserting relation (4.84) in (4.83) yields

1
0=—
2 At

+/2r]((pn)|D(un+l)|2+/a_n . vunﬂ
Q Q

E in 'U,n+1 —E in 'U,n 1 . % . 1
- Bl )y (™ — w1 =) — [ (g
Q

* * l *
(B + 1 = Wl = H'y = [ 2007 o)™t + ™ =l
Q

At 2 At
+/277(g0")|D(u”“)|2+/0'” : Vu't.
Q Q
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4.6 Schemes for the full model for viscoelastic phase separation

Summed with the discrete energy laws (4.81) and (4.82), the integrals of the coupling terms
cancel out and we obtain the desired energy law (4.80). O]

4.6.5 Chorin’s projection method

To further reduce the computational cost of our splitting scheme in Step 2, we propose to use
Chorin’s projection method analogously as in Subsection 4.4.5, now reading

t_ 1

: Atu +(u"-V)u' - v- {f?((p”) [VuT + (Vu*)T] } +¢"Vy" —V-0"=0, (485a)
u' = u" + Arvp™t (4.85b)
Voul =0 (4.85¢)

The above system is solved as follows:
1. Find u" by solving equation (4.85a).

2. Applying the divergence to (4.85b) yields

KN
]

Veu' =Veu"™ + At Ap™.

Consequently, due to the incompressibility condition (4.85¢), we find p"*! by solving
the Poisson equation

3. Since uT and p"*! are now known, we find u"*! by solving equation (4.85b).

In summary, instead of solving a coupled system for u™! and p™*! in (4.78), we compute
u’, p"! and u"! one after another.

Theorem 4.37. The Chorin projection method (4.85) has a truncation error of first order in time
and does not influence the discrete energy law for a constant viscosity . For a variable viscosity,
the discrete energy law for the splitting scheme (4.77), (4.85), (4.79) becomes

+1 +1 +1 +1
Etotal((Pn 5 qn 5 o-n B un ) - Etotal((Pna qns a-n’ un)

— _NDrl+1 _ ND?’H—l

At pot chorin
- / ~_lg(1 - ") — V(Ga(e") D] - / (g (4.86)
o {(e™) o Ta(e™) ’

— ; n+6y n (2
/QZTS(W;)“(U ) /QZ’?(fP D,

where

NDC};L()lrin = ?||Vp +1”%2(9) + E (”’U, —Uu ||i2(9) + ||’U, - ’l.l,n”IZJz(Q)) .
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4 Numerical schemes

Proof. Analogously to the proof of Theorem 4.27, inserting relation (4.85b) in equation (4.85a)
yields the original Navier-Stokes part (4.78a) plus the following splitting error

At(u” . v)vpnﬂ — A1V - {U((pn) [v2pn+1 + (vzpn+1)T] }
= At ((u* - V)Vp™ =2V - [n(e") V2 p™']) € O(AY).

Assuming a constant viscosity , we can use the following equality for the last term of the
splitting error
r]v . vzer—l — nv . (API‘H—II).

n+1

Now, taking the inner product of the splitting error and 4™ and integrating over QQ, we can

calculate the influence of the splitting error on the discrete energy law. Assuming the same
suitable boundary conditions as above, see Remark 3.13, and using the incompressibility yields

At /(un . v)vpm—l . un+1 _ ZAU]/V . (ApnﬂI) . un+1
Q Q

= —At /(v cu" un+l +u'v- un+l) . vpn+1 + At/ (un . n)vpn-H . un+1
Q Q2

+2Atry/Ap”+1I : Vu't! —2At77/ Ap"tut n
Q Q

2

= 2Atq/Ap"“v cu™ =0,
Q

For a variable viscosity 7(¢"), we substitute (4.77b), reading u* = u" — Atg"Vy™: | in
equation (4.85a). Then, we take the inner product with u" and integrate over Q, yielding
analogously to the derivation of energy law (4.80)

1

_ 2 *)|2 + %12
0 = (1" Fixey = I’ Ty + " = 'l )

N / 2n(e" D + / o vt
Q Q

Since (4.62b) reads u’ = u""! + At Vp"*!, it holds

(4.87)

||UT||i2(Q) = Ju"" + AtV g

= |u" |2 + APV [Ty + 20t /Q u™t . vpttt

— ||un+1||i2(9) + (At)2”vpn+1"iz(g) —2At /v . un+1 pn+1 + ZAt/ ,un+1 . npn+1
Q oQ

= "UnH”iZ(Q) + (At)znanHHiZ(Q),
where the last equality holds true due to the incompressibility and suitable boundary conditions

for u™*!, see Remark 3.13. Inserting the last relation into (4.87) reads

1
0=—
2 At

+/217((p”)|D('u,T)|Z+/0'" s Vut.
0 0

. . At
(™ By = I By + b = 'y ) + ST ey
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4.6 Schemes for the full model for viscoelastic phase separation

Now, we insert relation (4.84) for ||u*!|§2(9), yielding the discrete kinetic energy law

Egn(u™") — Egin(u") 1 . . . 1
S Ve 2At<”uT Rl TR U “n”izm)) - /Qv'(u Q") "

At
+ S1p  + [ 2eD@OE + [0 s,
Q Q

0

Finally, adding the discrete energy laws (4.81) and (4.82), the integrals of the coupling terms
cancel out and we have the desired energy law (4.86). ]

Table 4.5: Summary of the schemes for the full model

linear en.-stable mass-cons. trunc. error At
part. implicit (4.69) v v v O (Ar) O(h?)
part. Crank-Nicolson (4.73) v v v O (At) O(h?)
second order (4.75) v v v O ((Ar)?)  Oh?)
splitting scheme (4.77)-(4.79) v v v O (A1) O(h?)
Chorin spl. (4.77), (4.85), (4.79) v v v O (A1) O(h?)

Remark 4.38. Summarized, see Table 4.5, the second order Crank-Nicolson type scheme (4.75)
has again the best properties on the face of it and we should note that again the two Crank-
Nicolson type schemes are not only energy-stable but conserve the continuous energy laws up to
the dissipation term ND,,,, where the latter results compulsorily from the linear approximation of
the potential derivative f(¢). Even though the splitting scheme (4.77), (4.85), (4.79), which uses
the Chorin projection, has a larger truncation error and additional numerical dissipation from the
splitting and the projection, the decoupled calculation also resulting from splitting and projection
yields a major efficiency advantage and more flexibility regarding the spatial discretization of
the advection due to its explicit discretization in time. Finally making the latter our method of
choice for solving the full model for viscoelastic phase separation (3.47) numerically.

4.6.6 Stiff stress tensor equation

Note that for the small shear rates D(u) and the Weissenberg numbers 75(¢) that typically
arise in our numerical experiments in Chapter 5, the stiffness of the Oldroyd-B equation does
not play a dominant role. For this reason, it is for the most part discretized explicitly in itself,
i.e,, in o, in the schemes introduced above, or even completely explicit in itself for 8 = 0.

In case of a high Weissenberg number, it can be sufficient to choose 6 = 1, such that the
relaxation term is computed implicitly. In extreme cases, the high Weissenberg problem can
be treated by the addition of stress diffusion, see the diffusive stress equations (3.71) and (3.72),
or by using additional techniques like a logarithmic transformation of the conformation tensor
formulation. For more details on the latter, see, e. g., Lukacova-Medvidova, Notsu and She [57].
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4 Numerical schemes

Mixed scheme

For large shear rates D(w), an implicit approximation of the elastic shear stress o is advisable.
The proposed modification of scheme (4.73) is nonlinear and reads

—n+1_ " n+3 n n(l_ n) n n n+l ny n+i
@ v ¢ +u"te Vo" =V - {_(P {(gpn_;o [(P (1 — @ )Vﬂ +3 —V(GB((p )C] +z)]} =0, (4.88a)
'un+% — —AA(pM—% + f((Pn+1,(Pn),
q”+1 — qn n n+1 1 n+i
Vg : 4.38b
At RSN (4:88)
1 i ny n+i
+ Gp(p")V - { . [‘P"(l — e"Vu" 2 — V(Gp(p") q +2)] } =0,
¢(e")
n+l _ on . X 1
a+u 2. V)o —(Vu"?2)o - vugT 4.88¢
o v ( n+ ) n+1 ( n+ ) n+1 n+1 n+ ( )
+ 1 0.n+1 + Gs(¢n+%)2D(un+%) -0,
s(p"*2)
n+l _ ,,n . 1 l
u v + (un . v)un+§ —V- {U((pn) 2D(’U,n+§)} + vpn+E (4,88d)
_ ‘ufH'%v(pn _ v . o_n+1 — O,
vout=0. (4.88¢)

Theorem 4.39. Assuming suitable boundary conditions, scheme (4.88) satisfies the discrete
energy law (4.74) with 0 = 1 and is mass-conservative.

Proof. The energy law is derived analogously to Theorem 4.34 and the mass conservation is
identical, since the ¢-equation (4.88a) is identical to (4.73a). ]

Note that we can linearize scheme (4.88) by, e. g., using a fixed-point iteration. Due to the
highly coupled nature of scheme (4.88), a fixed-point iteration has high computational cost
and it is preferable to split the scheme before its application, see the following two subsections.

Further, using the idea presented, e.g., in scheme (4.75) concerning the extrapolation of the
explicit terms, while replacing ! by the Crank-Nicolson-type approximation ¢z, one
can obtain a nonlinear second order two-step scheme. Alternatively, the whole model can be
solved with the Crank-Nicolson method, since scheme (4.88) is nonlinear anyway, yielding a
nonlinear second order one-step scheme.

Splitting scheme

Since (4.88a) and (4.88b) are identical to (4.73a) and (4.73b) introduced above, the first step of
an appropriate splitting scheme is identical to the first step of splitting scheme (4.77), (4.78),
(4.79). The second and third step of the latter scheme are replaced by one combined step in
this case, since the implicit discretization of both o and w necessitates a coupled calculation.
Step 1. Find (¢™*', ¢"") by solving system (4.77).
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4.6 Schemes for the full model for viscoelastic phase separation

Step 2*. Find (o™, u™*', p™™') such that

o A; i + (un+l . v)o_nJrl _ (vun+1)a_n+1 — o1 (V’U,HH)T (4.89a)
1 1
+ —lOJH—1 + Gs((pn+5)2D(’U/n+l) =0 s
Ts(p"2)
un+1 __ agn .
T - {n(wa) 2D(u”+1)} (4.89b)

+vpn+1 + QDHV/J]H—% —V- o_n+1 — 0,
V-u"l=0. (4.89¢)

Theorem 4.40. Assuming suitable boundary conditions, see Remark 3.13, the numerical scheme
(4.77), (4.89) is mass-conservative and satisfies the discrete energy law (4.80) with 6 = 1.

Proof. Can be shown analogously to the proof of Theorem (4.36). O

Fixed-point method

It is possible to linearize and split Step 2* again by, e. g., using the following fixed-point
iteration. Given o™ = 0" and u™° = u" from the previous time step, we repeat Step 2 and 3
for [ = 0,1, ..., until [0+ — 0™ < §||w™|, for w € {0, u, p} and § sufficiently small.

Step 2. Find (u™"*!, p™*1) such that

un,l+1 g
m + (un . v)un,lﬂ V- {q((prw%) 2D(un,l+1)} + vpn,lﬂ + (pnv’unJr% V- (o_n,l) =0,
(4.90a)
V-uttt =0, (4.90b)
where
D(un,l+1) — %[vun,Hl + (vun,l+1)T] )
Step 3. Find o™"*! such that
o.n,l+1 —o" T
m + (un,l+1 . v)o,n,l+1 _ (vun,l+l)o,n,l+1 _ o_n,l+1 (vun,l+l)

o™+ Gs(p™)2D(uM) = 0. (4.91)

+
s(p""2)

Step 4. Update solution: u™*! = u™*1, pntl = pnitl gntl = gnltl,
Note that we can also use Chorin’s projection method from Subsection 4.6.5 in Step 2 to
further reduce the computational effort.
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4 Numerical schemes

Table 4.6: Summary of the schemes for the full model with stiff stress tensor

‘linear en.-stable mass-cons. trunc. error At

implicit o (4.88) - v v O (At) O(h?)
splitting scheme (4.77), (4.89) - v v O(At) O(h?)
fixed-point (4.77), (4.90), (4.91) v v v O(At) O(h?)

4.7 Schemes for the full model in conformation tensor
formulation

The full model in conformation tensor formulation (3.64) can be discretized analogously to
scheme (4.73), reading

n+l _ n .
(10 At QD + un+§ . v(pn (4923)
¢"(1-¢") [ o o
= B (1 - v - WG g )] | =0,
{ (o) ¢ @)V B\ )q
P = =A™ + (™ "),
qn+l _ qn . 1 1 o
tu Vg : 4.92b
At T e (4:92b)
1 1 1
+ Gp(p")V - { . [(P"(l — "WV — v(GB(qo”)q””)] } =0,
J(e™)
n+1 n
cr -, (w2 -V)C" — (Vu"2)C" — C" (Vu”%)T + (C"—1)=0, (492¢)
At rs(wz)
n+1 n
v TR V)u"t: — V- {q(q)") 2D(u”+%)} (4.92d)
+Vp" = V" — V- [Gs(C" - I)] =
Veoutt =0, (4.92¢)
where

1

1 1 1
D@ = - [V + (v

Theorem 4.41. Let f(¢™"', ¢™") represent a suitably linearized approximation of f(¢), see Ta-
ble 4.1. Then, the resulting numerical scheme (4.92) is linear and, assuming suitable boundary
conditions, see Remark 3.13, it is mass-conservative and satisfies the following discrete version of
energy law (3.65)

Etotal(q)m—l n+17 C’H'l’ un+1) - Etotal(QDH; qn: C” n) _NDn+1 _ NDn+]
At pot elastic

év( JUARE _/ (<pn)(qn ) (4.93)
/mtr(cn+((}”) —2I) - /277(<p”)|D(u”+z)|
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4.7 Schemes for the full model in conformation tensor formulation

where tr(C" + (C™)™! — 2I) > 0 due to estimate (2.5c¢),

n+l _ n F((pn+1) _ F((pn)
NDn+1 — n+1, N ¢ _/
e e

and

o = [BHBCH0O)  [GOT-C Gy,
Q 2 At Q 2 At

Because of the latter, scheme (4.92) is not necessarily energy-stable.

Proof. The linearity is confirmed analogously to the proof of Theorem 4.33, and since (4.92a)
and (4.92b) are identical to (4.69a) and (4.69b), the mass conservation is also directly transfered
as well as the sum of the discrete energy laws for mixing and bulk energy, reading

Emix((/)mq) - Emix(qon) Ebulk(qn+1) - Ebulk(qn)
NDn+1
At - At T %ot

1 1 1 1 1 2 1 1
+ ( n+§)2 +/ n(l _ n)v n+; —V(G ( n) n+5) + /un-%—2 Vo™ n+y _ 0.
Jiam @+ [ gl a-e ne o

The discrete kinetic energy law is calculated analogously to the proof of Theorem 4.20, yielding

Epin(u™!) — Egin(u™)
At

+ / 2n(p" D™ )~ / W V" — / V-[Gs(C" = D)]-u™? =0,
Q Q Q
where for the last term it holds

—/v-[Gs(C"—I)].u"+é :—/Gs(v-cn)-u”%
Q Q

= /GSC" B a —/ Gs(C™n) - u"?
Q PYe

= /GSC" L VUt
Q

Taking the double dot product of (4.92c) and % (I - (C”)fl), the discrete elastic energy law
is, except for the first term, calculated analogously to the continuous case in the proof of
Theorem 3.18, yielding

3 Cn+1 _ Cn . GS B et
O—L————— (1-@c™)

At 2
n . n+i GS n GS ny—1
— [ GsC™ v tr(C" - I) + tr ((C™™'-1I)
Q q 215(p) o 215(¢p) (4.94)
B /%tr(C"“) _ tr(C”) ~ /%tr ((Cn+1 _ Cn)(Cn)—l) .
o 2 At o 2 At
1 Gs _
— GC":Vu”+2+/ tr (C"+(C")' —2I) .
L ’ o 275(p) ( @) )

Since the discrete elastic energy at time ¢, reads

ELC") = / %tr(C"—lnC”—I),
Q
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4 Numerical schemes

we sum equation (4.94) with

0 /%tr(— InC™! +InC") N /%tr(ln C"™' —InC")
o 2 At 0 2 At ’

yielding

0 _/@Eez(c”“)—Eez(C”) +/C§tr(lnC”*1—lnC’") _/%tf (et —cmem™)
o 2 At o 2 At 0 2 At

—/GSC" LVt +/ Gs tr (C"+(C")_1 —2I)
0 0

275(¢)
:/%Eel(cn-'—l)_Eel(Cn) +NDZZ-;;HC
L2 At
1 Gs _
- GC":Vu"+2+/ tr (C"+(C™ ' =2I) .
Je eyt (C7 (O = 21)

Summing up the above discrete energy laws yields energy law (4.93).

Due to estimate (2.5¢), we have
tr ((C"Jrl — C")(C")_l) > tr (ln C"™' —1In C”) ,
and therefore also
[2 tr (C™' —C™(C™)™!) > /Q tr (lnC™' —InC") .

Thus, it holds

elastic —

ND = /@ tr(ln C™! ~InC") /g tr (€™ - CEen™)
Q Q

2 At 2 At
< /%tr(ln C" —1InC") B /Cétr(ln C"'—InC")
~Ja 2 At Q 2 At B

Obviously, ND%L. in energy law (4.93) has the wrong sign. It is possible to change the sign
by calculating C' implicitly and thus sacrificing the linearity while gaining robustness towards

large shear rates D(u), see Subsection 4.6.6. The respective nonlinear one-step scheme is
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4.7 Schemes for the full model in conformation tensor formulation

analogous to scheme (4.88) and reads

1
" — " -

2. Yo" 4.95
A7 @ (4.95a)

V- {M [q)"(l _ (p”)vlu’”% — V(Gg(e™) q”%)] } =0,

Z(e™)
AR (CUsDY
qn+1 _ qn o 1 "
Fut- Vg " 4.95b
At T ! (4:95b)
1 1 ny n+i
+ Ga(¢")V - { S| =t = vGate )| } —0,
¢lo™
n+1 __ n .
C C + ('u,'”? . V)Cn+1 (4.950)
At
1 1 1
_ (vun+§)cn+1 — ! (V’U,M—E)T + . (Cn+1 _ I) =0,
Ts(¢"2)
un+1 —u . )
T Ve -V {’7(<P") 2D(U"+f)} (4.95d)

+ vpn+1 _ lln+%v(pn _v. [GS(Cn+1 _ I)] -0,
V-u"lt =0, (4.95e)

Theorem 4.42. Assuming suitable boundary conditions, see Remark 3.13, scheme (4.95) is
mass-conservative and satisfies the following discrete version of energy law (3.65)

Etotal((pn+1’ qn+1, Cn+1, un+1) - Etotal((pn5 qn’ Cns un) — _NDn+1 _ NDn+1

At pot elastic

- [ zslera—enrt —vGae ¢ - [ sy (496)

o {(e") o 78(e") ’

G 1

- [ e+ @y -2n - [,

a 2t5(p™*?) 0

where tr(C™! + (C"')™! — 2I) > 0 due to estimate (2.5c) and
ND' = /%tr(ln C") —tr(InC") _ [Gs crt—Cn

elastic o 2 At o 2 At

Proof. The mass conservation and the discrete energy law are calculated analogously to the
proof of Theorem 4.41, except that we take the double dot product of (4.95c) and
& (I-(C m+1)~1). Consequently, since using estimate (2.5e), it holds

tr ((C™'—C"™)(C™) ") <tr(InC™' —InC") ,

. (Cn+1)71 >0.

we have
NDI, = / G5 trf(in €™ ~In C") / Gs Ir ((C™1 = C")(C™))
elastic — 0 2 At s 5 Y
S /%tr(ln C"l —InC") ~ /%tr(ln C"1-InC")
B Q 2 At o 2 At -
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4 Numerical schemes

4.7.1 Splitting scheme

Since (4.95a) and (4.95b) are again identical to (4.73a) and (4.73b) introduced above, the first
step of an appropriate splitting scheme is given by
Step 1. Solve (4.77) for (™', q"*1).

Since (4.95c) and (4.95d) are coupled due to the implicit calculation of both equations, the
second step reads
Step 2*. Find (C™!, u"*!, p"*'), such that

Cn+1 _ Cn
T (u™t-v)certt (4.97a)
1
_ (vun+1)0n+1 _ Cn+1 (vun+1)T + 1 (Cn+1 _ I) =0,
T5(p™2)
un+1 — ) n n+1 n+l n+1
(- {I]((p eD(u )} (4.97b)
+Vp™! —v- [Gy(C™' - T1)] =0,
V-u"l =0, (4.97¢)

where
1
u' =u" — Atp"Vpu" 2

Theorem 4.43. Assuming suitable boundary conditions, see Remark 3.13, the numerical scheme
(4.77), (4.97) is mass-conservative and satisfies the discrete energy law

Etotal(¢n+la qn+1s Cn+1’ un+1) - Etotal((l)n, qn3 Cna un)

— _NDn+1 _ NDn+1 _ NDn+1

At pot elastic split
- / . ¢"(1 — "V — V(Gp(e") g™ ) g / ! (q") (4.98)
o {(e") o 78(e™) '
G 1
_ /Estr(cnﬂ + (Cnﬂ)fl _ 21) _ /217((p”+2)|D(u”“)|2 i
Q Q
where
NDji e = / GotrinC™) —t(inC") _ [GsC™ = C" i
o 2 At o 2 At
and .
ND, = (||u"+1 — g + - u"||§2(g)) .

Proof. The mass conservation is identical to and the energy law is derived analogously to the
proof of Theorem 4.36, except for the elastic energy, which is derived analogously to the proof
of Theorem 4.42. [

4.7.2 Fixed-point method

It is possible to linearize and split Step 2* again by using a fixed-point iteration. Given
C™ = C" and u™ = u" from the previous time step, we repeat Step 2 and 3 for [ =0, 1, ...,
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4.8 Spatial and full discretization

until [|™ ! — ™| < §|lw™|| for @ € {C,u} and § sufficiently small.
Step 2 Find (u™"*!, p™'*!) such that

un,l+1 —u* 1
A Ht Vut - v {’7(4)’”5) ZD(“n’m)}
+ vpn,l+1 —v- [GS(CHJ — I)] =0, (4993)
v . un,l+1 — 0 , (4.99b)

where .
D un,l+1 — _ [vun,l+1 + vun,l+1 T] )
(W) = (i)

Step 3 Find C™'*! such that

nl+1 _ n
C C

+ un,l+1 .V Cn,l+1
A ( )

4.100
_ (vun,l+1)Cn,l+1 _ Cn,l+1 (vun,lﬂ)T + 1 . (Cn,l+1 _ I) =0. ( )
(" 2)

Step 4 Update solution: u™! = y™*1, prtt = pritl Cn+l = i+,
Note that we can also use Chorin’s projection method from Subsection 4.6.5 in Step 2 to
further reduce the computational cost.

Table 4.7: Summary of the schemes for the full model in conformation tensor formulation

linear en.-stable mass-cons. trunc. error At

explicit C (4.92) v - v O (At) O(h?)
implicit C' (4.95) - v v O(At) O(h?)
splitting scheme (4.77), (4.97) - v v O(Ab) O(h?)
fixed-point (4.77), (4.99), (4.100) v / v O (At) O(h?)

Let us point out that we have only investigated the thermodynamic consistency of semi-
discrete schemes up to this stage. In order to investigate full discretizations, we will at first
introduce problem-suited spatial discretizations in the following.

4.8 Spatial and full discretization

Our spatial discretization is either carried out solely by finite differences or by a combined
finite volume - finite difference scheme on a staggered grid. Note that we only consider
rectangular computational domains, which is typical in the literature studying viscoelastic
phase separation and meets the situation of many molecular dynamics simulations as well as
real world experiments. Due to this rather simple domain structure, a spatial discretization by
finite differences is not only suitable but computationally very efficient. Since finite differences
lack in capturing advection and convection accurately, we will additionally introduce upwind
finite volume schemes for the discretization of the advection and convection terms. For an
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4 Numerical schemes

accurate upwinding as well as for the above introduced pressure correction method, it is
favorable to use a staggered grid, which is structured as follows.

The degrees of freedom for the components of the velocity vector w are the centers of the
cell edges in two dimensions and of the cell faces in three dimensions. More detailed, in two
space dimensions, the x-velocity component is given at the centers of vertical cell edges, while
the y-velocity component is given at the centers of the horizontal cell edges. Consequently,
the velocity components are piecewise linear in one direction and constant in the other. The
other functions (¢, q, o, p) are piecewise constant, since they are evaluated at the cell centers.
This is analogous to the Marker and Cell (MAC) method by Harlow and Welch [42].

Again in two space dimensions, we consider a partition of our rectangular computational
domain Q C RR? into a regular grid Q, with N, x N, grid cells and denote [x,-_l /2> Xit1 /2] X
[yj_l/z,yj+1/z], i€{1,2,..,N;}, j €1{1,2,..,N,}, as the i-th grid cell in x- and the j-th grid cell
in y-direction. Hence, the height of each grid cell in x direction is given by h, = xi11/2 — Xi_1/2,
which is equal for all i, and the height in y direction by hy, = y;.1/2 — yj-1/2, which is equal for
all j. Thus, each grid cell has the same size h, x h,, such that the grid is regular.

The partition in three space dimensions is analogous, with z denoting the third dimension.

4.8.1 Finite difference derivation

Finite differences are approximate derivatives, which can be constructed by Taylor series
expansions of a solution w(x; + kh) € R in one space dimension, where k € () and h =
Xis1/2 — Xic1/2,1 € {1, 2, .., N}. Assuming w € C*(Q, R), the Taylor formula yields

(kh)z 7/ (kh)3 1
—6 %)

w(x; + kh) = w(x;) + kho'(x;) + 0 (x;) + (x) + O(h"). (4.101)

Substituting the solution w(x;) by its approximation w;, w(x; + kh) by w;;x and the derivatives
wP(x;),1 € N, by d'w;, we have

kh)? kh)?
Wik = w; + khow; + (kh) o’w; + ( 6) *w; + O(hY), (4.102)
which can be rearranged to
ik — w;  kh kh)?
dw; = % + 7320),- + %a%i +OY). (4.103)
Setting k = 1 yields
i~ h h?
R, = % + Eazwi + Za%oi + O (4.104)
— fw = % +O(h), (4.105)

which is called the right difference and has obviously spatial error-order one.
Analogously, for k = —1, we get the left difference

i T Wi h h?
o'w; = % - Eazw,- + Za%i +O(h?) (4.106)
— dlw, = % +0O(h), (4.107)
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4.8 Spatial and full discretization

which has error-order one as well. By summing up equations (4.104) and (4.106), the third
Taylor link gets canceled out and the resulting central finite difference
i1~ @iq | h°
dey = LDt L s+ O (4.108)
2h 3
— Gy = 2O o) (4.109)
2h
is of second order. Analogously, for setting k = +1/2 in equation (4.103) and by summing up

both, we get the alternative central finite difference

dw; = w +O(h?). (4.110)

To derive a finite difference approximation for the second derivative, we can sum up the
discrete Taylor series expansion (4.102) for k = £1, yielding

Wiy1 + W1 = 20)i + hzaza),- + (9(h4) (4111)

Wip1 — 20; + Wj_
= Ju, =L h2l ZL L 9. (4.112)

4.8.2 Two-dimensional finite differences

Since we are interested in higher dimensional numerical solutions and our models include
divergences and gradients, which coincide in one space dimension, but are different differential
operators in higher dimensions, it is reasonable to introduce finite differences for higher
dimensions as well. Note that the proposed finite differences are in three dimensions analogous
to the two-dimensional case. Therefore, only the latter will be introduced in the following.
We approximate the exact solution w(x;,y;),w € {¢,q,01s, p}.k,l = 1,2, by piecewise
constant data w; ; in each grid cell.
The first order spatial derivative Vw(x;, y;) is approximated using

05 W; i
Vhw;; = ( T > , (4.113)

8ya),~,j
where d,0;; and 9, w; ; are central finite differences, which are analogous to (4.109) and read

Wit1,j — Wi-1,j Wi j+1 — Wi j-1
SHL] TN gy = e L
o y Wi, j oh, (4.114)

axa)i,j =

This central differences can also be used to approximate the divergence of a vectorial function
u(x;, y;) = wi; = (wj,v;;)", i.e., V- u(x, y;) is approximated by

Vh U = 8xuij+8yvij. (4115)

Further, the Laplacian Aw(x;, y;) is approximated analogously to (4.112) by using the second
order central finite difference
Wiy1j = 204 + Wi—1j | Wijr1 — 2045 + O j1

h n

Aha)i,j = (4116)
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Since this finite difference includes function values of one adjacent grid cell in each direction,
it has a so-called 3 x 3 difference star.

The (¢, q)-equations include spatial derivatives of fourth order, which are — considering
a variable mobility M(¢) — given by V - {M(¢)V [A¢]}. Discretized by the above-mentioned
finite differences, we have a 7 x 7 difference star, since each of the three discrete differences
expands the difference star by one grid cell in each direction.

Considering a constant mobility, the fourth derivative holds
MV -{V [Ap]} = MA [Ap] = MA?gp.

Thus, it can be calculated with a 5 x 5 difference star using solely finite difference (4.116),
which causes less artificial diffusion.

In order to have a 5 x 5 difference star for any mobility, let us introduce the following finite
differences for the gradient V,,

Wit1/2,j — Wi-1/2,j % Wi j+1/2 — Wi, j-1/2
s d,0ii = )
i oy m (4.117)

8xa)l~j =

together with the following two shifted ones for the divergence V-

5 Wij — Wi-1,j 5 Wij — Wi, j—1
OxWi-1/2,j = L OyWj j-1/2 = 5 (4.118)
X y
yielding
. o~ - 05 Wi
Vi Vawij =V - | L
aya)ij
Wit1/2,j—Wi-1/2,j
7 "
— Vhe Wi jr1/2— Wi j—1/2
hy
_3 Wit1/2,j — Wi-1/2,] I Wij,j+1/2 — Wi, j-1/2 (4.119)
- h Y h
X y
Oi+l,j—Wij  Qij—Oi-1,j Wi jr1—Wij  Wij= Wi j-1
— hy hy + hy hy
h h,

_ Wi 200 T 0y Oijy — 2055 1 03

n n

= Ahwij .

Thus, we have the same 3 x 3 difference star as the central finite difference (4.116) for the
Laplacian, even though we apply two separate finite differences in a row.

98



4.8 Spatial and full discretization

The same discretization considering a variable mobility M;; : = M(¢;;) reads

~ ~ x Wiy1/2,j — Wi-1/2,] x Wi j+1/2 — Wi j-1/2
Vi - [Mijvha)ij] = dx |M; A + 9, |M;; A
x y
i i—Wiji =i i wi,- —Wjj (A)i'_wi’ i
Mi+1/2,jwl++xw” - Mi—l/z,j%h—tm N M;js1/2 J+hly - NILJ‘—UZJTJ1
= e i
(4.120)
_ M2 @i — (Mis1/2 + Mizy /2 )wi j + Mi_y 2 j0i1
- 2
hx
+ M; j1/20i 01 — (Mi,j+1/2 + Mi,j—l/z)wi,j + M, j_1/20i )1
2 5
hy
where
Miyj + Mj; M j1 + M;;
Mi+1/2,j = 9 and Mi,j+1/2 = T .

To get rid of the i, j+1/2 discretizations in the above calculations, we can replace the differences
d by the following left and right differences

Wij — Wi-1,j

L. _ R . _
8xwl~j = h—x , 8xa),-j = hx s (4121)
w.. —_— a) i a) . —_— a)
Oy = == -, oy = ”“;l a (4.122)
y y

which are originally only of first order. However, since they match the shifted differences
(4.118), they become the same second order approximation as equation (4.119), if applied in
the correct order, reading

R
L R L[ 9%
Vy - Viw:; = V-
h h%ij h R
3ya)ij
Wit+1,j—Wij
= V. &
h Wi j+1~Wij
hy
Wikl T Wi Wi jr — Wi (4.123)
= o J
h h,
Wit1,j—Wij _ Wjj—Wi-1,j Wi, j+1—Wij _ Wij— Wi j—1
— hx hyx + hy hy
s h,

_ Wi, — 20i + Wimyj | Qi — 2055 + w045

h n

= Aha)ij .

99



4 Numerical schemes

This extends to variable mobilities, if the mobility is shifted suitably as follows

Mg, j+Mij
2

M; j1+M;j
2

R,

L RgR _ L Xy

8ya)ij

Mig1,j+Mij 0i1,j—wij
2 hy

M j1+Mij wijr1—wij
2 hy

Il
<]
=t~

Py’ My j + Mij i1 — Wy

+ ot
* 2 h, Y

M ji1 + Mij @i j11 — Wy
2 h,

Mipr j+Mij ©iv1,j=0ij _ Mij+Miy; wij—wi1,j (4124)
2 hy 2 hy

hy
Miji1+Mij wijr—wij  Mij+Mij wij—wij
2 h, 2 h,

hy

Misr,j+M;j Migrj+Mij | Mij+Miq Mij+M; j—1
Wit — ( 5 + 2 Jwij + 0

2
2
hx
M; jy1+M; M;j+M; j—q Mij+M; j—
wijs — (T + T ) + = w4

m

+

M; j1+M;j
2
4

This is equivalent to equation (4.120) and its accuracy is therefore of second order in space as
well.

Note that the shifted (or left and right) differences cannot only be used to reduce the
numerical diffusion of higher order derivatives. They can also be used used to discretize
derivatives in coupling terms on the staggered grid, since, e.g.

Wij — Wi-1,

hy

. _ s
dywij = = 0xWi—1/2,j

where w;_/,; is defined on the grid shifted in x-direction as is the velocity u. The same holds
true vice versa for the differences a,u; jand 5in ; given by (4.117).

Remark 4.44. Let us recall that we applied integration by parts in order to derive semi-discrete
energy laws and mass conservation in the above subsections. The discrete counterpart to integration
by parts is summation by parts. Therefore, fully discrete mass conservation and energy laws are
only analogous to the semi-discrete laws, if the spatial discretization fulfills summation by parts
rules which are analogous to the integration by parts rules used for the semi-discrete laws.

Lemma 4.45. (summation by parts for finite differences)
Assuming suitable boundary conditions, the following summation by parts (SBP) formulas hold
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for the above introduced finite differences

Z ul - Vi, = - Z vy (ufj) @ij » (4.125a)
i=1,...,Ny i=1,...,Ny
]71,...,Ny ]:1,...,Ny

> vieuf=o, (4.125b)
i=1,...,Ny
Jj=1,...Ny,
i=1,..N, i=1,..N,
J=1Ny J=1 Ny

> Vi (MiVRw) = 0. (4.125d)
i=1,..Ny
]:1,...,Ny

Note that these SBP formulas hold analogously for any space dimension. Further, note that these
SBP formulas also hold analogously for central differences.

Proof. Part 1. Using index shifting gives

R R _ i+1,j ij i,j+1 ij
Z w;; - Vi) = Z Uit1/2,j T n + Ui,j+1/2h—
i=1,...Ny i=1,..,Ny x y
j=1,..N, j=1,.N;,
1 1
= h_ Z [ui+1/2,j60i+1,j - ui+1/2,j60ij] + h_ Z [Ui,j+1/20)i,j+1 - Ui,j+1/260ij]
X i=1,.,Ny Y i=1,..N,
J=1 -‘,Ny ]:1,.‘.,Ny
1
= h_ Z Ui-1/2,j0ij — Z Uit1/2,j0ij
* \ i=2,..,Ne+1 i=1,..,N,
J=1uNy j=1uNy
1
+ h_ Z Vi j—1/2Wij — Z Vi j+1/2Wij
Y\l i=1,..N, i=1,...N;
1:2,...,Ny11 :1,...,N);,
1 al
= h_ Z Uj—1/2,jWij — Z Ujt1/2,j0i5 t Z [uNx+1/2,ijx+l,j - ul/z,jwl,j]
X\ i=1,...N, i=1,...Ny j=1
]:1,..‘,Ny _):1,...,Ny
1 &
+ . Z Vi j-1/20ij — Z Vij+1/20ij + Z [Ui,Ny+1/260i,Ny+1 - Ui,l/zwi,1]
y =1 ’ Ny i=1,...,Nx i=1
J=1uNy J=1uNy

Assuming periodic boundary conditions for « and w, we have

UN,+1/2,jON+1,j = U1/2,j015 5 UiN,+1/2WiN,+1 = Uj,1/2Wi1 -

Assuming homogeneous Dirichlet boundary conditions for u, we have

UN+1/2,j = U1/2,j = ViNy+1/2 = Vin/2 = 0.
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Thus, the boundary sums vanish for both boundary conditions and we have

I
I
—~
QO
&=
+
=
Do
~
+
Q
&
~
+
=
Do
~
£
~

Part 3. This part directly follows by setting u% = MV} w;; in SBP formula (4.125a). The
following computations are only meant to gain insight on the necessary boundary conditions.
For Miy1/2) = (Mig1j + Mij) /2, M; jr1/2 = (M; 41 + M;;)/2 and using index shifting, it holds

2 2
R|R 2 i+1,j ij i,j+1 ij
E , Mij|vh0)ij| = E M1z, <—h ) + M, 1) <—h )
. _ X y

i=1,...,Ny i'—l ,,,,, N,
----- y J=L 0Ny
1 2
hz Z MH'l/ZJ z+1] 2601'4_1)]'(4),']' + wij)
X i=1,..,Ny
j=1,.., Ny
2
= Dy Mg (0f 4 — 2010y + o)
}/z 1,...,Ny
Jj=1...Ny,
1
h_ Z M1+1/2] wl+1]wlj Z Ml 1/2] — WjjWi— 1])
i=1,...,Ny i=2,..,Ny+1
j=1,..., Ny j=1,..., Ny
Z Mz]+1/2 (Uz]+1w1]) + Z Mlj 1/2 — WjjWj j— 1) P
y =L, Ne =l
J= 1 Ny ]=z ,,,,, Ny+1
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which is equivalent to

2
h_2 Z Ml+1/2] 6‘)l+1,j(1)1] + Z i— 1/2,] — ;Wi 1,])
i'=1w~,Nx x i=1,...,N, i=1 ; 3 x
]:1,'~~,Ny Jj=1,. yNy Jj=1,.., y
Ny

2
+Z [MNX+1/z,j<wa+1,j—wa+1,ijx,1) Ml/z,; 0‘)1 J wljwo,J)]
j=t

1
Z
+ h_z Z M,]+1/2 C‘)l]+1wl]) + Z Ml] 1/2 ( — Wjjw; j— 1)
Y \\i=1,..,Ny i=1,...,Nx
J=L...Ny j=1,...,N,

<

+ Z [ iNy+1/2 ( LNy+1 T wi,Ny+10)i,Ny> — My (

Assuming periodic boundary conditions for ¢ and w, we have

Wi — 601',10)1,0)]

2 _ 2
My 11725 (0% 11 — N0, ;) = Mijas (03 — @1005)

2 —
Mi,Ny+1/2 (wi,NyH - wi,Ny+1wi,Ny> = Mi,1/z (60 1 wi,lwi,o) .
Assuming homogeneous Neumann boundary conditions for », we have

2 _ _ 2 _ ) = 2 ) L —

WON11,j ~ ONtH1jON,j = O, j — ON, jON,,j = 0 Wy~ W1,jej = Wy ; — W1,jw1,; =0,
2 _ 2 _ 2 32 —

WiNy+1 T OiN,+1OiN, = Oj N, ~ OiN,OiN, = 0 Wi — W1 = W — W11 = 0.

Thus, the boundary sums vanish for both boundary conditions and we have

Z wij|2 = i

h2 Z [Ml+1/21 (“’U “)1+1J) + Mi1y2, (“)11 Wi 11)] Wij
i=1,..,N, X i=1,..,Ny
j=1,.. ,N ]:1,..,Ny
+ h_z [Mi ja12 (1) = @ij01) + Mijoryz (01 — 01j21) | @

Z Ml+1/2,]wl+1j (Ml+1/2,] + Mz 1/2])(4)1] + Ml 1/2,j0i-1,j

= — 12 Wij
i=1,....Nx x

J=1eoNy

4 M; j11/20i 01 — (Mi,j+1/2 + Mi,j—l/z)wij + M, j_1/20i j-1
h2
y

ij
— Z V (MthCL)U) Wij ,

i=1,...Nx
J=1...N;

<

where the last equality holds true due to equation (4.124)
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Part 4. This part directly follows by setting u = M{Viw;; in SBP formula (4.125b).
Again, the following computations are only meant to gain insight on the necessary boundary
conditions. Using equation (4.124) and index shifting, it holds

L RR i+1/2,jWi+1,j i+1/2,j i—-1/2,j)Wij i-1/2,jWi-1,j
Z Vi (Mijvh“)ij) = Z

2
i=1,...,Ny i=1,...,Ny hx
J=1"N, J=1"N,
+ M ji1/20i 41 — (M ji172 + M jo12)0i; + M j—1/204 j-1
2
y
1
=2 Z M;i_1 /5, j0i; — Z (Mi+1/2,j+Mi71/2,j)0)ij+ Z M1 /2,500
x |i=2,.,Ny+1 i=1,..,N; i=0,..,.Ny—1
j=1,..N, J=1-N, j=1,..N,

1
+ h_2 Z M; i1 20015 — Z (Mi,j+1/2 + Mi,jfl/Z)wij + Z M, j11/200;
: . .

i=1,...,Ny i=1,...,Ny i=1,...,Ny
=2, Ny +1 J=1Ny j=0,.N, =1
1
=2 Z Mi_y/2,jwi; — (Mig1/2,j + Mio1/2)@i + Mig1yz i
x \ i=1,..N;
Jj=1,.., Ny
Ny
+ Z [ My, 4172, 008,117 = Mijz,joor; + Mo j0o j = M 11/2,j0n, 5]
Jj=1
1
+ ™ Z M; i1 20015 — (Mi,j+1/2 + Mi,j—1/z)60ij + M; j11/200i
Y \i=L N,
=1"N,
Ny
+ Z [Mi,Ny+1/260i,Ny+1 — M;1/20i1 + M;1/20i0 — Mi,Ny+1/2wi,Ny]
i=1
1 &
= h_z Z [MNX+1/Z,jC<)Nx+1,j - Ml/z,j&)u + M1/2,j600,j - MNX+1/2,ijx,j]
x j=1
1 &
+ 3] [Mi,Ny+1/260i,Ny+1 — M 1/20i1 + M1 /200 — Mi,Ny+1/20)i,Ny] .
Y i=1

Assuming periodic boundary conditions for ¢ and w, we have

Mn, 1172 j0ON 1) = Mijpjorj,  Mijjwo; = Mnosi/2,0N,,)

Mi,Ny+1/260i,Ny+1 = Mi,l/zwi,l s Mi,1/20)i,0 = Mi,Ny+1/2a)i,Ny .

Assuming homogeneous Neumann boundary conditions for w, we have

M, +1/2,j0ON+1; = MN+1/2,jON, j » M,z jw1; = Moo,
MiN,+1/20iN,41 = MiN, 41200 N, 5 M 12011 = Mi1 2040 -
Thus, the boundary sums vanish for both boundary conditions. O
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4.8 Spatial and full discretization

4.8.3 Two-dimensional discretization of the Cahn-Hilliard equation

Using the above introduced left and right differences and the semi-discrete scheme (4.33) for
the time discretization, the fully discretized Cahn-Hilliard equation in two space dimensions

reads ”
n n n n+
ol = ol + AV - (M} Vi)
M@l ;) + M(gf)
— L i+1,j ij/ AR n+1/2
M@} 1) + M(gf)
L i,j+1 ij/ AR n+1/2
wherei=1,..,N,, j = 1,..,N,, and the discretization of the chemical potential /1"“/ 2 using
the OD2 approximation (4.26) for the potential derivative, is given by
" qoi’“ o <P7“ oL
i = A f(l) + L (gl . (4.127)

Theorem 4.46. The fully discretized Cahn-Hilliard equation (4.126) is linear and, assuming
suitable boundary conditions, see Remark 3.2, it is mass-conservative and fulfills the following
discrete energy law

Emix((pn+1) - Emix((pn) n n+l n
At - Z M((pij)R|vR.uij+2| NDpZtl , (4.128)
i=1,..,.Ny
Jj=1,...Ny,

where the discrete energy reads

Enix(@") = Z |vh(pu|2 + F((p?j)’

and the numerical dissipation caused by the OD2 approximation reads

NDj! =~ <At>2 Z 1@ (ol ) c o ((ary?) . (4.129)

,,,,,

Note that this discrete energy law is analogous to energy law (4.34) of the semi-discrete scheme
(4.33).

Proof. It is clear that the proposed scheme is linear.
Summing scheme (4.126) over all i = 1,..., N, and j = 1,..., N,, and using the summation by
parts formula (4.125d), we have

Z ot = Z ¢,]+At Z VE (MR = Z </),,

Thus, the scheme is mass-conservative.

Multiplying scheme (4.126) by ,u"H/ 2, summing over all i = 1,.., N, and j = 1,.., N,, and
using the summation by parts formulas (4.125a) and (4.125c), the discrete energy law (4.128)
is calculated analogously to the semi-discrete energy law (4.34). The numerical dissipation
(4.129) is calculated analogously to (4.27). ]
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4 Numerical schemes

Let us recall that the proposed linearized time discretizations of the Cahn-Hilliard equation
have to be (partly) implicit to be provably energy-stable and that the implicit part includes
spatial derivatives of ¢. Further, finite differences always require information of neighboring
cells. Summarized, we have to solve a coupled system of all N, times N, equations in every
time step, e.g., (4.126) fori = 1,..,N, and j = 1,..,N,. Therefore, a matrix formulation is
favorable, which will be introduced in the following.

4.8.4 Finite difference matrices

The matrix notation of the one-dimensional (1D) central finite difference (4.109), reading

Wiy — Wi—1
dw; = —Zh ,
fori=1,2,..,N and homogeneous Dirichlet boundary conditions, i.e., vy = 0 = Wy, , reads
0 1 w1
Lm0 Wy
oy = — : c RV,
2h -1 01 WN-1
-1 0 wN

where dy is a tridiagonal matrix of size N x N. Further boundary conditions will be outlined
at the end of this subsection.

To introduce matrix notations for higher dimensions, we need some preliminary work,
since the discrete solution of w is usually given by a tensor of the order of the dimension of
the corresponding computational domain €y, i.e., by a matrix in two dimensions and by a
tensor of order three in three dimensions. In order to be able to operate with matrices on this
higher dimensional solutions, it is convenient to vectorize them. We vectorize a N, x N,-matrix
column-wise to a vector of length N, N, through lexicographic ordering, that is

W11
W21
W11 W12 ... a)lNy :
Wy1 W22 : WN, 1
w’P = vec ; ) 1= e RV
: . W12
WN, 1 CL)NXNy :
WNN,

Analogously, vectorizing a (third order) N, x N, x N,-tensor yields

.1
3p ,_ | W2 NN, N,
w” = : € R™™M |

@..N,

z

where w.x = 0’k = 1,2,..,N,, ie,, © is a vector of length N,N,N,.
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4.8 Spatial and full discretization

Remark 4.47. Note that we can always reverse the vectorization by matricization or tensorization.

Having a vectorized discrete solution, we can now introduce matrix notations of finite
differences for higher dimensions. The central difference matrices in two space dimensions
(2D) are constructed by Kronecker products of the one-dimensional difference matrices with
identity matrices, reading

aNE = INy ® I, ,

where I N, isa N, x N, identity matrix, and
8N3 = 8Ny ® INX .

These are both block matrices of size (N,N,) x (N;N,)). For left and right differences in 2D, we
need the following 1D matrices

1 -1 1
11 -1 1 1
81‘ = — s aR - - 5
N h N h -1 1
-1 1 -1
such that

e = Iy, ® 5, one = In, ® 9y,

L L R R
aN}g :aNy®INx, aNf :aNy®INx'

To complete the finite difference matrices for first order derivatives in 2D, we also adopt
the discrete gradient, reading

L/R 2D
2D
Vyea™ = N2 GH/R 2D _ aJLV;R(‘)
aNJ?Q)ZD 4 N2 aNz CL)ZD >
y

and the discrete divergence, reading
2D
Wy 2D 2D
VNZ . ( oD ) = 8N3w1 + 8Nyza)2 5
L/R w?P L/R L/R
1 _ 2D 2D

As mentioned before, the left and right differences cannot only be used to reduce the
numerical diffusion of higher order derivatives, but also to discretize derivatives in coupling
terms on staggered grids.

However, not all coupling terms consisting of functions discretized on different grids only
contain derivatives. Hence, we also need matrices to shift approximations from one grid to
the other, which is in 1D done by the left and right average matrices
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4 Numerical schemes

and in 2D by

Az = Iy, ® Ay, Ay = Iy, ® Ay,
ANZ = A, © Iy, , ANZ = Ay, ® Iy, .

Finally, let us introduce the matrix formulation of the central finite difference for the Laplacian,
which is in 1D given by

and therefore in 2D by
ANZ = INy ® ANx + ANy ® INX .

Note that the extension of the above introduced differences and averages to three space
dimensions (3D) is straight forward by taking another Kronecker product. Thus, central finite
differences in 3D read

8N3 = INz ® INy ®8Nx’
aNJ? = INz ®8Ny ®INx5
aNZS = 8NZ ® INy ®INX .

Analogously to above, substituting the central difference matrices dy by the left and right
difference and average matrices yields the other necessary matrix operations. Hence, the left
and right finite difference matrices in 3D read

oy = Iy, ® Iy, ® 9",

oy =TIy @ ®Iy,,

aLNQR =l @Iy, ® Iy,

and the left and right average matrices

AR = Iy, ® Iy, ® AYE,

NG T
A =Ive Ay eIy,

AL/R AR Iy, ® Iy, .

The discrete gradients in 3D are given by

L/R_ 3D
aN,?(UsD 8N73 w
L/R L/R 3D
Vsl = 8Nysa)3D , VN/3 WP = 8Ny3 @ ,
3D L/R 3D
8sta) aN3 %)
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4.8 Spatial and full discretization

and the divergences by

_ 3D 3D 3D
V3 - | w; —8N3a)1 +3Ny3a)2 +3N236L)3 ,

L/R 3D 3D L/R 3D L/R 3D

_ oL/R
N3 Wy | = aN,? w1

And finally, the matrix formulation of the central finite difference for the Laplacian in 3D

reads
Apns = INZ ®INy ®ANX +INz ®ANy ® INX + ANZ ®INy ®INX .

Boundary conditions

Note that all aforementioned 1D finite difference and average matrices are defined for homo-
geneous Dirichlet boundary conditions. For periodic boundary conditions, they read

0 1 -1
-1 1
a 1 .0 .
N — -, : K )
2h -1 0 1
1 -1 0
1 -1 -1 1
1] -1 1 1
aL = — s aR - - 5
-1 1 1 -1
1 1 1
1 1 1
A== , AN =~
N : N9 11
1 1 1 1
and
-2 1 1
1 -2 1
A 1 . .
N=75 . .
h 1 -2 1
1 1 -2
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0 -1 1
1| -1 1 1
aL:— 5 aR:_ )
N h N R -1 1
-1 1 0
2 1 1
1 1
Ay == , AN ==
N9 . N 11
11
and
-1 1
1 -2 1
A 1 :
N—_z .
h 1 -2 1
1 -1

4.8.5 Full discretization of the Cahn-Hilliard equation

We discretize all spatial derivatives except advection and convection terms by the above
introduced finite difference matrices. Thus, we can now introduce full discretizations in
matrix notation of the Cahn-Hilliard equation and of the simplified model. Note that since
the discrete solutions are vectorized matrices and tensors, all functions of them are computed
element-wise. Further, note that we diagonalize most functions to enable their inversion as
well as their multiplication with subsequent vectors. The corresponding function diag reads

Wy Wn

The following discretizations are generalized, such that they hold for any space dimension
d € {1, 2,3} and any suitable boundary conditions.

Based on the fully discretized 2D scheme (4.126), the linear equation system to calculate
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4.8 Spatial and full discretization

n+1

the vectorized discrete solution ¢"*' reads

(pn+1 — qon + Atv]L\]d . (diag(M(qo”)R)Vf,dy"H/z)

= " + AtV - (diag(M((p")R)Vf,d [ — Mya™ 2+ f(o™)

n+l _ n
+ diag (f/(q’n)) %])
qDn+1 +(pn

="+ At Y o (diag (ARM(p™)) oF [ — Ayi————+ f(o")

acoy

+ diag (f'(¢™) wb

= " - At (Z ok diag (AXM(p™) 85) [%ANW"H + %diag (f'(eM) (p"“]

acay

=¢"+ At (Z 0, diag (A;M(¢")) 85) [%AAW” + flo" - %diag (f'(M) qo”]

acoy

= {INd — At ( > 9% diag (AXM(e™) a§> [%AM + %diag ( f’(go"))] } o™ (4.130)

acoy

= " + At (Z ok diag (AXM(e™M) aff) [%AANW" + f(o") — %diag (f' (") q)”] ,

acay

where the index set @, is based on the respective dimension and reads
a1 =N, a={N.,NJ}, or a={N;,N},N}.

Note that in order to have a second order in time discretization, we can compute the mobility
function M of ¢"V/2 = (3¢" — ¢"!)/2 like in semi-discretization (4.40).

Theorem 4.48. The completely discretized Cahn-Hilliard scheme (4.130) is linear and, assuming
suitable boundary conditions, see Remark 3.2, it is mass-conservative and fulfills the discrete
energy law (4.128) in 2D (considering a non-vectorized discrete solution) and analogous versions
in other dimensions.

Proof. See the proof of Theorem 4.46, since the proposed scheme (4.130) is in 2D (up to the
vectorized discrete solution) equivalent to (4.126). For other space dimensions, the proof is
analogous, since the SBP formulas (4.125) hold for any space dimension. [

4.8.6 Full discretization of the simplified model

The system of linear equations for solving the simplified model is more complex, since we
want to solve both equations in a coupled way. Let us at first introduce a full discretization of
the semi-discrete scheme (4.65) for each grid cell in 2D, using the OD2 approximation (4.26).
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It reads

(@ (1 = @ )R

ot = @l + AtV - { (o}(1— qo?j))RVfuZ” — V;’f(GB(wiﬁ-)qZ”)] } ,  (4.131a)

J(@ip"
; o+ ol 407“ — 05
’uifl/Z — _AA ry oty ; J +f( 1])+ J jf( 1])
1 1
n+tl _ n
ql] qij T ((Plj)ql]

(4.131b)

~ At G}V { (GRS ACCAT ] } .

(i)~
Theorem 4.49. The fully discretized simplified model (4.131) is linear and, assuming suitable
boundary conditions, see Remark 3.11, it is mass-conservative and fulfills the following discrete
energy law in 2D

Etotal(¢n+la an) Etotal((p qn) n+1 1 2 2
o —NDH! - Z = )( ) (4.132)
i=1,..N; ‘B ¢ij
j:1 ..... N,
n+i z
-y R<<pu<1—¢u))thul, — VGl g )|
e L)

where the discrete energy reads
n _n A R n 2 n 1 n
Etotal((P »q ) = Z E|vh(pij| + F((Pij) + Eqij

and the numerical dissipation caused by the OD2 approximation reads

ND;;g:——(At)Z Z Q) (at% ) cO (A7) .

Note that this discrete energy law is analogous to energy law (4.66) of the semi-discrete scheme
(4.65).

Proof. 1t is clear that the proposed scheme is linear. Summing equation (4.131a) over all
i=1,..,Ncand j = 1,..,N, and using the summation by parts formula (4.125b), we have

. . (A CEN7) L. . n
D, o= D ehAr Y v { ]§ ((pﬂ.)RJ (¢i;(1 = ‘Pij))RviIfl‘zf
. . . .

T | B

Thus, the scheme is mass-conservative.
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Multiplying equation (4.131a) by ,u?jﬂ/ ? and (4.131b) by quﬂ/ ?, summing over all i = 1, ..., N,

and j = 1,..,N,, and using the summation by parts formula (4.125a), the discrete energy
law (4.132) is calculated analogously to the semi-discrete energy law (4.66). The numerical

dissipation caused by the OD2 approximation is calculated analogously to (4.27). O]
Based on discretization (4.131), the system of linear equations to calculate the vectorized
discrete solutions ¢"*! and ¢"*! reads
LHSH LHSlz quH—l RHSl
= 4.1
< LHS,, LHS, ) ( g RHS, | (4.133a)

where LHS;, and LHS;, contain the implicit parts of the coupling terms and therefore ne-
cessitate a coupled calculation. LHS;; equals the curly bracket term of the left hand side of
equation (4.130), reading

acoy

LHS,; = Iy« — At <Z o~ diag (AfM, (o)) a§> [%Am + %diag ( f'((p"))] . (4.133b)

LHS;, is the implicit part of the g-coupling term in the Cahn-Hilliard equation, which reads

LHS,, = % <Z d~ diag (AXM,(e™M) aff) diag(Gg(e™)). (4.133c)

acay

RHS,; is equal to the right hand side of equation (4.130) plus the explicit part of the g-coupling
term. Thus, it reads

RES, =+ 0 3, ding (AL 0") o | 50+ fC0") i (£60)

— diag (ARMy (") 9 [%diag(GB«o"))q"] ) , (4.133d)

where
Mi(@) = (p(1 =)' (@ and  My(p) = (1 - )l ().
RHS, is the right hand side of the g-equation and reads

At : n\\~1 n
RHS, =q" — ?dlag (r5(e™)) 1q (4.133¢)

+ At diag (Gp(e™) Y, % (diag (ARM (™) O% [%Awp” + flo") - %diag (f(eM) <p"}

- diag (A7Z(p") " 9} [%diag(GB(go"»q"} ) .

LHS,, is the left hand side of the g-equation and reads

At
LHS,, = Iy« + ?(diag (ts(e™) " (4.133f)

+ diag (Gs(e™)) [Z 3" diag (ARL(p™) " oF

acay

diag (Gs(¢")) ) :
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And finally, LHS,; is the implicit part of the ¢-coupling term in the g-equation, which reads

—A
LHS,, = At diag (Gs(¢")) (Z ot diag (ARM,(p")) a§> [7AM (4.133g)

+ %diag (f'(e™) } .

Note that in order to have a second order in time discretization, we can compute the
functions My, My, {, Gg and 7 of ¢"'/? = (3¢" — ¢"!)/2 like in semi-discretization (4.67).

Theorem 4.50. The fully discretized simplified model (4.133) is linear and, assuming suitable
boundary conditions, see Remark 3.11, it is mass-conservative and fulfills the discrete energy
law (4.132) in 2D (considering non-vectorized discrete solutions) and analogous versions in other
dimensions.

Proof. See the proof of Theorem 4.49, since the proposed scheme (4.133) is in 2D (up to the
vectorized discrete solutions) equivalent to (4.126). For other space dimensions, the proof is
analogous, since the SBP formulas (4.125) hold for any space dimension. O]

Let us recall that the Cahn-Hilliard-Navier-Stokes model and the full model contain ad-
vection and convection terms. An inconsiderate application of finite differences to these
terms usually yields numerically unstable results. Therefore, we will introduce finite volume
methods in the following, which handle advection and convection equations with ease and
are therefore excellently suited to be applied to the advection and convection terms of our
respective models.

4.8.7 Finite volume derivation

In the following, we will introduce and discuss the applicability of several first and second
order finite volume schemes. For the sake of clarity, we start from the advection equation in
one space dimension (1D). This introduction is loosely following LeVeque [52, chapter 4].

We consider a nonlinear 1D advection equation in conservation form with density function
p = p(x,t) and velocity u := u(x,t), i.e., the mass equation

pr + (up)x =0, (4.134)

where p,u: Qx[0,00) — R are sufficiently smooth. We partition the computational domain
Q C R into a uniform grid with N grid cells, also denoted as finite volumes, and indicate them

by
C = (xi—1/2, xi+1/2)-

Integrating (4.134) over a finite volume reads

/Ci [%p(x, )+ %(u(x, Hp(u, x))} dx =0

/C,- %p(x, Hdx = — /C %(u(x, t)p(u, x))dx

d
< i p(x, )dx = u(xi_1/2, ) p(xi—1/2,t) — U(Xis1 /2, ) p(Xis1 /25 1) - (4.135)
G
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Now, we integrate (4.135) over the time interval (t,,t,:,), yielding

tn+1 d th+1 tn+1
/ E/P(X, t) :/ u(xi—l/z,t)/?(xi—1/2,t)dt—/ U(Xiy1/2, )P(Xig/2, t)dt .
th C,- tn ty

Dividing by the size h, = x;.1/2 — x;_1/, of a finite volume, we have

1 1
I /C p(x, thi1)dx = I /C p(x, t,)dx

1

tht1 tnt1
T [/ U(Xir1/2, 1) p(Xig1 )2, )t —/ u(xi-1/2, ) p(xi-1 2, t)dt
X tn Iy

Substituting the density integrals by their numerical approximations

1
hx C,‘

and the advection integrals by the so-called numerical flux functions

1 In+1
Fli,= A_t[ U(Xi—1/2, 1) p(xizy 2, 1))dt
n n

where At, = t,,;—t, is the size of the n-th time interval, we have the finite volume discretization
of the mass equation in flux difference formulation

n n At n n
pi = pi = h_( i1z — Bl (4.136)

Note that there is a vast amount of numerical flux functions and each of them defines its own
finite volume method. In the following, we introduce a few sensible choices and explain why
some famous choices are unsuitable.

4.8.8 Upwinding

Upwinding is a standard finite volume method. It approximates transport based on the
direction of flow. In the following, we will introduce it based on the 1D advection equation
with constant velocity

pr+up,=0. (4.137)

Since the velocity u € R is either positive or negative, the density is transported in only one
direction over time.

As pointed out before, the advection is approximated by a numerical flux function, which is
defined on the cell borders. For the standard upwind method with a constant velocity u > 0,
the flux at the left cell border reads

Flyp=uply, (4.138)

since the density is transported from the left cell to the right with velocity u. Thus, the full
upwind method for the linear 1D advection equation with positive velocity reads

n+1

At
it = pp = upl —uply). (4.139)
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Analogously, for u < 0
F."_l/z = up; (4.140)

1

and
n+1

P =P i—j(upl-"ﬂ —up}). (4.141)
Now, let us consider a space dependent velocity u = u(x), i.e., its sign is variable and the
considered advection equation is identical to (4.134). We substitute the velocity by its numerical
approximation u;_;/, = u(x;_1/2), i.e., on a staggered grid. Then, we can separate u;_;/, into
positive and negative values by

Ui—1/2 + [Ui—1/2]
2

Ui—1/2 — |”i71/2|
2

u;r_l/z = max(u;_y/2,0) =

>

b

Uiy = min(ui—l/Z: 0) =
such that the numerical flux function is the sum of flux (4.138) and flux (4.140) and reads

FLije = Ul Py + Ui o] - (4.142)

This leads to the full upwind method for the linear 1D advection equation with variable
velocity

n+1 n At + n - n + n - n
Pi =P~ h_x(ui+1/2pi T Uiy 2Piv1 — Uina 2P — Uiy /2P ). (4.143)
For an additionally time dependent velocity u = u(x, t) with approximations u! = u(x;,t,), the
velocity is split in every time step like above by

”?71/2 + |u;’71/2|

(Ui /p)" = max(uf, 5, 0) = 5 , (4.144)
Wy
(W) = min(uf, 5, 0) = == (4.145)
Defining u; P (ul, /2)+ and u_, PR (ul, /2)_, the numerical flux functions and the

resulting upwind method are identical to equations (4.142) and (4.143) above.

Note that to the best of our knowledge, there is no efficient way to upwind using implicit
discretizations of the velocity. An iteration in each time step like Newton or fixed-point would
be required to get the necessary information about the direction of flow, which raises the
computational cost disproportionately, unless the discretized advection term is nonlinear.
Hence, it is usual to solely consider an explicit discretization of the velocity.

Nevertheless, the time discretization of the density function can be implicit, with the typical
consequence of having to solve a linear equation system for all cells to calculate p"*'. Let us
recall that the usage of partly implicit flux functions is necessary to ensure the thermodynamic
consistency of some proposed phase-field models with flow. For this purpose, let us introduce
the 0-formulation of the flux function

Finjl(jz = u;il/zp?jlg + u;l/zpn+0 (4.146)

1 5
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with 0 € [0,1] and
pn+9 — epn-H + (1 _ 9),0" )

Ly = (Wl )" anduz, ) = (ul, )", as defined in equations (4.144) and (4.145). For
0 = 0, we have the explicit flux (4.142), while for example 8 = 1/2 yields a Crank-Nicolson
type flux and € = 1 an implicit flux. The resulting 6-formulation of the upwind method for

the advection equation reads

Here, u

n+1 +

n At n+6 - n+0 n+6 - n+6
Pi =P~ h_(”m/zpi+ + ui+1/zpi++1 - ui+—1/2pi—+1 - ’“‘1—1/2191'+ ), (4.147)
X

n+60

where 0 € [0, 1]. For the sake of simplicity, let us define p; := p/** and F,_; ), := Fl."ff}z for the
introduction of additional finite volume methods in the following.

Flux vector splitting

The beforehand introduced flux difference formulation for finite volume methods (4.136),
reading

n+1

At
P =pi - h_(Fi+1/2 - Fi—1/2),
X
can be rewritten to the so-called flux vector splitting formulation

n+1

At _
P =pi = h—(u+APi—1/2 tu A,Di+1/2), (4.148)
e.g., by defining

U+Api—1/2 = F— Fi—1/2 )
uiAle/Z c=Lipy/2 — F.

Since the cell-centered numerical flux F; is obviously canceled out by direct insertion of the
above defined flux splitting in formulation (4.148), it can be chosen arbitrarily. Let us set it to
an approximation to the real flux in the cell center by

F = (u;r—1/2 + ui_+1/2)Pi >

such that the flux splitting together with the upwind flux function (4.142) reads

u+Ap,-_1/z = (Uitl/g + u,-_+1/2)/7i - ui+—1/zpi—1 —Ui_1/2Pi>
U Apisife = Uiy jopi + Ui ot — (U + Uiy )P

which can be rearranged to

U+Api—1/2 = ultl/z(/?i - pi-1) + (U,;l/z - u,-:1/z)Pi >
- - + +
u APi+1/2 = ui+1/2(Pi+1 - Pi) + (ui+1/2 - ui—1/2)Pi~
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This leads to the finite volume scheme
n+1 n At + —
Pi =P h. (ui—l/z(pi - pi-1) + ui+1/2(Pi+1 - pi) (4.149)
+ Uiy, — Uy )P + (U,-J:r1/z - u?—_1/z)pi> .

Note that this scheme can be rearranged to

pit = pl
At

Pi — Pi-1 - Piy1 — Pi Uir1/2 — Ui1/2
+ u;r—l/z h + U h + A pi=0,
X X X

i.e., Scheme (4.149) is a direct discretization of the nonlinear 1D advection equation, since

pr+Wp)y=0 <= p+up.+u,p=0.

Let us recall that all our mathematical models with flow are divergence free. Thus, in 1D, it
holds

ux = 0 ]
which reads discretized by the central difference (4.110)

Uit1/2 — Ui-1/2
— =0.
h,

Obviously, in one space dimension, the divergence-freeness is equivalent to a constant velocity.
But since the derivation of the flux vector splitting for higher dimensions, which we will use
later on, is analogous and the equivalence is not given there, we will neglect it at this point.
Applying the discrete divergence-freeness to finite volume scheme (4.149) eliminates the last
two terms and we have

n+1

At .
P =P (uiil/z(m = pimt) + Uiy p(Pier — pz-)> : (4.150)

An advantage of this upwind scheme for divergence free flow is that we may exchange the
left and right differences
Pi — Pi-1 and Pi+1 — Pi

hy hy

by higher order derivatives, to receive higher order finite volume schemes.

4.8.9 Second order upwinding finite difference method

Since we use second order finite differences for the spatial discretization of our models except
advection and convection, see Subsection 4.8.1, it can be favorable to use a second order finite
volume method for the advection and convection terms as well.

We just introduced upwind method (4.150) with interchangeable spatial discretizations
of the density function derivative. Since we are upwinding, it is sensible to use one-sided
differences. For a one-sided finite difference to be of second order in space, at least a three
point stencil is required. Hence, we need the discrete Taylor series expansion (4.103) for
k = £2, which are right and left differences of first order. If we subtract them from two times
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equation (4.103) for k = £1, i.e,, the original right and left differences, we get the left and right
second order differences

3pi — 4pi-1 + piz

px(xi,t,) = O%p; = o , (4.151)
=3pi +4pir1 — pi
prliisty) = 9lpy = —H P PE, (4.152)

Exchanging the left and right discretizations of p, in upwind scheme (4.150) with their second
order counterparts (4.151) and (4.152) leads to the following second order upwinding finite
difference scheme

At _
P?H =p!' — ﬁ(u;1/2(3pi —4pi 1 + pia) — u,~+1/2(3pi —4pi1 + Pi+2)> . (4.153)

Note that this is not a classical finite volume scheme, since we cannot rewrite it to the flux
difference formulation (4.136). Therefore, it is not necessarily conservative. We will confirm
this experimentally in Section 5.1.6. Hence, let us introduce further second order methods in
the following.

Lax-Wendroff method

To construct second order finite volume methods from scratch, we can use the Taylor series
expansion in time of the exact solution. For the sake of simplicity, we use the constant-
coefficient advection equation (4.137) once again. The Taylor series expansion in time of its
solution reads

1
pGeistusn) = Pl 1) + Aty 1) + 2 (A pulis 1) + O(AL)’) (4.154)
Rearranging the advection equation (4.137) reads

pr = —upy

_ A/
= P = —UPxt = U Pxx -

Substituting both time derivatives in the Taylor expansion (4.154) yields

(i, 1) = p(xi, t) — Atup,(x;,t,) + %(At)zuszx(xi, t.) + O((Ar)?).

Replacing p(x;, t,41) and p(x;, t,) by their numerical approximations and the spatial derivatives
by central finite difference approximations yields the famous Lax-Wendroff method, reading

n+1 n At n n 1 At ’ 2¢ n n n 3
pi =p ﬁu(l)iﬂ —pi)+ o\ uw(pl, —2p] + piiy) + O((AL)). (4.155)

This method can be rewritten to

pin+1 — pln 1 n n At
LA S noo_ o —
At th u(pH'l pl—l) 2 (hx)Z

w(ply =200 + ph) + O((A)*) =0,  (4.156)
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and is therefore a second order in time approximation to the advection equation.
Further, since the inserted finite differences
1) ~ Piv1 — P
" 2h,
_ Pl = 2p + P
tn) -~ hz
X

are of second order in space, as shown in equations (4.109) and (4.112), the Lax-Wendroff

px(xi:

5

,Dxx (xi,

method is not only of second order in time but also in space. It is easy to verify that the Lax-
Wendroff method is a finite volume method, since we can construct the following numerical

flux function
1At

By = u(ply + ) = 5 ol = plL), (4.157)
X
which yields the Lax-Wendroff method when inserted into the flux difference formulation
(4.136).
Note that having a variable velocity increases the complexity of this scheme substantially, if
it is considered in the derivation. The derivation has to be done for the whole solution vector
w € R¥, where k € N is the number of required solutions, and the partial differential equation

system should be a gradient flow, having the general formulation (in 1D)
w + f(w), =0.

Then, we can substitute this system of equations for the advection equation in the above
derivation, yielding a Lax-Wendroft method for the entire system. Note that neither the q nor
the o evolution equation are gradient flows, since they include relaxation terms. Therefore,
we cannot derive the Lax-Wendroff method for our viscoelastic two-fluid models with flow.
A much simpler approach is to generalize the numerical flux function (4.157) derived above,

by substituting the constant velocity u by u}! , ,, yielding
n 1 n n n 1 At n 2 n n
Flip= Eui—l/z(pi—l +p0)— 2 (ui—l/z) (i — pi-1) - (4.158)

Let us recall that some of our semi-discretizations in time necessitate an implicit solution
p in the advection term in order to be provably energy-stable. For this purpose, we could
further generalize flux function (4.158) to a f-formulation. But note that this contradicts above
derivation of the Lax-Wendroff method, since this derivation is based on an explicit time
discretization of the model equations.

Nevertheless, let us complete our introduction of finite volume methods by the following
two common modifications of the Taylor formula approach used for the Lax-Wendroff method.

Beam-Warming method

The Lax-Wendroff method is a central three point method, since central differences are used.
Another common approach is again motivated by upwinding and therefore uses one-sided
second order differences. For u > 0, they are given by the left difference (4.151) and

pi = 2P0 + PPy

o , (4.159)

pxx(xi, tn) ~ aixp =
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where the latter is the rewritten sum of the discrete Taylor series expansion (4.102) for k = —
and k = —2. Replacing the central differences in the Lax-Wendroff method by the one-sided
differences (4.151) and (4.159) yields the Beam-Warming method for u > 0

At
h

n+tl _ n
pz pi

2
2h, ) w(pf = 2p1s + Py, (4.160)

At 1
U(Sp, - 4pl 1t pl Z) +

which is also of second order in time and space.

Again, we can verify that it is a finite volume method by constructing the flux function

1 At
o= uol s qu (1= 500 G =21, (w161)
which yields the Beam-Warming method for u > 0 when inserted into the flux difference
formulation (4.136).

Analogously, the Beam-Warming method for u < 0 reads

n n A n 1 At ’ n n n
Pt =l gl + 4ply =30 + (h—> wpio = 205 + pi), (4.162)

having the related flux function

n . 1 At .
Fi—l/Z =up; — 2 1+ h_u (Pl — P1)- (4.163)
Finally, analogously to the Lax-Wendroff flux, one may substitute the constant velocity u by

u,’ e 1/, and sum both fluxes, yielding

1 At
Fin—l/z = u;r—l/zp?—l + Eu:r—l/z (1 T U 1/2) (pity — pita)
* (4.164)

_ 1 At
+ui—1/2P? 5 U1/, (1 + - A U;_ 1/2) (piy — P
X

Note that each first term of the Beam-Warming fluxes (4.161) and (4.163) equals the classical
upwind fluxes (4.138) and (4.140), respectively. Thus, the second term can be considered as a
correction, which shifts the method to second order in time and space. This is also fulfilled by
the Lax-Wendroff flux (4.157), if rewritten suitably. We will introduce one last method in the
following, which is particularly based on this property.

Further, note that due to the analogous derivation of the Beam-Warming and the Lax-
Wendroft method, using an explicit time discretization of the solution p, a 8-formulation is
contradicting and therefore neither of both is well suited for our problems.

Slope-limiter methods

Since second order methods tend to cause oscillations if the solution exhibits extrema and
discontinuities, let us introduce the slope-limiter method, which equals the classical upwind
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method with case dependent corrections, which are based on the slopes of the solution.
The slope-limiter method for u > 0 reads

A 1N AN L
pi=pf - h_xu(pi — Pl - Eh_xu (1 - h_xu> (o —ai’y). (4.165)
There are several options for choosing the slopes, e.g.
a'=0, (4.166)
the upwind-slope o« = p!' — pi",, (4.167)
the downwind-slope ¢« = p}; — p; . (4.168)

The slope-limiter method with slope (4.166) equals the upwind method. With up- or downwind-
slope, it equals the Beam-Warming or Lax-Wendroff method, respectively, for u > 0, and the
other way round for u < 0.

A reasonable combination of the above-mentioned slopes is called the minmod method,
which is an adaptive slope-limiter method based on the minmod slope

a! = minmod(p!' — p!' |, pl., — pI). (4.169)
The minmod function of two arguments is defined as

a iflal < |bland ab >0,
minmod(a,b) = {b if|b| < |a] and ab > 0,
0 ifab<o0.

Thus, for a and b having the same sign, the function gives the lower absolute value, else zero.
Instead of using the same slope in every cell, the minmod method compares the two slopes
4.167 and 4.168 in each cell and chooses the absolutely smaller one. If the slopes have varying
signs, p!' is a local minimum or maximum and slope (4.166) is chosen.

The numerical flux, which yields the slope-limiter method for u > 0, when inserted in the
flux difference formulation (4.136), reads

g+ su (1= ) o (4.170)
. =up, —ull——ulja',. .
i-1/2 Pi-1 2 h, i-1

Analogously, the slope limiter method for u < 0 reads

N 1A AN L
pit=pi - h_x“(Pi+1 —-pi)+ Eh_x” (1 + h_x“> (o — ) (4.171)
and the corresponding numerical flux function
n n 1 At n
FLip=up; — 74 1+ o) (4.172)
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+/-

i1/, and summing both fluxes yields

Substituting the constant velocity u by u

1 At
Fin—l/z :ui+—1/2pin—1 + 5”?—1/2 <1 - h_ui+—1/2> ai,
* (4.173)

_ . At _ n
+U_10P — Euifl/z 1+ h_uifl/z a; .
X

Note that the necessary knowledge about the sign of the slopes requires an explicit time
discretization of the solution p or a costly iterative scheme like fixed-point or Newton in every
time step. Therefore, this method is even less suitable for our problems.

4.8.10 Finite volume methods for momentum equations

To derive finite volume - finite difference schemes for the Navier-Stokes equations, let us first
investigate its greatly reduced form, the inviscid Burgers’ equation. This equation only consists
of a convective term aside from the time derivative, which is the only part of the Navier-Stokes
equations that we want to discretize with finite volumes. In one space dimension, the inviscid
Burgers’ equation reads

1
wtuu, =0 ut—i—g(uz)x:O,

which is obviously equivalent in its non-conservative (quasi-linear) and its conservative form,
no matter if it is divergence free or not. Since we use a staggered grid, the velocity is given
on the cell borders, i.e., we approximate the solution u o = u(x;_1/2, t,). Thus, adapting the
standard upwind method (4.143) is done by an index shift and reads

At B B
u?—+11/2 = u?—l/z - h_ (u;rui—l/z T U Uivr2 — u:”_lu,-_3/2 — ui—lui—l/Z) , (4.174)
X
where
+ u?_l/z + U?H/z u?—l/z + u?+1/2 + ’u?—l/z + u?+1/2
u; = max — 5 0)= 2 ,

u; = min

(u?—l/z + “zr'l+1/2 O) ulr'l—l/2 + uzr'l+1/2 - uzr'l—l/z + u?+1/2
2 ’ 4 :

Since the necessary averaging over two neighboring cells introduces numerical diffusion, this
seems unfavorable.

The adaption of the flux vector splitting method (4.150) is different in this case of having
the whole convection term discretized on a single grid, instead of two staggered ones. It is
achieved by discretizing the non-conservative formulation, while still using left and right
differences for the spatial derivative, yielding

At _
”?:11/2 = u?+1/z T h (u;-—l—l/z (ui+1/2 - ui—l/Z) + Uiy (ui+3/2 - ui+1/2)) . (4.175)
X
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Again, we may exchange the left and right first order differences with their second order
counterparts to get the second order accurate scheme

At
u?ff/z = u?+1/2 - ﬁ(u;«—kl/z (3ui+1/2 — 44Uy + Ui+3/2)
x (4.176)

— U1/, (3Ui+1/2 —4Uii3/0 + ui+5/2> ) .

Note that also in this advantageous case of working on a single grid, the second order version
of the flux vector splitting method cannot be written in flux difference formulation and is
therefore not a classical finite volume method.

4.8.11 Two-dimensional finite volume methods

Since we are particularly interested in numerical solutions in two and three space dimensions,
we will at first adapt some suitable aforementioned finite volume methods to two space
dimensions in the following. Most adaptions are straight forward. The flux difference upwind
method for the two-dimensional (2D) advection equation reads

prt = pt— AtV - By = pl — At (0:F;j + 9y F;)

At At
=pii— . (Fiijay — H/z,j) T (Fi,j+1/2 - Fi,jfl/z)
x y
.Y - . - (4.177)
TP T (ui+1/2,jpij T Uiry,jPir1j — Uina/2,jPi-1j — ”i—1/z,jpij)
pe
At

+ - + -
T h (Ui,j+1/2pij + Ui jr1/2Pij+1 ~ Vija/2Pij-1 — Ui,j—1/2pij) .
y

The direct adaption of the flux vector splitting to two space dimensions is called donor cell
upwind (DCU) method, since it neglects diagonal cells. It reads

At
P?jﬂ = P?j T (u;——l/z,j (Pij - Pi—l,j) + Uiy (Pi+1,j - Pij))

At
T h (Ufj—l/z (Pij - PLH) + Ui jr1/2 (Pi,jﬂ - Pij)) .
y

(4.178)

The second order version of the DCU method is gained analogously to the 1D case, by replacing
the left and right differences, yielding

At
1 —
P = py— h. (uitl/Z,j (3p1) = 4pi-1j + piaj) — Uirr)/z,) (3pi) — 4pisr; + pira)))
At (4.179)
Zhy i,j—1/2 ij i,j—1 L,j=2 i,j+1/2 ij i,j+1 i,j+2 :
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Flux difference upwinding for the inviscid Burgers’ equation in 2D reads

”?—Jrf/z,j = “?—1/2] AtV - h Fic1/2, = ”z 1/2,j — At (éxFi—l/Z,j + éylr:i—l/ZJ)
At At
e B0 ) = (e~ P
x y
) At + _
Uiajzj = 3 (u,]ul 1/2,j T Uiiliv1/2,j — Ui_q jUi-3/2,j — ui—l,jui*1/2:1> (4.180)
X
At _
T (Ui+—1/2,j+1/2“i—1/2,j T U 10,511 2U%i-1/2,j41
y
- vitl/z,jfl/zui—l/z;j—l - U;l/z,jfl/zui—l/%') ,
U,-rf;_ll/z = ij—l/Z - Atﬁ ‘h Fi,j—1/2 = UZj-]/Z — At (éxFi,j—l/Z + 5yFi,j—1/2)
At At
= V12— h—(Fm/z,j—l/z —Fiijpjoye) = e (Fj— Fij1)
x y
_.n At + -
=Vij-1/2 — h_(ui+1/2,j71/21)i,j—1/2 + Ui/ jo1/2Vi41,j-1/2 (4.181)
X

+ —
Ui_1/2,j-1/2Vi-1,j-1/2 — ”i—1/2,j—1/zvi,j—1/2>
At _
h vl]vl] 1/2 + vl]vll+1/2 l] 1Vij-3/2 — vi,jflvi,j—l/2 >
y

where for any index and w € {u, v}

+ J
2 >
~ |

2

of; = max (af},0) =

w;; = min (a) 0)

1 ij

Note that due to the structure of our staggered grid, we have to use the following interpolations

n n
n Wiggpy T ul+1/2j n  Uigpja T u; 1/2,j
U = 5 , Ui1/2,j-1/2 = 5 >
n
no_ lj 1/2 + Ul]+1/2 n _ vi—lJ—l/Z + vl] 1/2
v = - 5 > Vic1/2,j-1/2 = 9

The DCU method for the inviscid Burgers’ equation in 2D reads

At
u:1+11/2] =u 1/2,j h_( 1+1/2] (”l 1/2,j — ”i—3/2,j) + Uy (ui+1/2,j - ui—1/2,j)
(4.182)
( i-1/2,j Uz 1/2,) — Ui—1/2,j—1) + 0172 (ui—l/z,j+1 - ui—1/2,j> ) 5
At _
ln]+11/2 = z] 27 g <ul+1 1/2 v, J-1/2 — Ui—lsj—l/Z) T U (Ui+1,j—1/2 - Ui,j—l/Z)
A’; (4.183)
hy <Uu 1/2 Ulj 1/2 — Ui,j—3/2) + 0 172 (Ui,j+1/2 - Ui,j—1/2) ) )
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where u}; , , and v, , ; necessitate the following bilinear interpolations

n _ 1 ( n n n n )
Uij1/2 = 4 Uipi/aj-1 T Uiy T Uigy i1 T Uiqy0j) »

n 1 n n n n

Vic1/2,j = 1 (Ui—l,j+1/2 t U2 T 0t Ui,j—l/z) .

Analogously to above, we can replace the first order left, right, top and bottom differences
of u;_1/5; and v; j_;/, in the DCU method by second order one-sided differences, to get the
following second order DCU scheme for the Burgers’ equation in 2D

:Hll/z] ?—1/2,]' < i-1/2,j <3ui71/2,j —4u;i 3/ + ”i*S/ZJ)
Ui1/2f (3ui—1/2,j — AUy + ui+3/2,j) ) (1180
< i1/2,j (3ui—1/2,j —4Ui 01+ Ui—l/z,j—z) .
Vis1/2) (3ui—1/2,j —4uUi 12501+ ui—1/2,j+2) ) ,
UZ;——II/Z = UZj—1/2 - :_j(u;:j—l/z (3Ui,j—1/2 — 412 + Ui—z,j—l/z)
“Uija/2 (3011172 = 401,172 + Viszj1/2) ) (4.185)

Aty |
" h, (vi,j—l/z (301172 = 01572 + Vijos2)
y
;o1 (SUi,j—l/z — Ajjr12 + Ui,j+3/2) ) ‘

The extensions to three space dimensions are straight forward and will therefore only be
given in matrix formulations, which we will introduce in the following subsection.

Lemma 4.51. (summation by parts for flux difference finite volume methods)
Assuming suitable boundary conditions and

N ~ ~ 1 1
Vi - Fij = oxFij + 9y F; = h (Fi+1/2,j _Fi—l/z,j) + he (Fi,j+1/2 - Fi,j—l/z) ;
x y

the following summation by parts formulas hold for the flux difference upwind method (4.177)
for advection, and with half index shifts for methods (4.180) and (4.181) for convection

> WFj=o0, (4.186a)

> Uy Fyjoy=— Y. FRviw,, (4.186b)
- 1

Z Vi - F(ugj, 0)wij = 2 Z (hx|”i+1/2,j|(5§wij)2 + hy|vi,j+1/2|(a§wij)2) >0. (4.186¢)

Note that above formulas hold analogously for any space dimension. Further, note that they
also hold analogously for the first order DCU method (4.178), since it can be rewritten to flux
difference method (4.177).
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Proof. Part 1. Using index shifting gives

~ 1 1
Z Vi - Fj = h Z (Fi+1/2,j - Fi—l/Z,j) + he Z (Fi,j+1/2 - Fi,j—l/z)

i=1,..,.Ny i=1,..,.Ny Y i=1,...Ny
j=1,..., Ny j=1,..., Ny j=1,..., Ny
1
= h_ Z F1+1/2] Z Fl+1/2] +h Z Fl]+1/2 Z FL]+1/2
X \i=1,..N,  i=0,.., i=1,.,Ny,  i=1,.,
j=1,..., N, ]—1 ..... y T jEL, Ny j:() ,,,,, Ny—l
Ny 1 Nx
:—Z FN+1/2] Fl/2]) h_ (EN+1/2—E1/2) =0,

le Y =1

where the boundary sums vanish in the last equality due to assuming suitable boundary
conditions, e.g., periodic or homogeneous Dirichlet.
Part 2. Using index shifting leads to

~ 1 1
Z Vi« Fjw;; = h_ Z (Fi+1/2,j —Fi—l/z,j) wij + h_ Z (Fi,j+1/2 - Fi,jq/z) Wi

i=1,...,Ny X i=1,..,Ny Y i=1,..,Ny
J=1," N J=1.Ny J=1,"N,
1
= h_ Z E+1/2jwl] Z F1+1/2](‘)1+11
x i=1,.., i=0,....Nxy—1
..... y ]:1,...,Ny

1
+ h_ Z E]+1/2wlj Z sz+1/2w11+1
y

Assuming the same suitable boundary conditions as above, e.g., periodic for F;; and w;;, or
homogeneous Dirichlet for F;;, we have

~ 1
Z Vi 'Fij(*)ij = I’l_ Z E+1/2]wl] Z Fz+1/2]a)1+1]

i=1,...,Ny i=1,.., N, i=1,...,Ny
j=1,.., Ny Jj=1,..., Ny Jj=1,.., y
1
+ h_ Z Fz]+l/2w1] Z E]+1/2w1]+1
i=1,...,Ny i=1,...,Ny
i=1..N, j=1,2N,
_ F Wiy1,j — Wij F Wi j+1 — Wij
=- i+1/2,j h + b2
i=1,..,Ny x Yy
J=1...Ny

Il
|
|
Q-]
<
=
£
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Part 3. Setting F;; := F(u;;, w;;) in (4.186b) gives

~ _ R R
Z Vi - F(uj, o)y = — Z Fugj, wi)" - V04
i=1,...,Ny i=1,...Ny
j=1,..N, j=1.Ny
Wi1,j — Wij Wi, j+1 — Wij
= - Z F(ui+1/2,js a)i+1/2,j)—h + F(Ui,j+1/2a @i,j+1/2)—h
i=1,..,Ny x y
J=1euNy
_ + — i+1,j ij
== Z < (ui+1/2,j“)ij + ui+1/2,jwi+1,j) h
i=1,..,Ny x
j=1Ny
Wi i1 — W;i
+ — i,j+1 ij
+ (Ui,j+1/2wij + Ui,j+1/2wi,j+1) h )
y
Uit1/2,j + |Ui+1/2,j| Uit1/2,j — |ui+1/2,j Wit1,j — Wij
2 ij 2 i+1,j h
i=1,...,Ny x
J=L1...Ny,
Vij+1/2 T |Ui,j+1/2| Vij+1/2 — |Ui,j+1/2| Wj j+1 — Wij
ij Wij+1 | — 3
2 2 hy
_ Wit1,j — Wij
=- (Ui+1/2,j (601'+1,j + wij) - |ui+1/2,j| (wi+1,j - wij)) T on
i=1,..,Ny x
j=1Ny
Wi j+1 — Wij
+ (Ui,j+1/2 (a)i,j+1 + wij) - |Ui,j+1/2| (a)i,j+1 - wij)) —Zh
y

1
:_Zz_hx

1

y
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Assuming suitable boundary conditions, e.g., periodic for u;; and w;;, or homogeneous
Dirichlet for u;;, and using index shifting, we have

- 1 2
_ 2 2
Z Vi 'F(Uij, wij)&)ij = - Z _Zh (ui+1/2,jwi+1,j = Uit1/2,j05; — |ui+1/2,j| (OJi+1,j - @ij) )
i=1,...N, i=1,...N, x
J=TolNy J=1oNy
1 9 9 2
+ _2h Uij+1/20; j41 — Vij+1/2055 — |Ui,j+1/2| (wi,j+1 - CUij)
y

1 2
2 2
- E _Zh <Ui—1/z,j60,~j = Uit1/2,j0;5 — |ui+1/2,j| (601'+1,j - wij) )
;. X

2

2 2

+ oh. (vi,j—l/Zwij = Vi j+1/205; — [Vija1/2] (a)i,j+1 - wij) )
y

Uiv1/2,j — Ui-1/2j 1 2
= Z Wi+ |tiray2 ] (wi+1,j - a)ij)

i=1,...Ny th th
Jj=1...Ny,
Vij+1/2 — UVij-1/2 o 1 2
+ w0+ vyl (wi,jﬂ - 6Oij)
2h,, 2h,

1 -
=3 Z (a)[zjvh g+ hlui g (0% wi)? + hy|Ui,j+1/2|(a§wij)2) .
i=1.N,
i=1

Recalling that the velocity field is divergence free, it holds V-, ; = 0, such that above equation
becomes (4.186¢). O

4.8.12 Finite volume matrices

Let us recall that in order to have thermodynamically consistent semi-discretizations in time,
we have discretized some advection and convection terms of our phase-field models with
hydrodynamics implicitly. Combined with the fact that similarly to finite differences, finite
volume methods always require information of neighboring cells, we have to solve a coupled
system for all cells. For this purpose, we will introduce matrix formulations for the three
aforementioned 2D finite volume methods in the following, using vectorized discrete solutions.

The matrix notation of the one-dimensional upwind flux (4.142), reading

— ot -
Firil/z = uifl/zpinfl + uifl/zp?’
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4 Numerical schemes

foralli = 1, ..., N and homogeneous Dirichlet boundary conditions, i.e., py = 0 = py1, reads

uir/z 0 Uy pPi
F" = u;/z . p? + “;/2 . ,Dg
u;71/2 PN-1 Un_1z J\ PN
u1+/2 0 pi Uy o
ul 10 n u; n
= diag 372 o pf + diag 3/2 '0:2
ul-'\—lfl/Z 10 ){ P Un_1/2 PN

= diag(u")Lnpip + diag(u )plp
= (diag(u")Ly + diag(u ")) plp,

where Ly is the lower N x N shift matrix for homogeneous Dirichlet boundary conditions.
The lower shift matrix for periodic boundary conditions reads

Analogously, the matrix notation for the right upwind flux F, , reads
F! = (diag(RNu+) + diag(RNu_)RN) Pip s

where Ry is the upper N x N shift matrix. For homogeneous Dirichlet boundary conditions, it

reads
0 1
o |
N 0 1
0
for periodic boundary conditions
0 1
Ry = N
N 0 1
1 0
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4.8 Spatial and full discretization

and for homogeneous Neumann boundary conditions
0 1

RN:

Matrix formulations for higher dimensions necessitate higher order shift matrices and a
vectorization of the discrete solutions, as introduced in Subsection 4.8.4 for finite difference
matrices. Therefore, we denote

u"+u =uypsp = vec(u), v 4+ 0 =uvpp = vec(v),

w' +w = wsp = vec(w), papysp = vec(p).
The higher order shift matrices are again constructed by Kronecker products, reading

Ryz = Iy, ® Ry, , Lyz = In, ® Ly, ,
RNyZ :RNy®INX, LN}?:LNJ,®INX

in two space dimensions, and in three dimensions

Lys = In, ® In, ® Ly, , Ry: = Iy, ® Iy, ® Ry, ,
LNy3:INZ®LNy®INx; RNy3:INZ®RNy®INx;
Lys =Ly, ® INy ® Iy, , Rys = Ry, ® INy ® Iy, .

The 2D flux difference upwind fluxes read

F_= (diag(u+)LN)g + diag(u_)) Pap s

F", = (diag(Ryzu") + diag(Ryz )Ryz) plp

F;_ = (diag(v*)Ly; + diag(v")) o3y,

F;, = (diag(Ryzv") + diag(Ryzv")Rwz) P -
For 3D flux difference upwind fluxes, we replace the indices N* and 2D above by N* and 3D,
and add the two fluxes

F;_ = (diag(w")Lys + diag(w")) pip,

Fr, = (diag(Ryw") + diag(Rsw IRz ) plp.
Summarized, the flux difference upwind method in matrix formulation for the 2D advection
equation reads

At

n n At n n n n
ngl = Pop — h_x (Fx,+ - Fx,—) - h_y (Fy,+ - Fy,—)
At . . - . . -\ n
= pl, - = (diag(Rnzu") + diag(Ryzu™ )Rz — diag(u*)Ly: — diag(u)) ppp
At . . _ . . — n
5 (d1ag(RNyzv+) + dlag(RNyzv )RNyz - d1ag(v+)LNyz — diag(v )) b -
y
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Introducing the flux difference upwind matrix

1
H(u,v) = . (diag(RN3u+) + diag(Rn2u")Ryz — diag(u™)Lyz — diag(u_))
1 (4.187)
+ s (diag(Ryzv™) + diag(Rnzv )Ryz — diag(v*)Ly; — diag(v"))

we can rewrite the above matrix formulation to a general finite volume system for the 2D
advection equation, reading

pip = Pap — At H(u, v)pyy,

This system yields a different finite volume method depending on the chosen flux matrix
H(u,v). Let us also introduce the respective 8-Formulation

pin' = php — At H(u, v)pp’ (4.188)

which is implicit for 6 € (0,1].
In three space dimensions, the finite volume system reads

pit = pip — At H(u, v, w)pip’ (4.189)

where the flux difference upwind matrix is given by

1
H(u,v,w) = . (diag(RNJ;qu) + diag(Rn2u")Ry3 — diag(u™)Lys — diag(u_))

I . - : o
+ h_y (dlag(RNysv+) + diag(Ry30™)Ryy — diag(v™)Lys — diag(v ) (4.190)
1

+ = (diag(w+)Lst + diag(w™) — diag(Rnsw") — diag(RNst_)RNZs) )
Remark 4.52. Note that the first two lines of H(u,v, w), given by (4.190), are similar to H(u,v),
given by (4.187), except that the latter contains 2D matrices. Thus, let us introduce H(u,v), which
is a modification of H(u,v), where the 2D matrices are replaced by their 3D counterparts. Then,
equation (4.190) is equal to

~ 1
H(u,v,w) = H(u,v) + = (diag(wJ’)Lsz + diag(w™) — diag(Rysw™) — diag(RNst_)RNZs) ,

i.e., the expansion to 3D only requires the addition of the flux for the third dimension.

Next, let us also introduce flux matrices for the first and second order DCU method for two
and three space dimensions. In 2D, the flux matrix for the DCU method reads

1
H(u,v) = ™ (diag(u+)(INz — Lyz) + diag(Ryzu ™ )(Ryz — INz))

1 . . _
+ h_y (dlag(v+)(INz - LNyz) + dlag(RNyzv )(RNyz - INz)) )
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4.8 Spatial and full discretization

As shown in Remark 4.52, the expansion to 3D only requires the addition of the flux for the
third dimension, i.e.

~ 1
H(u,v,w) = H(u,v) + . (diag(w+)(INa — Lys) + diag(Rysw™ )(Ryz — IN3)> )

z

The second order DCU method in 2D is given by

1
H(u, l)) = % (diag(u+)(SINz — 4LN)? + (LN;? )2) — diag(RN)gu_)(—fSINz — 4RN,? + (RNJ?)Z))

X

1 1 . —
+ Z_hy (dlag(v+)(3IN2 _ 4LNyZ + (LNYZ)Z) - dlag(RNjU )(—3IN2 — 4RNyZ + (RNYZ)Z)>

and in 3D by

H(u,v,w) = I:I(u, v)
1

+
2h,

(dlag(w+)(SIN3 - 4LN23 + (LN;)Z) - diag(RNZSW_)(—?)INS - 4RNZS + (RNZS)Z)) .

Neglecting the dependencies of the flux matrices and the dimension indices in equations (4.188)
and (4.189), we have the following general matrix formulation for finite volume methods,
which holds true for any space dimension

pt = p" — AtHp™. (4.191)

To enable the full discretization in matrix formulation of the full model for viscoelastic
phase separation (3.51), the last missing factor is a finite volume matrix formulation of the
momentum equations. For this purpose, let us use the Burgers’ equation like before. Its finite
volume matrix formulation in two space dimensions reads

"t =" — At Hau? (4.192a)
V" =" — At Hp"? (4.192b)

and in three space dimensions we simply add
W' = w — At H,w". (4.192c¢)

The flux matrices vary for each flux direction and of course by dimension. The flux difference
upwind matrices in 2D read

1
H, = . <diag(A§J? ut) + diag(Aﬁg U )Rnz — diag(AJL\,)? u")Lyz — diag(AJL\,f u‘))
1
y

1
H, = ™ (diag(AnyzRN,;m) + diag(ALNfRN;u‘)RN; — diag(ALNyzu+) Ly:z — diag(ALNyzu_)>

1
+ W (diag(Af,;er) + diag(Af .07 )Ry
y

2
y ¥y

~ diag(Ak;v")Ly; — diag(ALNyzv—)) ,
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and in 3D
H,=H, + %(diag(Af\,sRNzawﬂ + diag(Afs Rysw)Rys (4.193a)
— diag(Axsw)Lys — diag(ALNgw_)) ,
H,=H,+ hix(d1ag(AN3RNsw+) + dlag(ANaRNSW IV (4.193b)
- dlag(AN3W+)LN2 - diag(Ah;w‘)) ,
H, = . (dlag(A sRysu™) + dlag(ANjRNm )RN3 — dlag(AN5 u")Lys — diag(AILVZg u‘))

+ . (dlag(ANsRNsv+) + dlag(ANgRNav )RNs - dlag(AN3v+)LNya — diag(Aﬁ,;v‘))
y

+ W <d1ag(AN3w+) + diag(Af sW )R — diag(Af\,zg w')Lys — diag(Ak W )) (4.193¢)
The DCU flux matrices in 2D read

H, = ;- (dingu)(Iy: = L) + diag(u )Rz = )
+ %(diag(AzL\ngﬁvar)(INz — Lyy) + diag(Ag; Apv )(Ryz — IN2)> ;
H, = hx (dlag(AfvaNzw)(INz — Lyg) + diag(Ag; AR, u ) (Ryz — IN2>)
*h (diag(w)(INz — L) + diag(@)(Ry; — L))
and in 3D

H = H (dlag(AifsANaw-F)(INS LN3) + dlag(A 3W )(RNS IN3)> N

x

h,

H =H + h—(diag(Af\,ygAﬁzanr)(INa Lys) + diag(Ay, A§,3w )Rz — IN3)> ,
1

H, = h—(diag(ALN3A§3u+)(INa Ly;) + diag(Axs Aysu”)(Ry; — IN3)>

1
+ h_ (dlag(A%\]z N3U+)(IN3 — LN3) + dlag(A 3AIIS]3U )(RN3 - IN3)>
y

1
+ " (diag(w*)(INs — Ly3) + diag(w™)(Rys — IN3)> )
And finally, the second order DCU flux matrices in 2D read
1
H, = — (diag(u+)(3INz — 4Ly + (Ly2)?) — diag(u")(=3Iy: — 4Ry2 + (RN3)2)>

dlag(A]L\szsz+)(3IN2 4LN2 + (LNZ) ) + dlag(A Aﬁle) )( 3IN2 — 4RN2 + (RNZ) ))

(dlag(Aﬁ,r Nzu+)(3INz 4LNJ5 + (LNE)Z) - diag(AjLV}?Aﬁ?uf)(—:%INz - 4RN3 + (RN3)2)>

<w|"‘5|'—*e?|’—‘3

dlag(l)+)(3IN2 — 4LNyZ + (LNYZ)Z) + diag(v_)(—3INz — 4RN}§ + (RNYZ)Z)) s
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and in 3D

H,=H, + —(dlag(A JARWHBTs — 4Lys + (Lys)?)

3‘

+ diag(ARp AW )(=3Lvs — 4Rz + (R2)?))

H, = i, + - diag(Ak A w) BT — 4L + (L))
+ diag(Ak AR w3y — 4Ry + (R)?))
H, = hix(dlag(AfvsAﬁsf)(SINs — 4Ly + (Lye)?) + diag(Aky Afou )(=3Iys — 4Ry + ( RN;)Z))
+ hiy( diag(Ak; A0 )3T — 4Ly + (L)) + diag(Ak, A0 3T — 4Ry + (R ) )
hiz(dlag(w)(ﬂm ALy + (L) + diag(w )3T — 4Ry + (R ) )

4.8.13 Full discretization of the Cahn-Hilliard-Navier-Stokes model

The Cahn-Hilliard-Navier-Stokes model (3.27) is the most reduced version of the full model
for viscoelastic phase separation (3.51), which still contains every kind of spatial derivative
which we are facing numerically. It includes the fourth order derivative for the diffusive
interface of the Cahn-Hilliard equation, as well as advection and convection induced by the
Navier-Stokes equations. Hence, let us introduce a full discretization in two and three space
dimensions for this reduced model, before we finally completely discretize the full model in
the next subsection.

Let us at first introduce a full discretization of the semi-discrete splitting scheme (4.58a),
(4.62) for each grid cell in 2D. We use the OD2 approximation (4.26) for the potential derivative,
a constant viscosity 7, and discretize the advection term V - (u"¢") with upwind finite volume
method (4.177) and the convection term (u" - V)u' with (4.180) and (4.181). The resulting
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discretization reads

ot = gl — AT, - F(ul, gl)

(At)? +1 +1 (4.194a)
+ V- (((p ) VR ) + AV} - <M((p?j)RV§yZ ) ,
n+1 n n+1
ﬂln]+1/2 —2A % n f((P?J) n @ij goz]f( l])
+ At At I n+l
ui*l/z,j = u?—1/2] Atvh F (ul 1/2 ]: 1 1/2]) + p UAhuill/Z,j - ?(P?_l/z’jax’uij 2 ) (4.194b)
+ At
Ui 1)) = zn+11/2] + ?%Pﬁ“ , (4.194¢)
i =t y n t At At L n+3
Uy io1/a = Vij1/2 — AtV -Fv(ui,j-1/z,v,»’j_1/2) + p nAth 2~ p qou 1729 Hij s (4.194d)
n A n
UZj—l/Z = zjﬂl/z + _aLPUH ] (4.194e)
Vi ugt = 0. (4.194f)

Theorem 4.53. Scheme (4.194) is linear and, assuming suitable boundary conditions, see Re-
mark 3.7, it is mass-conservative and satisfies the following discrete energy law

Etotal(gon_*—1 n+1) Etotal(q) un)

—ND! — ND™\ — ND!

At pot split
s 4.195
Z M(@l})”Vﬁﬂlnj | Z U(|V§u?+11/2]|2 + |vﬁvlnjll/z| ) ’ ( )
TN, TN,
where
NDZ;} = (At)z Z f/’(g) <5t‘PU ) €O ((At)z) ’
.
p i )
NDZ]:—lllt = Z ((u:“"ll/ZJ iil/Z,j)Z + (uiil/z,j _ u;:l/z’j)z
2At
J=1.N,

+1 2 * 2
+ (UZj—l/Z - Uzj—1/2) + (Ui,j—l/z - UZj—l/z) ) >0

* At L I'H'l * At L n+
Ui 12 = “?—1/2,1' - ?(p?—l/&jax:uij . Vij-1/2 = Uirfj—l/z P ‘/’u 1/29 i

3

1
ND =2 Y, ( (o O + (0T o [l 1/2>2)

R T
th (l ’J+1/2|((9y(,011)2 + |vz 1/21+1/2|(ay i 1/2])2 + |UlJ|(ay e 1/2)2>> >0

This energy law is — up to the numerical diffusion caused by the finite volume method — analogous
to its semi-discrete version (4.52).
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4.8 Spatial and full discretization

Proof. 1t is clear that the proposed scheme is linear.
Summing equation (4.194a) over all i = 1,.., N, and j = 1, ..., N,, and using the summation
by parts formulas (4.186a) and (4.125d), we have

Z oit= )L eh— A YL e Flulgf)+ At ) Vi (Mo viug )

,,,,, N, i=1,...,Ny 1.—1,.‘.,Nx i=1,...,Ny
]—1 ,,,,, N, J=L1...,Ny, J=L1...Ny, J=L1...Ny,
_ n
= 2. 4
i=1,..,Ny
j=1,.., Ny

Thus, the scheme is mass-conservative.

To calculate the discrete energy law, we substitute u' defined by (4.194c) and (4.194e) in
(4.194b) and (4.194d), respectively. Then, we multiply equation (4.194a) by y"+1/ 2 (4.194b) by
ul'l), ; and (4.194d) by v, ,,. Summing over alli = 1,.., N, and j = 1,.., N,, and using the
summation by parts formulas (4.125a), (4.125¢) and (4.186(:), the discrete energy law (4.195)
is calculated analogously to energy law (4.52) of the semi-discrete splitting scheme. The
additional terms in the Navier-Stokes equations from the Chorin projection vanish during
the computations, analogously to the proof of Theorem 4.27, since we assume a constant
viscosity. The additional numerical dissipation ND}! is caused by the finite volume method,
see (4.186¢). The numerical dissipation ND”Or caused by the OD2 approximation is calculated

analogously to (4.27). O]

Let us recall that we have to compute some spatial derivatives implicitly in order to be energy-
stable. Thus, we have to solve coupled systems for all grid cells, which will be introduced in
the following.

We use the general matrix formulation (4.191) to rewrite the Cahn-Hilliard equation (4.194a),
where analogously to above, we only discretize the advection part V-(u"¢") with finite volumes
and the other derivatives with finite differences. This yields

e 5 ) Ko - (ding (A%9") VR ) + Bt - (diag(M(p" YOV ™)
t
= Iy — At Z <3£ [—diag (Af(p")z
acay p
i R n R —A 1. /r n nal
+ diag (AFM(¢")) |0 ?ANd + Edlag (f'(eM)] to
= ¢" — AtHo" (4.196)
At
+ At Z (85 [;diag (Aﬁffp”)z
acay

. n A n n 1. /(. n n
+ diag (4;M(¢")) ]95) [TANMP + flp") - diag (f(4M) ¢ ] ,
where the index set ¢ is based on the respective dimension and reads

=N, a={N.,Nj}, or a;={N] N},N}}.
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A full matrix discretization of the Chorin projection algorithm to solve the Navier-Stokes
equations (4.194b)-(4.194f) numerically in 3D, using the general matrix formulation (4.192),
reads as follows.

Step 1. For a variable viscosity 1, we have to solve the coupled system

LHS,; LHS,, LHS;3 \( u’ RHS,
LHSZl LHSZZ LHSZ?, UT = RHSQ 5 (41973)
LHS31 LHS32 LH833 WT RHS3
where
n At : L n\ qL , n+1/2
RHS, = u" - Fdlag (AN3¢ ) I , (4.197b)
n At : L n L  n+1/2
RHS, =v" - ;dlag (ANygfp ) Iz , (4.197¢)
n At . L n\ aL ,,n+tl1/2
RHS; = w" — ?dlag (ANz«jq) ) I , (4.197d)
and

At
LHS; = Iys + AtH, — — (Z aadiag(AJL\,gry((p"))ﬁa + aNgdiag(A]L\,;r)((p"))aN};) ,  (4.197e)

acay
At .
LHS:z = — 2 diag(Ag,n(9")Ix; ANs » (4.197f)
At
LHS; = —n; diag(ARsn(9™)axs Axs » (4.197g)
At
LHS,, = —;aNg diag(Af\,yg,ry(qo"))aﬁ,ygAﬁxg , (4.197h)

At
LHS,, = Ins + AtH, — — (Z 8adiag(AJL\,y317((p"))8a + aNyadiag(Anygq(W))aN;) . (4.197)

acay
At . -
At .
LHSy, = ——dndiag(Aen(e")oy: A (4.197k)
At .
LHS;, = —FaNye diag(Axsn(e ))aﬁ,ngf,; , (4.1971)

At
LHS;; = Ins + AtH,, — — (Z 8adiag(AIL\,317((p"))aa + aN;diag(Aﬁ,zgr]((p”)ﬁN;) . (4.197m)

acay
Step 2. Using the incompressibility, we find p"*! by solving

Apsp"t = évﬁg cut = é <8§31ﬂ + aﬁﬁv* + aﬁgw*) . (4.197n)
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Step 3. Finally, we can calculate the discrete solutions at the new time t"*! by

. At
Ut =ut — —ak, p"t!, (4.1970)
p X
At
o=t — ;aLNS P, (4.197p)
At
wt = wh - =k pntt (4.197q)
p z

Remark 4.54. Note that we can reduce the spatial dimension of above algorithm to 2D by
« eliminating the third row of system (4.197a),

« eliminating the right column of the system block matrix,
« fixingw = 0, and
o substituting the index N° by N* everywhere.

The 1D case is trivial, since the incompressibility is equivalent to a constant velocity in this
situation.

Remark 4.55. Let us recall from Theorem 3.5 that for a constant viscosity n, it holds
V-(2nD(u)) =nV- (Vu + (Vu)T) =nAu.

Therefore, if the viscosity is constant, we can significantly simplify the block matrices (4.197e)-
(4.197m) as follows

At

LHSH = IN3 + AtHu - —UANS s (41983.)
pP
At

LHSZZ = IN3 + AtHU - —UAN3 , (4198b)
P
At

LH833 = IN3 + AtHW - —UANB s (4198C)
P

LHSlz = LHSl3 = LHSZl = LH523 = LH831 = LH832 =0. (4.198d)

This removes the coupling from the Navier-Stokes equations and therefore reduces the computa-
tional effort considerably. Instead of solving the coupled system (4.197a), we only have to solve
the following three equations successively in step one of the algorithm

LHS,,u" = RHS;, (4.199a)
LHSzgvT = RHSQ s (4199b)
LHS;;w™ = RHS; . (4.199¢)

Theorem 4.56. Let H,H,, H,, H,, represent the flux difference upwind matrices (4.190) and
(4.193). Then, the resulting completely discretized numerical scheme (4.196), (4.197) is linear
and, assuming suitable boundary conditions, see Remark 3.7, it is mass-conservative. Further,
assuming a constant viscosity n, the scheme can be significantly simplified, see Remark 4.55.
This simplified scheme satisfies the discrete energy law (4.195) in 2D (considering non-vectorized
discrete solutions) and an analogous version in 3D.
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Proof. See the proof of Theorem 4.53, since the proposed scheme is in 2D (up to the vectorized
discrete solutions) equivalent to (4.194). For three dimensions, the proof is analogous, since
the SBP formulas (4.125) and (4.186) hold for any space dimension. ]

4.8.14 Full discretization of the full model

Let us finally introduce a complete matrix discretization to solve the full model for viscoelastic
phase separation (3.51) numerically. This discretization is based on the semi-discrete Chorin
projection splitting scheme (4.77), (4.85), (4.79), using the OD2 approximation (4.26) for the
potential derivative.

At first, we solve the linear equation system given by the full matrix discretization of the
coupled semi-discrete (¢, q)-system (4.77). Note that this discretization is — up to the advection
terms — analogous to the fully discretized simplified model (4.133). It reads

LHSU LH812 (pn+1 _ RHSl
( LHS,, LHS,, ) ( ¢ ) "\ Rus, )~ (4.2002)
where
At
LHS,, = Iy — At Y. (a{; [—diag (A%p")’ (4.200b)
P
acoy
. R n R —A 1. /¢ n
+ diag (AaM(q) )) a, 7ANd + Edlag (f (¢ )) ,
At
LHS;, = - (Z oLdiag (ARM, (™M) a§> diag(Gg(e™)), (4.200c)
acoy
—A
LHS,; = At diag (Gs(¢")) <Z otdiag (ARM,(e™M) a{f) [7AN.1 (4.200d)
acoy
1 : / n
+ S diag (f' M) |
At
LHS,, = Iy« + 7<H + diag (r5(¢™) " (4.200€)

+ diag (Gs(¢")) <Z oLdiag (A5Z(p") " 55) diag (Gs(¢")) >

acay

140



4.8 Spatial and full discretization

and
RHS; = ¢" — AtHo" (4.200f)
+ALY <8L[ diag ARgo")
acoy
. R n R —A n n 1. /(. n n
+ diag (ATM(p") |3 ) |- Aneg" + f(o") = - diag (f(¢") ¢
L q: R n R 1 : n n
— At Z 0, diag (AaMz((p )) a2, [Edlag(GB((p )q ] ,
acay
At "
RHS; =¢" - —-Hq" - —dlag (r5(@") (4.200g)

+ At diag (Gs(9™")) Z ok (d1ag (ARM (™) o7 [—Aqu) + fle") - —dlag (f'(eM) e }

acoy

~ diag (ARZ(p™) " OF

diag(GB(w"))EQ"] ) :

Next, we solve the completely discretized Chorin projection, which is analogous to algorithm
(4.197) above, except for the following modifications to its right hand side in step one due to
the additional o-coupling terms

At At
RHSl =u" — ?dlag (A]L\[;(pn) GJL\,;;J”H/Z + ; (BJL\,;a’fl + ALN;aN;O'Tz + A]L\];aNZSO"f?,) , (42013.)
RHS, = v" — gd AL L n+1/2 g L n L _n L n
2 =10 iag ( Axs 5" INsH p ANsONOy) + Ox30, + AXadniOs ) (4.201Db)
p

At At
RHS; = w" — —diag (Afs¢") dxsp™"* + — (ARs0n30%, + ARsdnyoly + dxs0%;) . (4.201¢)
p p z z z

Finally, we completely discretize the semi-discrete Oldroyd-B equations

o.n+1 —o"

At

1
—0
Ts(p™t2)

+(un+1 'v)o,n_(v,u}n-#l)o,n_a_n (vun+1)T+ +9_GS((Pn+%) ZD(unH) =0
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4 Numerical schemes

where 0 € {0, 1}, reading
LHSo}' = o, — AtHo?, (4.202a)
+ 2At [diag (aﬁ?u"“) ol, + diag (AigﬁNyzu”“) o}, + diag (Af@;aN;u"“) 0';13]
— (1 - 0)At diag (TS((p”“/Z))_l o}, + At diag (GS((p"“/z)) 28%1/’“ ,
LHSo?;! = LHSo}' = o}, — AtHo?, (4.202D)
+ At [diag (oRu™") oty + diag (ARsonzu™") o, + diag (Afsanzu™") o3
+ diag (AﬁgaN)gv"“) o}, + diag <a§yav”“> or, + diag (AﬁyaaN;u"“) 0;’3]
— (1 - 0)At diag (75((p"+1/2))_1 ol, + At diag (GS((p"H/Z)) (AﬁgaN;u”“ + Aﬁ;aNgv"“) ,
LHSo} ' = o}, — AtHo}, (4.202c)
+ 2At [diag <A§;8N30”+1> o}, + diag (853,;1)"“) oy, + diag (Aff,ygastv”“) 0';‘3]
— (1 - 0)At diag (TS((p”“/z))_l oy, + At diag (Gs((p"“/z)) 28530”“ ,
LHSo};' = LHSo}, ! = o}, — AtHoT, (4.202d)
+ At [diag (aﬁgu”“) or, + diag (AﬁgaNyau"“) ah, + diag (Aﬁ?c?stu"“) o5
+ diag (Aﬁ,;aN;w””) o}, + diag (AﬁgaNysw””) o}, + diag (8§3w”+1) 0?3]
— (1 —0)At diag (TS((an/z))_l o', + At diag (GS((p”“/z)) (Aﬁ;,aN;u"“ + Aﬁ?aN;w"“) ,
LHSo};' = LHSo}, ' = o}, — AtHo?, (4.202¢)
+ At [diag (Af,ﬁaNgvnH) o" + diag ( 8113]30"“) ot + diag ( Al aNgvnH) o
+ diag (AﬁgaN)gw"“) ol, + diag (AﬁgaN;w"“) ah, + diag (8§3w"“) 0';’3]
— (1 - 0)At diag (TS((p”“/Z))_l oy, + At diag (Gs((p"“/z)) <A§38N30”+1 + Aﬁ,zgaNyaw”“) ,
LHSo"' = o}, — AtHo}, (4.202f)
+ 2At [diag (Aﬁ,;aN;w"“) oty + diag (AR&;&NSW"“) oh, + diag (8§3w”+1) 02’3]
— (1 - 0)At diag (Ts(fp”“/z))_l o4, + At diag (GS((p”“/Z)) 28§3w”+1 ,

where

LHS = (INa + 0At diag (rs(qJ”H/Z))_l) .

Thus, if 6 # 0, we have to solve a system of linear equations for each 0,1, j = 1, ...,d, while, if
0 = 0, we can directly compute each.

Remark 4.57. Note that we can reduce the spatial dimension of the above algorithm to 2D
analogously to Remark 4.54, with additionally fixing

013 = 031 = 0y3 = 033 = 033 = 0.

Further, note that for a constant viscosity n, we can decouple the calculation of the Navier-Stokes
equations analogously to Remark 4.55.
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4.8 Spatial and full discretization

Theorem 4.58. Let H,H,, H,, H,, represent the flux difference upwind matrices (4.190) and
(4.193). Then, the resulting completely discretized numerical scheme introduced above is linear
and, assuming suitable boundary conditions, see Remark 3.13, it is mass-conservative. Further,
assuming a constant viscosity n, the scheme can be significantly simplified, see Remark 4.55. This

simplified scheme satisfies the following discrete energy law in 2D (considering non-vectorized
discrete solutions) and an analogous version in 3D

1 n+1

Etotal((Pn+13 qn+ b (o) un+1) - Etotal((Pns qna Un: un) _

NDn+1 _ NDnJr? _ ND;;l

At pot split
1 +1 412
- D, ( ,,)(q?j DEEDY i )q)l,(l—%)vhﬂl, —VRGsel) g )
i=1..N, [B\®ij i, (3 (4.203)
j=1,.., [y J=1...Ny
1
- Z TN ((0'11+6)U + (ngw)u) Z 17(|Vﬁu:’+11/2]|2 + |v§v?j+11/z| >,
i=1,N, Ts(@;; 2 i=1,..N,
3 1) 3
J=L1...Ny J=L1...,Ny,

ND}:! = ——(At)2 Z 7 <8tqo,] )3 €O ((Ar)?)

i=1,...,Ny
J=T.N,
n1 _ P n+1 x 2 x n 2
ND,i = 2 AL Z <(uz 1/2,j i—1/2,j) + (ui—l/z,j - ui—1/2,j)
i=1,...N;
J=L1...Ny,

1 * 2 * 2
+ (027—1/2 - vi,j—l/z) + (Ui,j—l/Z - UZj—l/z) ) >0

* At L n+ * At L n+
Ui /2 = u?—1/z,j P — o 1/2,j0xHij * Uij-1/2 = ij—l/Z P (Pl] 1/29 Hi

>

n 1 n n n n
NDF‘+,1 = 5 Z <hx<|ui+1/2,j| [(axﬁ%)z + (aiquﬂ/z)z + (aR(0'11+9)u)2 + (aR(O-2+0)lJ)Z]
+ |ul]|(ax i-1/2, ])2 + (U125 1/2|(8xv” 1/2)2>
ey (1 (@) + @™ + @) + @Hots ]

R T
+ |vl 1/2]+1/2|(ay i— 1/2])2 + |vi]|(ay i,j— 1/2)2>> 20

This energy law is — up to the numerical diffusion caused by the finite volume method — analogous
to its semi-discrete version (4.80).

Proof. 1t is clear that the proposed scheme is linear.
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4 Numerical schemes

In order to calculate the discrete mass and energy law, we consider a cell-wise 2D version
of the equations involved in the algorithm for non-vectorized solutions, analogously to
discretizations (4.131) for the simplified model and (4.194) for the Cahn-Hilliard-Navier-Stokes
model.

Then, using SBP formulas (4.125) and (4.186), the mass conservation is calculated analo-
gously to the proof of Theorem 4.53 for the latter model.

Further, we multiply and sum up the cell-wise equations analogously to the calculations of
energy laws (4.132) and (4.195), which are satisfied by the two above-mentioned models, while
the cell-wise o-equations are only summed up. Then, using the SBP formulas, the discrete
energy law is calculated analogously to the semi-discrete energy law (4.80).

For three dimensions, the proof is analogous, since the SBP formulas (4.125) and (4.186)
hold for any space dimension. O

4.9 Time step restrictions

Time-stepping is a crucial topic in numerics, since large time steps generally save precious
computing time in numerical experiments. The key to a reasonable time step size is to ensure
that it is as large as possible while ensuring, that the schemes are numerically stable and
that no essential information is lost during the process. In this context, there are two main
differentiations, fixed time step sizes and adaptive ones, where the latter may change in each
time step. A general approach to adaptive time-stepping is the so called CFL condition, which
is introduced in the following.

CFL condition

The CFL condition is named after Courant, Friedrichs and Lewy, see [20], and states that a
numerical method can only be stable, if its numerical area of dependency includes the physical
dependency area of the partial differential equation, at least in the limit 2 — 0.

To check this condition, there is the so-called Courant number v. Its boundedness is a
necessary condition for the stability of a numerical method.

Since implicit time discretizations have no time step restriction, we only have to pay
attention to our explicitly discretized spatial derivatives. We discretize the advection and
convection terms of our phase-field models with hydrodynamics at least partially explicitly.
This terms are analogous to the advection term of the 2D advection equation

pe+V-(up)=0.
Applying the flux difference upwind method to above yields (4.177), reading
n n At — —
Pij+1 = Pij— h_ (ul:l/z,jpij t U iPiv1j — uitl/z,jpi—l,j - uifl/z,jpij)
At
o
y

+ - + -
Ui js1/2Pij T Vi jr1/2Pij1 — Uy j1/2Pij-1 — Ui,j—l/Zpij) .
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4.9 Time step restrictions

The CFL condition for this discretization of the 2D advection equation is given by

|| AL N v At
Vo= 1% s
hx hy — max

where |ul = max(u;11/2;) and [v|e = max(v; j11/2). Further, v,,,c = 1, because the flux functions
ij ij

of the applied finite volume method consist of function values of adjacent cells only. The CFL
condition leads to the following upper bound for the time step size

A A h.h
ettt _ N X
hy h, hylule + hslv]eo

¢

Note that in all our phase-field models with flow, the velocity field u is not only space but also
time dependent. Consequently, the upper bound of the time step size changes in time, reading

heh,

At < .
" R Ut + hylo?]

Analogously, the upper bound of the time step size in 3D reads

hehyh,
hyh[uMe + hohy 0" + hohy Wi’

Atn+1 <

where |u|oo = H}J%X(Uiﬂ/z,j,k), |U|oo = TII,IJ%X(Ui,jH/z,k) and |W|oo = YTIJJ%X(Wi,j,k+1/2)-

Note that we also have at least one explicitly calculated spatial second derivative in the
Cahn-Hilliard equation due to the linearization of the nonlinear derivative f(¢) of the double-
well potential. This significantly complicates the construction of an accurate CFL condition, if
not makes it impossible.

Further, note that even though an accurate CFL condition can yield an upper bound for the
time step size, the latter may still need to be significantly smaller in order to have energy-stable
simulations. In particular, using the OD2 approximation (4.26) for the potential derivative, we
have a dissipation term of order @ ((At)z). Thus, the impact of this dissipation term to the
discrete energy law can be reduced by shrinking the time step size.

Summarized, we will use above CFL condition as an upper limit for our numerical ex-
periments, but we will investigate further time step limitations of our numerical schemes
experimentally, see Subsection 5.1.6.

Problem specific time-stepping

In general, long time dynamics of Cahn-Hilliard models tends to become slow, where dissipa-
tion terms like the above-mentioned one usually become small. Therefore, several methods to
enlarge the time step size during this late time frame have been considered, see, e.g., Cheng,
Kurganov, Qu, Tang [16], or Guillén-Gonzalez and Tierra [39].

Since our focus is the full model for viscoelastic phase separation, which consists of far more
than only the Cahn-Hilliard equation, a direct applicability of such methods is questionable.
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4 Numerical schemes

Nevertheless, let us introduce one of the above-mentioned methods exemplarily. The
adaptive time-stepping strategy for the Cahn-Hilliard equation of Cheng, Kurganov et al. [16]

reads
Atmax
At = max | Ay, —— |, o = const., (4.204)
J1+ alm/(b)[?
where

1 -\2
m(t)—J@/Q«o—w dx.,

1
D =—om dx .
¢ |Q|L<”

The effectivity of this strategy has been proven in [16] for the Cahn-Hilliard equation using
the Ginzburg-Landau potential and a non-degenerate mobility.
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Numerical experiments

In this chapter, we demonstrate the behavior of the proposed fully discrete numerical schemes
in two and three space dimensions. For this aim, we use our self-implemented universal
MATLAB Code, which includes several vectorized full discretizations for the numerical solution
of the full model as well as all sub-models, using sparse system matrices. Since MATLAB is a
scripting language, one may question the efficiency of our implementation. Let us note in this
context that MATLAB uses the to this date most advanced multithreaded linear algebra library
Intel Math Kernel Library (MKL) for all relevant operations, including the linear equation
system solvers. Thereby, we apply lower-upper (LU) decompositions to factorize small system
matrices, whereas we use the biconjugate gradient stabilized (BiCGSTAB) method for large
non-symmetric system matrices. In particular, we also use the preconditioned conjugate
gradient (PCG) method for large symmetric system matrices. Such matrices appear in the
full discretizations of the Cahn-Hilliard equation and the simplified model. Further, similar
structures arise in the Poisson problem generated by the Chorin pressure correction algorithm.

For most numerical experiments, we consider two space dimensions, where we present
the experimental order of convergence of important schemes introduced in Chapter 4 to
demonstrate the accuracy of these schemes and we show some discretization peculiarities.
Further, we perform and explain viscoelastic phase separation, an experimental sensitivity
analysis in the form of parameter studies as well as comparisons of our macroscopic model
simulations to mesoscopic coarse-grained molecular dynamics simulation results provided
through the collaboration with our project partners from the Max Planck Institute for Polymer
Research (MPIP).

We also consider three space dimensions, originally because the mesoscopic simulations
include coarse-grained molecular dynamics of polymer chains, whose interaction is usually
extremely limited in 2D, because they immediately entangle when they are close to each other.

Note that all beforehand introduced models are non-dimensionalized. Because of that, there
is only one length scale in our problems, which is the domain size. Thus, all parameters as
well as the time evolution scale with the domain size. Further, note that all computations are
performed on an Intel Xeon E5-2650 v3 10-core CPU using MATLAB version 2017a.
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5 Numerical experiments

5.1 Experimental convergence

In order to investigate the convergence of our schemes, we compute the experimental order of
convergence (EOC) in time and/or space of some key discretizations as follows.

We compute several numerical solutions wy a; at the same final time t, using different
uniform grids with N x N cells and different constant time step sizes At. The numerical
solution computed on the finest resolution is used as the reference solution w,.s. The other
solutions have a consecutively doubled time step size (i.e., halved grid size in time) for the
EOC in time and a consecutively halved grid size in each space dimension for the EOC in
space. For a combined EOC in time and space, we halve both grid sizes consecutively. Next,
we compute the L'-error of the numerical solutions by

e(@N,At) = ||C<)N,At - C:)ref“Ll(Q) >

where @, is mapped from its original grid to the respective N x N grid of wy ; in case of
different spatial grids. This mapping is performed by averaging over the function values of the
closest adjacent grid cells of the finer grid. In two space dimensions, this are four grid cells for
all variables except the velocity field and two for each component of the velocity field, since
the latter are defined on staggered grids. Note that for the vector- and matrix-valued functions
u and o, we calculate the error component-wise and sum up the errors of all components
afterwards. Finally, the EOC in time is computed by

EOC(wn ar) = log, (C(wN,zAt)/ e(wN,At)) ;

the EOC in space by
EOC(wn ) = log, (e(wN/z,Ar)/e(wN,At)) )

and the EOC in time and space by

EOC(wna) = log, (e(@N/z,zAt)/ e(CON,At)) .

We consider the following models and test cases.

5.1.1 Cahn-Hilliard equation (EOC in space and time)

We solve the full discretization (4.130) of the Cahn-Hilliard equation with the following
functions and parameters:

+ f(o) is the derivative of the Ginzburg-Landau potential (3.9),
« the interface constant reads A = 0.01, and

« the constant mobility M(¢) = 1.

We use the following smooth initial conditions

@ 1= ¢(x,y,0) = 0.05sin x sin y + 0.001, (x,y) €[0,271] x [0, 2],
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5.1 Experimental convergence

and compute the numerical solutions ¢y a; up to the final time ¢t = 5. Our reference solution
reads @rer = @s12,10-3/4, 1.€., it is calculated on a 512 x 512 grid with time step size At = 1073 /4.
The results displayed in Table 5.1 confirm our claimed second order of accuracy in time and
space.

Table 5.1: Cahn-Hilliard equation: L'-errors and experimental convergence rates in space
and time at t = 5.

N ‘ At ‘ e(pnar)  EOC(onar)
64 | 2-107 | 0.26289 -

128 | 1073 | 0.064606 2.0247
256 | 107%/2 | 0.017824 1.8578

5.1.2 Cahn-Hilliard-Navier-Stokes model (EOC in space and time)

We solve the fully discretized algorithm (4.196), (4.197) for the Cahn-Hilliard-Navier-Stokes
model with the modifications from Remark 4.54 for 2D and from Remark 4.55 for a constant
viscosity, and the following functions and parameters:

+ f(p) is the derivative of the Ginzburg-Landau potential (3.9),
« the interface constant reads A = 0.001,
« the constant mobility M(¢) = 1, and

« the constant viscosity (@) = 0.01.

We use the following initial conditions

¢° = 0.5sin(47x) sin(27y),
u® = —0.25 sin(rx)* sin(27y),
v’ = 0.25 sin(27x) sin(ry)?®, (x,y) €[0,1] x[0,1],

where (4°,0°) is divergence free. Then, we compute up to the final time ¢t = 1 and use the
numerical solution calculated on a staggered 512 x 512 grid with time step size At = 107> /4
as reference solution. The results displayed in Table 5.1 confirm that the scheme converges
experimentally, but as expected only with around first order of accuracy in space and time.

Table 5.2: Cahn-Hilliard-Navier-Stokes model: L'-errors and experimental convergence
rates in space and time at t = 1.

N At e(onar) EOC(¢nar) e(unar) EOC(un ar)
32 | 4-107 | 1.8236-1072 - 43149-1073 -

64 | 2-107° | 5.8273-1073 1.6459 2.1858 - 1073 0.98117
128 | 107® | 2.4891-1073 1.2272 9.8468 - 1074 1.1504
256 | 1073/2 | 8.4118-107* 1.5651 3.3807-107* 1.5423
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5 Numerical experiments

5.1.3 Simplified model (EOC in space and time)

We solve the full discretization (4.133) of the simplified model with the following functions

and parameters, where all functions of ¢ are calculated using the second order extrapolation
-1/2.
A

+ f(p) is the derivative of the Flory-Huggins potential (3.11) with n, = n; = 1 and
x =28/1.1,

the interface constant reads A = 1,

« the constant friction {(¢) = 0.1,

the relaxation time 75(¢) = r3¢* with 7§ = 10, and

« the bulk relaxation modulus

Gg(p) = G103 .

(20000 |y

where G% = 0.5, G, =0, ¢* = 0.4 and ¢ = 0.01.
We use the following initial conditions

@° = 0.4 + 0.05 sin(87x/128) sin(47y/128), ¢ =0, (x,y) € [0,128] x [0,128],

compute up to the final time ¢ = 500 and use the numerical solution calculated on a 1024 x 1024
grid with time step size At = 0.0125 as reference solution. The results displayed in Table 5.3
confirm our claimed second order of accuracy in time and space. Note that the L'-errors are
substantially larger than in Tables 5.1 and 5.2, since the error scales with domain size, which
is significantly larger in this experiment.

Table 5.3: Simplified model: L'-errors and experimental convergence rates in space and time
at ¢t = 500.

N | At |elpya) EOC(pnar) | elgua) EOC(gya)
128 0.1 101.61 - 7.5542 -

256 | 0.05 25.553 1.9915 1.9439 1.9583
512 | 0.025 | 5.0666 2.3344 0.47251 2.0406

5.1.4 Simplified model (EOC in time)

Note that each time step size reduction also necessitates a grid cell size reduction for calculating
the experimental convergence in space and time. Therefore, we can and will run out of random
access memory (RAM) if we continue to decrease the step and cell sizes. By neglecting the
spatial convergence, we are not limited by memory capacity anymore such that we can
compute the experimental convergence using significantly more time step sizes and thereby
get a more accurate order of accuracy in time.

Thus, let us also calculate the experimental convergence of the simplified model purely in
time, using the following initial conditions

¢’ =04+68(x,y), ¢"=0,  (x,y)€[0,128] x[0,128],
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5.1 Experimental convergence

where §(x, y) is a uniformly distributed random variable with range [—0.001,0.001], whose
values are the same for each experiment. We compute up to the final time ¢+ = 2000 on a
128 x 128 grid and use the numerical solution calculated with time step size At = 277 as
reference solution. Everything else is identical to the EOC in space and time experiment 5.1.3
above. The more extensive results displayed in Table 5.3 again confirm our claimed second
order of accuracy in time.

Table 5.4: Simplified model: L'-errors and experimental convergence rates in time at
t = 2000.

At | e(pan) EOC(pa) | e(gn)  EOC(gar)
273 | 167.12 - 2.6173 -

274 | 44.203 1.9186 0.82712 1.6619
275 | 15.989 1.4671 0.26185 1.6594
27% | 5.0728 1.6562 | 0.087266  1.5852
277 1.41 1.847 0.025212  1.7913
2781030756  2.1968 | 0.006347  1.9899

Note that we have shown the experimental convergence in space and time of sub-models
of the full model above. This sub-models already include all kinds of spatial discretizations
which we use in the fully discretized full model. Therefore, and in order to limit our RAM
usage, we only show the experimental convergence in time of the full model in what follows.

5.1.5 Full model (EOC in time)

We solve the fully discretized algorithm for the full model from Subsection 4.8.14 with the
modifications from Remark 4.57 for 2D and a constant viscosity. Further, we use the functions
and parameters from the simplified model above, complemented by the following:

« the shear relaxation time 75(p) = 73¢* with 2 = 5,
« the shear relaxation modulus Gs(¢) = Gp?* with G} = 0.5, and

« the constant viscosity n(¢) = 1.

We consider the following initial conditions
@’ =04+68(x,y), =0, oc’=0, u’=0, (x,y) € [0,128] x [0,128],

where §(x, y) is again a uniformly distributed random variable with range [-0.001,0.001]. We
compute up to the final time ¢ = 1000 on a staggered 128 x 128 grid and use the numerical
solution calculated with time step size At = 27 as reference solution. The results displayed
in Table 5.5 confirm that the scheme converges experimentally, but as expected only with
around first order of accuracy in time.
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5 Numerical experiments

Table 5.5: Full model: L'-errors and experimental convergence rates in time at t = 1000.

At | e(pa) EOC(gar) | e(ga) EOC(qa:) | e(on) EOC(op:) | e(un) EOC(up)
275 [ 1762.5 - 32.051 - 0.2284 - 1.3417 -

27 | 624.96  1.4958 | 17.418 0.87978 | 0.10437  1.1299 | 0.65297  1.0389
277 | 21535 15371 | 8.2838  1.0722 | 0.035823  1.5428 | 0.1487  2.1346
278175327 15154 | 3.4345 12702 | 0.014445 13104 | 0.05623  1.403

5.1.6 Discretization peculiarities

Expanding the space and time step choices from the experimental convergence experiments
above to coarser grids demonstrates some peculiarities of our discretizations. In Figure 5.1, we
see phase-fields, energy evolutions and L'-errors at t = 20 of the Cahn-Hilliard experimental
convergence experiment from Subsection 5.1.1, but purely in space, using different grid sizes
and At = 107%/4. We can clearly observe that the phase-field and energy dynamics differ
substantially for coarse grids. For grid sizes 16x16 and 32x32, the numerical solutions converge
towards different steady states than for finer grids and have different energy evolutions.
Consequently, the relative errors to the reference solution @,.r = ¢s1210-3/4 are very high. The
reason being that the large grid cells are not able to capture the slim interface properly, which
separates the two phases. But also the quadratic shape of the grid cells is a contributing factor
using such coarse grids. Thus, we only use large grid sizes N > 64 for the EOC in space and
time of the Cahn-Hilliard equation, see Table 5.1.

In Figure 5.2, we see phase-fields, energy evolutions and L'-errors at + = 2000 of the
simplified model experimental convergence in time experiment from Subsection 5.1.4, using
different time step sizes and a 128 x 128 grid. Down to time step size At = 1/8, the numerical
solutions of volume fraction ¢ at ¢t = 2000 deviate noticeably, while further down to At = 1/32,
deviations become much smaller. There are no further deviations visible for even smaller time
step sizes. Therefore, we only use time step sizes At < 1/8 to calculate the EOC in time, see
Table 5.4.

In Figure 5.3, we see phase-fields, energy evolutions and L'-errors at t = 1000 of the full
model experimental convergence in time experiment from Subsection 5.1.5, using different
time step sizes and a 128 x 128 grid. Down to time step size At = 1/32, the numerical solutions
of snapshots of volume fraction ¢ at + = 2000 deviate noticeably, while further down to
At = 1/64, deviations become much smaller. There are no further deviations visible for even
smaller time step sizes. The time evolution of the total energy also differs noticeably down to
At = 1/32 and only minimally for even smaller time step sizes. Additionally, the error plot
shows that the experimental convergence rate is low for time step sizes above At = 1/32. This
implies that our full discretization is not well suited for such coarse time steps. Therefore, we
only use time step sizes At < 1/32 to calculate the EOC in time, see Table 5.5.

Further, let us investigate the effects of differing scheme variants, which we introduced in
Section 4.8. For this purpose, we compare phase-fields as well as errors of conservation of mass
and momentum, and evolutions of total energies. Once, for our two different finite difference
approaches, see Figures 5.4, 5.5 and 5.6, and once, for three different finite volume methods,
see Figures 5.7, 5.8 and 5.9. These experiments are based on the full model experimental
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convergence experiment from Subsection 5.1.5, using a 128 x 128 grid and time step size
At = 0.025

In Figure 5.4, especially at time ¢t = 200, we observe that the phase separation process is
accelerated by the additional artificial diffusion introduced by central differences, compared
to the left and right differences. The accelerated separation process is also confirmed by the
earlier dissipation of the total energy when using central differences, see Figure 5.6. Since
this effect is purely caused by the discretization and not by physics, it is not desirable. Thus,
we use the left and right differences for our simulations in general. In Figure 5.5, we see a
negligible deviation from the conservation of mass for both methods, given by the discrete

version of
/((p”—(po) vn e N.
Q

This verifies our proven conservation on the discrete level. The deviation from the conservation
of momentum on the other hand is considerable in both cases. Even though one should keep
in mind that the deviations, which are not normed, scale with domain size and that is [0, 128].
The deviation from the conservation of momentum is calculated by the discrete version of

/(u”—u0+v"—v°) vnelN.
Q

In Figure 5.7, we only compare the phase-fields at time ¢ = 1000, since the three different
finite volume methods cause no visible variation of the phase-field evolution in this experiment.
This is primarily caused by the fact that the initial values for the velocity field are zero here.
The error and total energy plots, see Figures 5.8 and 5.9, show no differences between the
upwind and the DCU method, which is in line with their identical derivation. Both show the
same negligible deviation from the conservation of mass and the same noticeable deviation
from the conservation of momentum over time. However, while the second order DCU method
causes only small variations in the momentum error and the evolution of the total energy,
it introduces a significant mass conservation error. This is in line with our claim that this
method is not necessarily conservative, see Subsection 4.8.9. For this reason, we use the first
order upwind method for our simulations in general.
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Figure 5.1: Cahn-Hilliard equation (EOC in space): snapshots of volume fraction ¢ at t = 20,
evolutions of the total energies E,,;, and the L'-errors, using different grid sizes
N x N and At = 107%/4.
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Figure 5.2: Simplified model (EOC in time): snapshots of volume fraction ¢ at t = 2000,
evolutions of the total energies E,;, and the L'-errors, using different time step

sizes At and a 128 x 128 grid.
155



5 Numerical experiments

-1000 108 —— : ‘ ‘ ‘ ‘ ‘
—At = 12 —-y
-1050 r —At = 1/4 —=—q
At = 1/8 4
—At = 1/16 —=—u
-1100 —At = 1/32 104+ ——1storder |4
At = 1/64
-1150 ¢ —At = 1/128
— At = 1/256
-1200 r

3> .
& S 102}
S -1250 o
-1300 r
ol
-1350 | 10
-1400 r
1450 L L L L ) 102 I . . I . L | ;
0 200 400 600 800 1000 12 14 1/8 1/16 1/32 1/64 1/128 1/256
time time step size

Figure 5.3: Full model (EOC in time): snapshots of volume fraction ¢ at t = 1000, evolutions
of the total energies E;yy and the L'-errors, using different time step sizes At and a

128 x 128 grid.
156



5.1 Experimental convergence

0.401

0.4005

0.3995

0.399

0.3985

0.402
0.4
0.398
0.396
0.394
0.392
0.39

0.7

0.6

0.5

0.4

0.3

0.2

0.8
0.7
0.6
0.5
0.4
0.3
0.2

Figure 5.4: Full model 5.1.5: snapshots of volume fraction ¢ at different times ¢, using left
and right finite differences (left) compared to using central differences (right).
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Figure 5.5: Full model 5.1.5: deviations from the conservation of mass and momentum, using
left and right (LR) finite differences compared to using central differences.

-1000 r

—LR
——central

-1050

-1100

-1150

energy

-1200

-1250

-1300 : : : :
0 100 200 300 400
time
Figure 5.6: Full model 5.1.5: evolutions of the total energies E,,,, using left and right (LR)
finite differences compared to using central differences.
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Figure 5.7: Full model 5.1.5: snapshots of volume fraction ¢ at time t = 1000, using flux
difference upwinding (left), donor cell upwinding (center) or 2nd order DCU (right).
Note that deviant from Experiment 5.1.5, G = 1 instead of 0 here.
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Figure 5.8: Full model 5.1.5: deviations from the conservation of mass and momentum, using
flux difference upwinding (upwind), donor cell upwinding (DCU) or 2nd order
DCU. Note that deviant from Experiment 5.1.5, Gy = 1 instead of 0 here.
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Figure 5.9: Full model 5.1.5: evolutions of the total energies E,,;, using flux difference up-
winding (upwind), donor cell upwinding (DCU) or 2nd order DCU. Note that deviant
from Experiment 5.1.5, G; = 1 instead of 0 here.
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5.2 Viscoelastic phase separation

5.2 Viscoelastic phase separation

The dynamics of viscoelastic phase separation can not be reproduced by the Cahn-Hilliard
equation alone, see Figure 5.10. Here, we see the typical dynamics of the Cahn-Hilliard
equation on the left side, which is phase separation by nucleation and coagulation of droplets.
This phase separation process happens significantly faster than a viscoelastic phase separation
process. Since a major share of the free energy originates from the interface between the
phases and because this interface reduces during the phase separation process, the free energy
of the Cahn-Hilliard equation decreases much earlier than the total energies of the simplified
and the full model, see Figure 5.11.

In the right column of Figure 5.10 and in more detail in the long time experiment of the full
model, see Figure 5.12, the whole viscoelastic phase separation process is exhibited as described
by its essential features by Tanaka [68], based on observations from real lab experiments.

Starting from a homogeneous 40% polymer concentration with noise at t = 0, we see an
aggregation of a minimally polymer-richer phase and solvent-rich droplets, which appear
relatively even distributed in the computational domain. Since the volume fraction of the
solvent-rich droplets deviates more from the initial polymer concentration than the polymer-
richer phase, the volume of the latter increases initially until around ¢t = 60. This is the
so-called frozen period, since the variance of the volume fraction stays quite small during this
initial process. This is emphasized by Figure 5.13, where we fixed the color bar to the entire
solvent-polymer interval [0, 1].

Then, the concentration of the polymer-rich phase continuously increases, see Figure 5.12,
t = 120 and ¢t = 180. In this process, the polymer-rich phase naturally shrinks in volume,
since our closed system follows the law of conservation of mass. This volume shrinking of the
polymer-rich phase results in the formation of a network-like structure.

Next, from around t = 240, this network-like structure starts breaking, whereby the solvent-
rich droplets become a more and more coherent solvent-rich phase. Therefore, this process is
called phase inversion.

Finally, the more and more separated polymer-rich structures slowly reduce their interface
by reshaping to droplets and by coagulation. This is the typical long time dynamics of the
Cahn-Hilliard equation.

In Figure 5.14, we see snapshots of the time evolution of the elastic bulk stress, which takes
the same geometrical shape as the volume fraction ¢. Since its initial value is zero and its
evolution equation is relaxant, the absolute bulk stress can only increase due to the coupling
to the other equations. In Figure 5.15, we visualize the time evolution of the velocity field
by snapshots of its Euclidean norm. For this purpose, we have to map its two components
to the cell centers, since they are originally on staggered grids. Note that we do not plot the
shear stress, since a visualization of this tensor of rank two will not yield us much useful
information.

Since the initial values for ¢, o and u are zero, the respective energies, see Figure 5.16,
can only increase in the beginning, which happens because of the coupling of the equations.
But obviously, these energies increase significantly less than the mixing energy decreases.
Therefore, the total energy evolves quite similarly to the mixing energy and is always non-
increasing in time.
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In Figure 5.17, we see a negligible deviation from the conservation of mass, given by the

/(q)”—q)o) vneN.
Q

This verifies our proven conservation on the discrete level. The deviation from the conservation
of momentum on the other hand is considerable, even though one should keep in mind that
also the deviations scale with domain size and that is [0, 128]. It is calculated by the discrete

/(u"—uOJrv”—vO) vn e N.
Q

The numerical dissipation of the potential ND,,, see Figure 5.18, is always non-positive here

discrete version of

version of

and could therefore in principle violate the non-increasing nature of the total energy. But
since it is significantly smaller than (At)? = 0.025% = 6.25 - 10~* here, this is presumably only
critical when using large time steps. The dissipation has eye-catching peaks here and there.
These relate to major interface changes, e.g., during the merging of droplets.

The error of the discrete velocity divergence, see the right hand side of Figure 5.18, is
negligible. It is calculated by

||V : un"L""(Q) .

In the central column of Figure 5.10 and in more detail in the long time experiment of the
simplified model, see Figure 5.19, we can clearly observe that also this model captures the
most important physical mechanisms of the viscoelastic phase separation process. Having all
initial values set to zero, except for the volume fraction, only the long time dynamics differs
on the face of it when comparing the numerical solutions of the simplified model to those of
the full model, see Figure 5.10.

The snapshots of the time evolution of the elastic bulk stress in Figure 5.20 show the same
geometrical shape as the snapshots of volume fraction ¢, which is similar to the full model.
Also the total energy evolves similarly, see Figure 5.21, where again the bulk energy increases
slightly in the beginning due to the coupling of the equations, but significantly less than the
mixing energy decreases. Thus, the total energy again evolves quite similarly to the mixing
energy and is always non-increasing in time. The deviation from the conservation of mass,
see Figure 5.22, is again negligible, and the numerical dissipation is again always non-positive
but uncritical since it is significantly smaller than (At)* = 0.1 = 1072,

The main disadvantages of the simplified model compared to the full model are the reduced
number of parameters to control the dynamics of the phase separation process as well as
the missing velocity field. The latter is a crucial part of molecular dynamics simulations, to
which we will compare our simulations later. Beforehand, we will have a look at the impact to
the dynamics of most parameters and some initial values of the evolution equations in the
following experimental sensitivity analysis.
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Figure 5.10: Cahn-Hilliard equation (left) vs. simplified model (center) vs. full model
(right): snapshots of volume fraction ¢ at several times t, using the parameters
and initial values of Experiment 5.1.5 and time step size At = 0.025.
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Figure 5.11: Cahn-Hilliard equation (left) vs. simplified model (center) vs. full model
(right): evolutions of the total energies E,y,, using the parameters and initial
values of Experiment 5.1.5 and time step size At = 0.025.
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Figure 5.12: Full model 5.1.5: snapshots of volume fraction ¢ at different times ¢, using
At = 0.025.
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Figure 5.13: Full model 5.1.5: snapshots of volume fraction ¢ at different times ¢, using
At = 0.025. Here, the color bar is fixed to the whole solvent-polymer interval

[0, 1].
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Figure 5.14: Full model 5.1.5: snapshots of bulk stress g at different times ¢, using At = 0.025.
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Figure 5.16: Full model 5.1.5: energy evolution, using At = 0.025. Plotted until t = 10° at the
top and separately until ¢+ = 5000 below.
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Figure 5.17: Full model 5.1.5: deviations from the conservation of mass and momentum,
using At = 0.025.
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Figure 5.18: Full model 5.1.5: numerical dissipation ND,,; and the velocity divergence, using
At = 0.025.
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Figure 5.19: Simplified model 5.1.4: snapshots of volume fraction ¢ at different times ¢, using
At = 0.1 and a 128 x 128 grid.
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Figure 5.20: Simplified model 5.1.4: snapshots of bulk stress g at different times ¢, using
At = 0.1 and a 128 x 128 grid.
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Figure 5.21: Simplified model 5.1.4: energy evolution, using At = 0.1 and a 128 x 128 grid.
Plotted until ¢ = 10° at the top and separately until t = 5000 below.
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Figure 5.22: Simplified model 5.1.4: deviation from the conservation of mass and the numer-
ical dissipation term ND,, using At = 0.1 and a 128 x 128 grid.
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5.2.1 Experimental sensitivity analysis

In order to experimentally analyze the sensitivity of the full model and the simplified model
with respect to their parameters and initial values, we compare simulations using an extensive
collection of parameter sets, which are listed in Table 5.6. In this table, the first parameter set
is our reference set, which we also used for the experimental convergence study in time of
the full and the simplified model above. Deviations from this parameter set in the sets listed
underneath are highlighted in bold. All simulations are computed on the two-dimensional
domain [0, 128]?, using a 128 x 128 grid, i.e., each grid cell has size 1 x 1, and using the time
step size At = 0.025. Initial values except the volume fraction ¢° are all set to zero and the
degree of polymerization of the solvent remains n; = 1. The initial volume fraction is defined
by
0" = @)+ 6A(x,y), (x,y) €[0,128] x [0, 128],

where A(x, y) is a uniformly distributed random variable with range [—1, 1], whose values are
the same for each experiment.

Table 5.6: Parameter sets used for the experimental sensitivity analysis.

¢c | 6 | & |A|n| x |75 |Gp|Gp| e |75 Gs| n |Figure
1 04 |0.001 011 1 | 2.5455 10 |05 O (po 5 105 1 5.24
2 0.4 001 |01 |1 1 |25455| 10 [ 05| O (po 5 105 1 5.24
3 1035|0001 (01 |1| 1 |25455 ] 10 |05 O (po 5 105 1 5.24
4 (0450001 | 0.1 |1 | 1 |25455| 10 |05 O qoo 5 105 1 5.25
5 05 {0001 (01 |1| 1 |25455] 10 |05 | O (po 5 105 1 5.25
6 0.6 [ 0.001 |01 |1 1 | 2.5455 10 |05 O (po 5 105 1 5.25
7 04 [0001 | 1 | 1| 1 |25455] 10 (05| O (po 5 105 1 5.26
8 04 | 000101 |2| 1 |25455 | 10 |05 O (po 5 105 1 5.26
9 04 | 000101 |4| 1 |25455] 10 (05| O qoo 5 105 1 5.26
10| 04 | 0001011 3 1.8 10 05| O (po 5 105 1 5.27
11| 04 | 0001|011 10 1.35 10 |05 O (po 5 105 1 5.27
12| 04 | 0001 | 0.1 1| 1 |25455| 20 |05 O (po 5 105 1 5.28
13| 04 0001 0.1 1| 1 |25455|100 |05 0 (po 5 105 1 5.28
14| 04 0001 |0.1 1| 1 |25455| 10 |05 1 qoo 5 105 1 5.29
15| 04 | 0001 | 0.1 1| 1 | 25455 | 10 0 1 (po 5 105 1 5.29
16 | 04 |0.001 |01 |1 1 | 2.5455 10 {05 0 02| 5 |05 1 5.29
17| 04 | 0001 | 0.1 | 1| 1 |25455| 10 |05 O (po 50 | 0.5 1 5.33
18| 04 | 0001 | 0.1 1| 1 |25455| 10 |05 O (po 5 5 1 5.33
19| 04 0001 0.1 1| 1 |25455| 10 |05 O qoo 5105(0.1 5.33

Note that only the first one and the last three parameter sets from Table 5.6 are simulated
using the full model. The other parameter sets are simulated using the simplified model.

Starting with Figure 5.24, where on the left hand side we have snapshots of a simulation
using our reference parameter set 1, we see in the central column that the increased noise
& of the apart from that homogeneous initial volume fraction ¢° in parameter set 2 slightly
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accelerates the separation dynamics. This yields an energy evolution, which is slightly shifted
to the left in Figure 5.23a. On the right hand side of Figure 5.24, one can observe that the lower
initial polymer volume fraction in parameter set 3 not only slows down the initial dynamics
but also accelerates the dynamics later on, because of having less network-like structure.
Both is confirmed by the respective energy evolution in Figure 5.23a, where the major energy
reduction happens later but in a shorter time interval. Note that the initial total energy is
by definition lower for the lower initial volume fraction, since the symmetric Flory-Huggins
potential we use here holds F(0.35) < F(0.4).

In Figure 5.25, we see effects of the small to large increases of the initial polymer volume
fraction in parameter sets 4, 5 and 6. While the initial dynamics accelerates through the initial
volume fraction increases up to ¢? = 0.5, it slightly decelerates for ¢ = 0.6. The dynamics also
changes substantially for the latter. No network-like structures arise and the phase inversion
is missing completely in cause of having more polymer than solvent in the mixture. For the
50-50 mixture, it is unclear whether phase inversion occurs. For ¢° = 0.45, the visible volume
of the polymer-rich phase is at least slightly lower than that of the solvent-rich phase around
t = 1000. Despite the substantial dynamics differences, the respective energy evolutions in
Figure 5.23b are inconspicuous, differing primarily only initially while evolving quite similarly.
Thus, similarities in the energy evolution do not necessarily point to similar dynamics.

Figure 5.26 shows the effects of the significantly increased friction { in parameter set 7 and of
the increased interface sizes A in parameter sets 8 and 9. Here, all modifications slow down the
dynamics compared to the reference parameter set. This is confirmed by the respective energy
evolutions in Figure 5.23c, where the major energy reductions occur later. The increased
friction restricts the initial aggregation of a polymer-richer phase and of solvent-rich droplets,
such that we see a different kind of frozen period and nearly no volume shrinking of the
polymer-rich phase later on. For the increased interface sizes, the dynamics still follow the
four essential features, but less solvent-rich droplets emerge and the formed network-like
structures are significantly coarser. Summarized, the dynamics are very sensitive to both
parameters.

In Figure 5.27, we compare the dynamics using the reference parameter set, having a symmet-
ric double-well potential, to the dynamics using parameter sets 10 and 11, having asymmetric
potentials. See Figure 5.30 for plots of the three different variants of the Flory-Huggins
potential. Similarly to the initial 50-50 volume fraction, the dynamics using asymmetric
potentials do not clearly show phase inversion. The total energies, see Figure 5.23d, differ
substantially initially, because the potential is a major part of the mixing energy. Nevertheless,
the evolutions of the total energies are quite similar.

In Figure 5.28, we compare the reference parameter set to parameters sets 12 and 13, in
which we increase the bulk relaxation time from 1 to 20 and 100. The noticeably increased
relaxation time clearly slows down the dynamics, which is confirmed by the respective energy
evolutions in Figure 5.23e. For 73 = 100, the dynamics become so slow that the simulation is
still in the volume shrinking phase at t = 1000. Despite this, the dynamics evolve similarly,
just on different time scales.

Our last comparison based on the simplified model, see Figure 5.29, demonstrates the
influences of the bulk relaxation modulus changes in parameter sets 14, 15 and 16. Let us
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recall the bulk relaxation modulus

| + tanh <cot(7r(p ) — cot(rrg) )] e

Gp(p) = G% .

where in the reference parameter set G§ = 0.5, G = 0, ¢* = 0.4 and ¢ = 0.01. Thus, we
have a smoothed step function, which is zero for volume fraction values below the critical
concentration for polymers to crosslink ¢*, where the latter is equal to the conserved polymer
mass ¢. Parameter set 14 introduces an offset to the relaxation modulus. Therefore, we
have bulk relaxation also below the critical concentration, but a twice as high one above it.
Parameter set 15 removes the volume fraction dependency of the bulk relaxation modulus
by setting it to a constant value of 1. While in parameter set 16, we reduce the critical
concentration to 0.2, such that the bulk relaxation modulus only vanishes for volume fraction
values below ¢ = 0.2, which are usually only reached in later stages of the phase separation.
All these variants of the bulk relaxation modulus are visualized in Figure 5.31. On the left hand
side of Figure 5.29, we see that the shifted bulk relaxation modulus slows down the dynamics
noticeably compared to the reference parameter set. The simulation with a constant modulus
evolves nearly identical to the one having a modulus with a lowered critical concentration.
This is reasonable, since as mentioned above, volume fraction values below this concentration
are reached pretty late in the separation process. Both simulations skip the frozen period and
therefore also the volume shrinking of the polymer-rich phase. This leads to a significantly
earlier and faster decreasing energy, see Figure 5.23f. Also, network-like structures are formed
less pronounced than in simulations using the reference parameter set. Summarized, having
an offset in the bulk relaxation modulus is applicable, while the other modifications of the
bulk relaxation modulus are not suggested. Let us note in this context that Zhou, Zhang and
E [74] use parameter set 14, i.e., an offset in the bulk relaxation modulus, for their simulations,
while Tanaka [68] uses a bulk relaxation modulus without offset.

We finalize our parameter study by comparing three simulations using the full model in
Figure 5.33. Here, we investigate the effects of changes to the shear relaxation time, shear
relaxation modulus and viscosity, which do not appear in the simplified model due to the
neglected hydrodynamics. We can see from the phase separation dynamics in Figure 5.33 as
well as from the respective energy evolutions in Figure 5.32 that the increased shear relaxation
time in parameter set 17 and the increased shear relaxation modulus in parameter set 18 have
no perceptible effects. This is probably closely related to the fact that the dynamics of the
simplified model are in general very similar to those of the full model, if the latter has zero
initial velocity field and shear stress, as we have seen in Figure 5.10. Lowering the viscosity
on the other hand yields coarser network-like structures. Thus, hydrodynamics can definitely
have notable influences on the dynamics.

Additionally to the parameter sets from Table 5.6, let us have a look at the dynamics of
viscoelastic phase separation in a vortex. For this purpose, we use the full model experiment
from Subsection 5.1.5 (using parameter set 1 from Table 5.6), but with the following initial
conditions for the velocity field

u’ = —sin(rx/128)° sin(27y/128),

v° = sin(27x/128) sin(ry /128)%, (x,y) €[0,128] x [0,128], 5.1)
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where (1°,1°) is divergence free. In Figure 5.34, we present detailed long time dynamics
of the phase-field in a vortex. Since the velocity field is initially zero in the four corners
of the computational domain and in its center, see Figure 5.36, the viscoelastic phase-field
dynamics with its four essential features is still recognizable in these areas. In the vortex itself
on the other hand, the dynamics clearly follow the stream. This yields less solvent droplet
nucleation in the earlier stages, till around t = 200. Since the vortex slows down over time,
more solvent-rich areas emerge around ¢t = 300. Led by the remaining flow, the network-like
structures forming around ¢ = 500 have a dominant circular shape. Between t = 700 and
t = 1000, the vortex vanishes such that the usual coagulation of polymer-rich structures and
subsequently droplet forming begins. During all times, the elastic bulk stress g takes again the
same geometric shape as the volume fraction, see Figure 5.35. The following other observables
also behave similarly to the long time dynamics simulation of the full model with zero initial
velocity field, which we described in the beginning of this section. The energy evolution is
shown in Figure 5.37, the deviation of conservation of mass and momentum in Figure 5.38,
and the numerical dissipation as well as the divergence of the velocity field in Figure 5.39.
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Figure 5.24: Simplified model: snapshots of volume fraction ¢ at different times ¢ (from top
to bottom), using the different parameter sets 1, 2 and 3 (from left to right) from
Table 5.6.
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Figure 5.25: Simplified model: snapshots of volume fraction ¢ at different times ¢ (from top
to bottom), using the different parameter sets 4, 5 and 6 (from left to right) from
Table 5.6.
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Figure 5.26: Simplified model: snapshots of volume fraction ¢ at different times ¢ (from top
to bottom), using the different parameter sets 7, 8 and 9 (from left to right) from
Table 5.6.
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Figure 5.27: Simplified model: snapshots of volume fraction ¢ at different times ¢ (from top
to bottom), using the different parameter sets 1, 10 and 11 (from left to right)
from Table 5.6.
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Figure 5.29: Simplified model: snapshots of volume fraction ¢ at different times ¢ (from top
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from Table 5.6.
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Figure 5.33: Full model: snapshots of volume fraction ¢ at different times t (from top to
bottom), using the different parameter sets 17, 18 and 19 (from left to right) from
Table 5.6.
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Figure 5.34: Full model 5.1.5 with vortex (5.1): snapshots of volume fraction ¢ at different
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Figure 5.38: Full model 5.1.5 with vortex (5.1): deviations from the conservation of mass
and momentum, using At = 0.025.
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Figure 5.39: Full model 5.1.5 with vortex (5.1): numerical dissipation ND,,; and the velocity
divergence, using At = 0.025.
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5.3 Fluid dynamics versus molecular dynamics

As mentioned in the introduction, a crucial aim of this research is to investigate if the full
model by Zhou et al. [74] is a fully satisfying solution of the underlying problem. For this
reason, we also investigate how well this macroscopic system describes the physics, by linking
and comparing numerically approximated solutions of it to computer experiments that are
based upon a mesoscopic (coarse-grained molecular dynamics) model, which can be considered
as physically sound beyond a reasonable doubt.

The starting point of this mesoscopic simulation model is a standard Kremer-Grest model [36],
where each polymer chain is represented by sequences of beads. These beads interact via
a bonded potential in order to ensure connectivity, and a non-bonded potential to model
the excluded volume effect as well as the quality of the solvent. In a good solvent, i.e., a
solvent where polymers and solvent mix homogeneously, the latter interaction is simply a
purely repulsive Lennard-Jones potential. For details about these potentials, as well as used
parameters, see Grest and Kremer [36]. The Lennard-Jones potential also defines the unit
system of the simulation (each bead has unit mass). The effects of poor solvent quality, i.e.,
a solvent where polymers and solvent demix, are modeled by adding an attractive tail to
the non-bonded pair interaction. For this tail, a suitably fitted cosine wave is taken. For
details about the resulting potential, see Soddemann, Diinweg and Kremer [65]. This system
is simulated by coarse-grained molecular dynamics (MD) and at the same time coupled to a
standard D3Q19 Lattice Boltzmann (LB) model, i.e., a three-dimensional LB model that has
nineteen degrees of freedom. The LB model represents the momentum transport through the
solvent and has the thermodynamic properties of an ideal gas. The coupling of MD and LB is
facilitated by a Stokes friction acting on each bead. The dissipative nature of this coupling
ensures that it does not alter the thermodynamics of the polymer system. Both MD and LB
are supplemented by a Langevin thermal noise such that the temperature is kept constant.
For more technical details of this approach as well as the underlying theory, see, e.g., Diinweg
and Ladd [22].

As mentioned above, the LB model is three-dimensional and likewise are the coarse-grained
polymer chains. This is mandatory, since unlike in our phenomenological macroscopic model,
a change of dimension substantially changes the (molecular) dynamics. This is easy to imagine,
since, e.g., in two space dimensions, two long polymer chains in a bad solvent can hardly pass
each other but immediately collide and therefore entangle if they come close. Thus, having a
semidilute polymer configuration in 2D, modeled by MD, the demixing time scales are much
shorter compared to 3D and the dynamics might differ substantially. Summarized, 2D MD
simulations are unlike 3D ones not representative for real world experiments.

Primarily for this reason, we also derived 3D versions of our fully discrete numerical
schemes. This facilitates us to map the initial data used for mesoscopic simulations to our
staggered grid and use the resulting discrete initial values for our numerical experiments. In
detail, we map the polymer bead positions to piecewise constant polymer volume fraction
values for each grid cell, resulting in a tensor-valued initial polymer volume fraction ¢° for
the whole grid. Note that for this mapping, we also take into account the constant size of
the polymer beads. We also map the velocity vectors of the polymer beads to our staggered
grid, using the polymer bead positions for weighting, resulting in three tensor-valued initial

194



5.3 Fluid dynamics versus molecular dynamics

polymer velocities u}, v}, w). Let us recall that each velocity tensor is defined on a different
grid, since we are using a staggered grid. Further, we map the solvent velocity field from
the LB lattice to our staggered grid to get the three tensor-valued initial solvent velocities
ul, vf, wg. Then, we use the above constructed volume fraction to calculate a volume-averaged
velocity field (element-wise) by wyy, = ¢} + (1 — ¢°)w], w € {u, v, w}, where ¢° is always
mapped to the respective velocity grid. Finally, we remove the divergence from the velocity
field, since the MD data is not divergence free. This is realized analogously to the pressure

correction method by calculating

R .0
Ansp = Vs - Uy »

0_ .0 L
U = Uyp — VP,

where the latter is our initial divergence free and volume averaged velocity field.

A feature of many macroscopic models, and also of those that we use, as we will demonstrate
in the next section, is that they are able to show similar dynamics in two and three space
dimensions. Thus, it is not only reasonable but preferable to perform 2D simulations, since a
lower spatial dimension naturally results in significantly less computational effort and is also
visualized more clearly. This further widens the performance gap and therefore yields more
reasons to use a macroscopic model over a mesoscopic one, if applicable.

But since we want to compare mesoscopic simulation results to macroscopic ones here, a
workaround is necessary to use mesoscopic data as a starting point for a two-dimensional
macroscopic simulation. One could, e.g., map the three-dimensional mesoscopic initial values
to our two-dimensional staggered grid. We used this workaround back then, when only a
macroscopic 2D simulation code was developed, see Lukacova-Medvidova, Diinweg, Strasser
and Tretyakov [56] for respective simulation results. Since this is rather inaccurate, our
collaboration partners developed a variant of the MD LB model, which uses the third dimension
to a minimum while still maintaining the typical 3D MD dynamics of the polymer solvent
demixing, see Spiller [66] for details. In this pseudo 2D MD LB model, the third dimension
is reduced to a few grid cells while most polymer beads are bonded to a plane with the
thickness of one grid cell. Therefore, we can map the MD LB initial data of this plane to our
two-dimensional staggered grid analogously to above and run our macroscopic 2D simulations
using the resulting data as initial values.

Since two-dimensional phase-fields are perceived more clearly than three-dimensional
visualizations, we will only use simulation results of the pseudo 2D MD LB method in the
following for the comparison to our macroscopic simulations. This coarse-grained MD LB
simulation results, see Figure 5.40, were thankfully obtained by Dominic Spiller and are also
used in his thesis, see [66, Figure 5.9]. The system consists of 1024 polymer chains with
128 beads, each, and a 512 x 512 x 4 Lattice Boltzman grid, which is at the same time the
computational domain size ([0, 512]* x [0, 4]).

In Figure 5.41, we map the initial polymer configuration and velocity field of the MD LB
simulation as described above to two staggered grids of different sizes and perform simulations
using the fully discretized algorithm for the full model from Subsection 4.8.14 with parameter
set 1 from Table 5.6. In the top center of the figure, we map the MD LB initial data to a
staggered 512 x 512 grid, since the Lattice Boltzman grid has the same dimensions. In the top
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right, we map the MD LB initial data to a staggered 128 x 128 grid to see if a reduction to our
usual simulation grid size, and therefore also a significant reduction in computational costs,
leads to any major disadvantages. Even though the MD LB simulation provides another level
of detail, we can see that not only are our simulations able to show similar dynamics but they
even do so for the significantly reduced grid size. The snapshots of the polymer configurations
gained from the MD LB simulation at times 1500 and 87500 fit at least by eye metric very well
to the snapshots of the macroscopic volume fraction at times 10 and 80 for both the 512 x 512
and the 128 x 128 grid. Note that there is no frozen period and no real volume shrinking of
the polymer-rich phase in the macroscopic simulations of this experiment. This is caused
by the initially already high volume fraction differences between the polymer-richer and
solvent-richer structures.

For a second comparison, see Figure 5.42, we map the same initial MD LB data as above to
our staggered grids, but this time we use the initial polymer configuration just as noise for
our initial volume fraction. More precisely, we use the initial volume fraction

0" = 0.4 +0.002 (¢ — 0.4) ,

where ¢}, is the mapped initial volume fraction of the above experiment. This yields much
smoother initial data for the volume fraction. Note that there is no major difference between
this initial volume fraction and the initial volume fraction with noise that we used in the
last section. Thus, we see a frozen period as well as volume shrinking of the polymer-rich
phase in this experiment, unlike in the one above. As a consequence, network-like structures
are formed significantly later than in the experiment above, yielding a different time scale.
Despite this, our simulations again show similar dynamics to the MD LB simulation for both
the fine and the coarse grid.

Although the mapping considering only initial conditions is rather crude, it is nevertheless
clear that the two systems evolve at least somewhat similarly. While the mass is already scaled
between the two models by matching the polymer volume fractions, an energy scaling could
also be established by matching the Flory parameters. Further, a detailed comparison of time
scales has not yet been accomplished. In order to match the time scales, the effective viscosity
of the macroscopic model has to be determined. This analysis is left for future work.
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(b) t = 1500

(c) t = 87500

Figure 5.40: Pseudo 2D MD LB simulation: snapshots of the polymer configuration at
different times ¢, using a 512 x 512 x 4 LB grid. This simulation results were
thankfully obtained by Dominic Spiller and are also used in his thesis, see [66,
Figure 5.9].
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Figure 5.41: Snapshots of the polymer configuration from a MD LB simulation using a 512 x
512 x 4 LB grid (left column, ¢t = 0, 1500, 87500, see Figure 5.40) versus snapshots
of volume fraction ¢, simulated using our fully discretized algorithm for the full
model from Subsection 4.8.14 with parameter set 1 from Table 5.6. Here, we
mapped the initial MD LB data (top left) to a staggered 512 x 512 grid (top center)
and a staggered 128 x128 grid (top right) as initial ¢ and u values for the respective

macroscopic simulation results below.
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Figure 5.42: Snapshots of the polymer configuration from a MD LB simulation using a 512 x
512 x 4 LB grid (left column, ¢t = 0, 1500, 87500, see Figure 5.40) versus snapshots
of volume fraction ¢, simulated using the fully discretized algorithm for the full
model from Subsection 4.8.14 with parameter set 1 from Table 5.6. Here, we
mapped the initial MD LB data (top left) to a staggered 512 x 512 grid (top center)
and a staggered 128 x 128 grid (top right) as initial w values and as noise for the
initial ¢ values for the respective macroscopic simulation results below.
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5.4 3D simulations

Due to the immense computational costs and random access memory demands of 3D simula-
tions using small time steps and fine grids, we only consider the following model and test case
to confirm experimental convergence in 3D. Thereafter, we consider a second model and test
case to verify the applicability of our schemes to demonstrate viscoelastic phase separation in
3D.

5.4.1 Cahn-Hilliard equation in 3D (EOC in space and time)

We solve the full discretization (4.130) of the Cahn-Hilliard equation in three space dimensions
with the following functions and parameters:
+ f(o) is the derivative of the Ginzburg-Landau potential (3.9),

« the interface constant reads A = 0.01, and

« the constant mobility M(¢) = 1.
We use the following smooth initial conditions

¢° 1= @(x,y,2,0) = 0.05sin x sin y sin z + 0.001, (x,y,z) € [0,27]°,

and compute the numerical solutions ¢y A; up to the final time ¢t = 1. Our reference solution
reads @rf = @25610, 1.€., it is calculated on a 256 grid with time step size At = 10~°. The
results displayed in Table 5.7 confirm our claimed second order of accuracy in time and space.

Table 5.7: Cahn-Hilliard equation in 3D: L'-errors and experimental convergence rates in
space and time at t = 1.

N ‘ At ‘ e(pna) EOC(onar)
32 | 8-107 | 37.413 -

64 | 4-107° | 6.1201 2.6119
128 | 2-107% | 1.2445 2.298

5.4.2 Full model in 3D

We solve the fully discretized algorithm for the full model from Subsection 4.8.14. Further, we
use the following functions and parameters:
+ f(p) is the derivative of the Flory-Huggins potential (3.11) with n, = n, = 1 and
x =28/11,

« the interface constant reads A = 1,
« the constant friction {(¢) = 0.1,
« the relaxation time 75(p) = t3¢* with 73 = 10,

the bulk relaxation modulus

Galp) = G cot(mep*) — cot(nqo))] +Gl,

£

1 + tanh (
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where G) = 0.5, G} = 0, ¢* = 0.4 and ¢ = 0.01,
« the shear relaxation time 75(¢p) = 72¢* with 72 = 5,
« the shear relaxation modulus Gs(¢) = Gp?* with G = 0.5, and
« the constant viscosity n(¢) = 1.

We consider the following initial conditions
@’ =04+68(x,y,2), =0, o’ =0, u’ =0, (x,y,2) € [0,128]°,

where §(x, y,z) is a uniformly distributed random variable with range [—0.001,0.001]. We
compute up to the final time ¢ = 1000, using the time step size At = 0.1 and a 128 grid.

In Figure 5.43, we observe the phase separation process in 3D, visualized by 11 isosurfaces of
values equally distributed between and including the minimum and maximum of the volume
fraction, at different times ¢. The dynamics are as desired similar to those of the 2D simulations,
including the four essential features: frozen period, volume shrinking of the polymer-rich
phase, a resulting network-like structure and the phase inversion. And finally, also the typical
long-time dynamics of the Cahn-Hilliard equation: droplet formation and coagulation.

Further, in Figure 5.44, we observe the same phase separation process in 3D, visualized by
11 isosurfaces of values equally distributed between and including the bounds of the whole
solvent-polymer interval [0, 1], at different times ¢.

In Figure 5.45, we see the energy evolution, which is again always decreasing for the mixing
energy, and initially increasing for the bulk, elastic and kinetic energy. The latter is caused by
the coupling of the equations and the initial stress as well as velocity values being zero. Since
the decrease of the mixing energy is again dominant, the total energy is as desired always
decreasing as well.

Further, we see the insignificant deviation of the conservation of mass and the again
noticeable deviation of the conservation of momentum in Figure 5.46. Note that here in
3D, the deviation scales with the even larger domain size of 128°. Thus, the domain size
cleaned deviations are significantly smaller than the plotted values. And finally, we have the
sufficiently small numerical dissipation and the negligible discrete divergence of the velocity
field in Figure 5.47.

Summarized, the viscoelastic phase separation dynamics as well as all key observables
behave utterly similar in two and three space dimensions.
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5 Numerical experiments
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Figure 5.43: Full model in 3D 5.4.2: isosurfaces of volume fraction ¢ at different times .
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5.4 3D simulations
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Figure 5.44: Full model in 3D 5.4.2: isosurfaces of volume fraction ¢ at different times ¢. Here,
the color bar is fixed to the whole solvent-polymer interval [0, 1].
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5 Numerical experiments
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Figure 5.45: Full model in 3D 5.4.2: time evolution of the energy.
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Figure 5.46: Full model in 3D 5.4.2: deviations from the conservation of mass and momentum.
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5.4 3D simulations
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Figure 5.47: Full model in 3D 5.4.2: numerical dissipation ND,,; and the velocity divergence.
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Conclusion

In this thesis, we have studied the phase separation of polymer-solvent mixtures by the Cahn-
Hilliard equation, describing dynamics of a diffusive interface separating polymer and solvent
phase, coupled to extended Oldroyd-B equations for the viscoelastic flow of the mixture. We
also considered a significant simplification of this model, which is achieved by neglecting
hydrodynamics. Both models have been proposed in [74], where the full model is derived
through the variational principle as a minimizer of a total free energy. Consequently, this
model is thermodynamically consistent because it satisfies the second law of thermodynamics
through having a non-increasing free energy over time while being isothermal. The authors
also present simulation results which confirm the capabilities of both models to reproduce
all essential features of viscoelastic phase separation observed experimentally in the lab,
see [68], reading: an initial frozen period, a volume shrinking of the polymer-rich phase, a
resulting network-like structure and phase inversion. These simulation results are based on a
space discretization by finite volumes and a time discretization by the explicit Euler method.
However, we have shown in Theorem 4.4 that this explicit solver introduces positive terms to
the time derivative of the free energy on a discrete level. Thus, one can not validate that the
thermodynamic consistency of the model equations is conserved.

For this reason, we have developed and tested more suitable linear numerical schemes.
We have demonstrated experimentally and proven theoretically up to the small numerical
dissipation term of the double-well potential ND,, that our schemes conserve the thermody-
namic consistency of both models while still being utterly computationally efficient. Further,
we have proven that our novel schemes also satisfy the conservation of mass of the original
phase-field models.

Concerning two component phase-field models in general, we have studied several math-
ematical models in Chapter 3 and discussed their thermodynamic consistency to gain an
elaborated background for the finally introduced full model for viscoelastic phase separa-
tion (3.47) by Zhou et al. [74] and its simplification (3.48). We have verified that the original
viscoelastic phase-field models, which motivated the derivation of the full model (3.47), are
not necessarily thermodynamically consistent. Further, we introduced a conformation tensor
formulation of the full model to ensure that all terms in the time derivative of the free energy
of the full model are non-increasing over time and that the full model is consequently indeed
thermodynamically consistent.

In the subsequent Chapter 4, we initially derived problem-specific semi-discretizations in
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time for sub-models of the full model and finally for the full model itself by, e.g., scheme
(4.77), (4.85), (4.79). Here, we paid special attention to semi-discretizations of the double-well
potential to ensure that our schemes are thermodynamically consistent. We focused on linear
schemes and also introduced some splitting methods and Chorin’s projection method in order
to provide not only well-suited but also utterly computationally efficient results. Thereafter,
we derived suitable efficient spatial discretizations in Section 4.8, based on finite differences
and finite volumes for both two and three space dimensions. Here, the latter was primarily
motivated by our aim of comparing our simulation results to usually three-dimensional
molecular dynamics simulation results provided by our collaborators from the Max Planck
Institute for Polymer Research. We then combined the finite difference discretizations in space
with our earlier derived semi-discretizations in time to provide the full discretizations (4.130)
of the Cahn-Hilliard equation and (4.133) of the simplified model, for which we claimed a
second order of accuracy in both time and space. And finally, by the addition of finite volume
methods for the spatial discretization of advection and convection terms, we provided the
fully discretized algorithm (4.196), (4.197) for the Cahn-Hilliard-Navier-Stokes model, and
in Subsection 4.8.14 the fully discretized algorithm for the full model for viscoelastic phase
separation, for which we claimed a first order of accuracy.

At the very beginning of Chapter 5, we experimentally confirmed the previously claimed
orders of accuracy of all four numerical schemes. Then, we presented the full viscoelastic phase
separation process based on numerical experiments. Here, we also confirmed the reliability of
our developed methods, that satisfy the conservation of mass and preserve the thermodynamic
consistency of the underlying model equations by having a non-increasing free energy on the
discrete level. For these experiments, we used not only our algorithm for the full model from
Subsection 4.8.14, but also the full discretization (4.133) of the simplified model, confirming that
also this model can describe the most important physical properties. Consequently, both can be
used to efficiently simulate the complex dynamics of a phase separation process of a polymer-
solvent mixture, including all key characteristics like the above-mentioned essential features
observed experimentally in the lab. As part of our experiments, we conducted an in-depth
parameter study to present and analyze the sensitivities of the underlying model equations to
different parameter and initial value changes. Here, we observed that the simulation results
vary noticeably for most proposed deviations from our reference parameter set. While most
parameter deviations primarily only change the time scale of the phase separation process,
some also influence the coarseness of the emerging network-like structures, e.g., the interface
size, and a few can even change the whole phase separation dynamics, e.g., the friction and
the bulk relaxation modulus. To elaborate the differences between the full and the simplified
model, we also presented simulation results of viscoelastic phase separation in a vortex. We
observed that the resulting dynamics can not be captured when neglecting hydrodynamics.
Thanks to our collaborators from the Max Planck Institute, we also had the opportunity to
compare our macroscopic simulation results to those of mesoscopic coarse-grained molecular
dynamics simulations. Here, we mapped the initial data of one of their experiments, including
the polymer configuration as well as the polymer and solvent velocity fields, to our discrete
computational domain and compared the time evolutions of both models. The results, showing
similar dynamics, are quite promising, especially when considering the rather crude mapping,
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6 Conclusion

having neither energy nor parameter scaling. This again demonstrated the applicability and
reliability of the proposed models and schemes. Finally, we presented some three-dimensional
simulation results and observed that the viscoelastic phase separation dynamics are as desired
similar to those of the two-dimensional simulation results, which verified that the proposed
models and schemes perform as good in three space dimensions as they do in two.

Left for future work is a full error analysis of our proposed numerical schemes. Further
future investigations should be aimed at extending the above-mentioned mapping by energy
and parameter scaling, and at developing more refined and accurate macroscopic models as
briefly touched at the end of Chapter 3, with the possible perspective of even constructing
hybrid schemes for multiscale models of the viscoelastic phase separation process. Thus, the
aim would be to combine the ideas of our proposed linear, thermodynamically consistent
schemes for macroscopic models with the mesoscopic Lattice Boltzmann / coarse-grained
molecular dynamics model for viscoelastic phase separation. It is to be believed that by such a
hybrid multiscale simulation model the underlying physics will become more clear, which can
not only provide a deeper insight but perhaps also the development of even more refined and
accurate macroscopic models.
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