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ABSTRACT. In this paper we derive thermodynamically consistent higher order
phase field models for the dynamics of vesicle membranes in incompressible
viscous fluids. We start with basic conservation laws and an appropriate version
of the second law of thermodynamics and obtain generalizations of models
introduced by Du, Li and Liu [5] and Jamet and Misbah [13]. In particular we
derive a stress tensor involving higher order derivatives of the phase field and
generalize the classical Korteweg capillarity tensor.

1. Introduction. The study of the dynamics of vesicle membranes in fluids is of
general interest in many biological applications. The equilibrium shapes of the
vesicle membranes are characterized with the help of the bending elastic energy of
the membrane [11, 19], see also the references in [5]:

Even = / (a1 + as(H — co)? + asG) dS, (1)
r

where H is the mean curvature of the membrane surface I', ¢y is the spontaneous
curvature, G is the Gaussian curvature, a; is the surface tension, as is the bending
rigidity and ag is the Gaussian rigidity. For vesicle membranes one has to take vol-
ume and area constraints into account, i.e. globally stationary states are minimizers
of Epen subject to the constraints

Vol(T') = o, / 1dS = 4,
r

where Vol(I') denotes the volume enclosed by I". In recent years the phase field
framework has been used successfully in many applications, see overview and refer-
ences in [4]. For biological membranes, this approach has been introduced by Du
et al. [5], Jamet and Misbah [12, 13] and Lowengrub, Rétz and Voigt [16]. For
further information on the mathematics of biological membranes we refer to [7] and
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the references therein. In particular we refer to Arroyo and DeSimone [1] for a
new modeling approach for the dynamics of liquid membranes within the context
of sharp interface models.

In this paper, we consider a higher order phase field Navier-Stokes model for the
vesicle shape dynamics, which is governed by the coupling of the hydrodynamic
fluid flow and the bending elastic properties of the vesicle membrane. In recent
works of Du et al., see [5, 6], phase field models have been developed on a general
energetic framework using the above bending elastic energy. In particular, for the
simplified energy

E(l) = /F(H — ¢p)?dS, (2)

its corresponding form in the phase field model is given by

2
e = [ 5 (ot Gotavdi-) d. ®)

where k is a multiple of the bending rigidity as. Here € > 0 is a small interfacial
parameter, 2 C R? is an open and bounded domain and as this is needed later
we assume throughout the paper that € has a C%-boundary. The phase field ¢ is
defined on the physical domain 2 and is used to label the inside and the outside
of the vesicle I'. The level set {z : ¢(x) = 0} approximates the membrane, while
{z : ¢(x) > 0} approximates the interior of the membrane and {z : ¢(z) < 0} the
exterior. The thickness of the regularized diffuse interface is proportional to €. In a
phase field model the surface area and volume constraints can be approximated by

A = [ot=a, Bo)= [ (§IVoP+ (2~ 1?) o=

where 3 is a multiple of 3. The expression B(¢) models the total surface energy and
in fact it can be shown that B(¢) converges to a term proportional to fF 1dS, see
[17]. The phase field framework can be extended to include additional contributions
to the energy modelling e.g. the Gaussian curvature energy. An ansatz of Du et al.

[5, 6] is given by
1 V¢ - D>V
a = 7[\ 2 __—
Goinl®) = 155 (D *T e

where A(M), for a 3 x 3 matrix M, denotes the sum of the determinants of its
three principal minors. The vesicle deformation and the fluid velocity field are then
regarded as the result of the competition between vesicle membrane bending energy
and fluid kinetic energy, subject to the constraints that the volume and surface area
of the vesicle are preserved. To enforce the two constraints one can use a penalty
formulation as in [5]. For convenience, let us denote for ¢, ¢y € R the operators

Fe(6) = €80+ (26 VD@ ~ 1), g6) = ~Dleg(6) + (36" —1)fes ()
Then the corresponding modified bending energy E(¢) is given by

B(0) = . [ 1fu(@)de + 3D0(A@) ~ 0 + 5Ma(B@) =67 ()

For the variational derivative we obtain

% = kg(¢) + My(A(¢) — a) + Ma(B(6) — B) fo(9).

Vo @ V¢> ; (4)
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Du et al. [6] define an action functional and by the least action principle they obtain
the following coupled phase field Euler system for functions v and ¢ defined on a
time-space cylinder [0, 7] x £

Vit v Vv—pr+ ng in [0,T] x

Vov=0 in [0,7] x ,

ot +v-Vo=0 in  [0,7] x 9, (6)
v(0,z) = vo(z) in  Q,

#(0,2) = ¢o(x) in Q.

We remark that here and in what follows we rescale such that the constant mass
density fulfils p = 1. The authors in [6] also postulate a phase field Navier-Stokes
system by carefully adding regularization terms pAv and VéE to (6) which guar-
antee that the new system satisfies a global dissipation 1nequahty

vi+v-Vv=—=Vp+ uAv + ng in [0,7] x £,

V-v=0 in [0,7] x Q,

¢ +v-Vo=—750 in  [0,7] x Q, (7)
v(0,2) = vo(z) in Q,

#(0,2) = ¢o(x) in Q.

The above system is complemented by boundary conditions for the phase field ¢
p=-1, A¢=0 on 0N (8)
and a no-slip condition for the velocity field v
v=0 on 09. (9)

The main objective of this paper is to provide a thermodynamically consistent
higher order phase field Navier-Stokes model, which in particular gives a derivation
of a modified stress tensor in the Navier-Stokes equation. Knowing the stress tensor
then makes it possible to formulate classical dissipation inequalities as well as slip
boundary conditions which both involve the stress tensor. Furthermore, we also
discuss how the phase field description of the Gaussian bending energy enters the
model. The derivation of our model is as follows: In Section 2 we formulate the
basic balance laws for mass

V-v=0

and momentum

4 vdr = / TndS,
dt Jo o0

where T denotes the stress tensor and n is the outer unit normal to 9€). In an
isothermal situation a dissipation inequality

d MZ 0 Mk k
_ . <
t{/(Q —|—G dw—i—g /G dx +/a n-JpdS <0,

where Jp is the energy flux, is the appropriate version of the second law of ther-
modynamics. The second term in the dissipation inequality is motivated by the
penalization terms in (5) involving volume and area constraints. Without these
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penalization terms we would obtain the following local form of the dissipation in-
equality
2
v
D, (|2| + GO(Y)> — V- (TTv+ [Ghyy — V- Gpy] Didp+ G2y DV ) <0,

where D; := 0; + v - V denotes the material derivative. Exploiting the dissipation
inequality we derive restrictions on the constitutive relations and we obtain fourth
order phase field models

which generalize the model in [5] and provide an explicit representation formula for
the stress tensor T. The resulting constitutive equation yields the macroscopic stress
T as a classical Newtonian stress S — pl minus an additional possibly nonsymmetric
term

representing stresses stemming from the bending energy and non-local contributions
resulting from the penalty terms in (5). We observe that the constitutive law
consists of a dissipative part S (for a Newtonian fluid) and a nondissipative elastic
part Ul (arising from the elastic membrane forces).

Furthermore we also discuss several boundary conditions leading to a global en-

ergy decay. Here in particular generalized boundary conditions for fourth order
operators and new slip conditions involving higher order derivatives of the phase
field variable will be stated.
In the local case, i.e. without penalization terms, a similar expression for U’ has
already been derived by Jamet and Misbah in a thermodynamically consistent man-
ner, see [13]. In [13] the starting point is a bending energy (Helfrich energy), which
is written in the phase-field approach in terms of a density

Ernis(V6, VV9) = E[|[V6].C(V6, VV6))] = 2 [C(V6,VV6) —Col Vel (12)

where « is the rigidity of the membrane, C is the mean curvature of the membrane,
and Cp represents the spontaneous curvature and is considered to be a constant.
In (12) the term |V¢| is a smeared Dirac function and allows one to pass from an
energy per unit area (as is treated in the sharp interface limit) to an energy per
unit volume (as is treated in phase field approximation). This model differs from a
classical phase field model where the energy depends on ¢ and V¢ only. In [13] the
three expressions in (12) correspond to the three hierarchies of models. The upper
hierarchy, i.e. the expression on the left-hand side, refered as model 1, allows for
any general expression that depends on the two arguments. The other hierarchies
are called model 2 and model 3. The general derivation procedure is done for model
1 and does not induce any complication in the derivation. For the general model
the material derivative of (12) reads

DiFyiis =@ - D)Vo+T : D,VV, (13)
where the vector ® and the tensor 7 are defined by
o O, 0E "
oV oVV¢

To determine the form of the evolution equations Jamet and Misbah, see [13], use
besides the mass and the momentum balance law a local version of a balance law for
the energy containing terms accounting for energy dissipation. By exploiting the
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second law of thermodynamics they get after some algebra the following expression
for the evolution equation and the constitutive law that relates the stress tensor to
the velocity field and the phase field

Dip =KV - (®—V-T), (15)
=) (), (16)

where 7P = n[Vv+VvT] is the dissipative stress tensor, 7 is the dynamical viscosity
of the ambient fluid and (7¢)T = Vo ® (® —V-7)+ VVé- T is the nondissipative
part of the stress tensor. We immediately observe the equality of our derived extra
stress U’ and the extra stress (7¢)7, which is derived by Jamet and Misbah, see
[13]. Taking into account (14) and considering for a moment that our energy does
not depend on ¢ one can observe the equality of (10) and (15). So we conclude that
the model of Jamet and Misbah is a special case of our model and does not contain
penalization terms which account for additional volume or area constraints, i.e. in
general nonlocal constraints. The special theory of Jamet and Misbah is based on
model 3, i.e on the explicit expression (the third expression in (12)) for the bending
energy. In Section 4 we will discuss this in detail.

The outline of the paper is as follows. In Section 2 we formulate the balance laws
and the dissipation inequality and derive several conclusions which then allows it
to state thermodynamically consistent evolution equations for the velocity and the
phase field together with appropriate boundary conditions. In Section 3 we state
the complete model and discuss weak formulations. Finally in Section 4 we compare
the model we derived with other models in the literature.

2. Balance laws and the dissipation inequality.

2.1. Notation. Tensors are linear transformations of R? into R? and are denoted
by letters like A, B,.... Vectors may be viewed as 3 x 1 column vectors and are
denoted by boldface letters. Tensors may be represented as 3 x 3 matrices. [
denotes the unit tensor and for A the tensor AT denotes its transpose; a ® b is the
tensor product of vectors a and b and is defined via (a®b)u = (b-u)a for all vectors

N
u; the inner product of tensors A and B is defined by A : B = > A;;B;;. The
ij=1
partial derivative of a function ®(a,b,c,...) (of scalar, vector or tensor variables)
with respect to b, say, is written as 9,®(a,b,c, ...).

2.2. Constitutive relations. First of all we fix the list of constitutive variables
we base our constitutive theory on. Classical phase field theories are derived from
free energies. So motivated by (4) and (5) we assume an energy functional as a sum
of the kinetic and the free energy

GE:/Q <V2|2 +G°(Y)> dm+;A§k (/QG’“(Y) dx>2, (17)

where

Y = (ylaYQ7Y37y47Y5) = (¢7 V(ba D2¢,Dt¢,VV)

denotes the vector of the constitutive variables and the My, k € {1, ..., s}, are some
non-negative constants. Here ¢ and v denote respectively the phase field variable
and the velocity field. To allow for general functionals like in (4) we have to choose
D?%¢, the Hessian of ¢, as a constitutive variable. In (17) the term G°(Y) is the
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density of the local part of the free energy. The sum > ;_, (fQ GH(Y )dx)2
takes nonlocal energy contributions like the second and third bummand of (5) into
account.

In the sequel we will deal with derivatives of G¥, k € {0,1, ..., s}, with respect
to the constitutive variables (¢, Vo, D?¢, D;¢,Vv). To fix notations we mean
by G/v » respectively GF D24 the vector respectively the matrix with the entries

G,kaid,, i€{l,..N} and G'aiqua 1,7 € {1,...N}. With a slight abuse of notation we
always denote by G7_,, G/kaij 4» - the partial derivative with respect to the variable

corresponding to 0;¢, 0;;¢,.... We make the assumption that Gk, k€{0,1,..,s},
only depends on the symmetric part of the variable Y3 representing D2?¢ in the
vector Y. Denoting by Y3 the transpose of Y3 we require

G*(...,Y3,..) =G*(..,Y],..)  for ke{0,1,..,s}

Since D?¢ is symmetric, this assumption does not lead to any restriction in the
choice of G*, k € {0,1, ..., s}. Otherwise one can define

Gﬁew (

1 .
,Ys,...) = 3 (GF (. Y3,.) +GF (LY, ), ke f0,1,..,s}, (18)
in order to fulfil the requirement.

2.3. Balance laws. To formulate the balance laws we consider a material volume
Q C R3 filled by an incompressible fluid. The balance equations for an incompress-
ible fluid are the mass balance equation in local form, see Gurtin [9],

V-v=0 (19)

and the balance law for the linear momentum which we state in integral form, see

[9],
i/ de:/ TndS,
dt Jy v

where V' C Q is a control volume, see [9], T is the stress tensor and n denotes the
outer unit normal on dV. Using Reynold’s transport theorem, the definition of the
material derivative Dy = 0 + (v - V) and the divergence theorem we obtain

/ (Dyv —V -T)dx =0. (20)
\%

and since the control volume is arbitrary we obtain the local form of the balance
equations as Dyv —V - T = 0.

2.4. Dissipation inequality. Furthermore we take, as the appropriate version of
the second law in an isothermal situation, the dissipation inequality

i L (5o g g ([} [nanass

where Jp is the energy flux. We now use Reynold’s transport theorem and the mass
balance (19) in order to obtain

2
/Dt<|‘; +G%(Y )d$+ZMk(/Gk dx)/DtGk )deF/ n-JpdS<0.
Q a0
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Introducing the abbreviations

1°:=1, Ik;Mk(/Gk(Y)da:>, ke{l,...,s},
Q

we can rewrite the above inequality as follows

Q k=0 Q [219]

Remark 1. The above dissipation inequality holds for all control volumes V' C 2
if no nonlocal terms are present, i.e. in the case s = 0.

Similar as Liu and Miiller [15] we now use the method of Lagrange multipliers to
derive restrictions on the constitutive relations which are enforced by the dissipation
inequality. Introducing Lagrange multipliers A, for the mass balance and Ay for the
momentum equation we obtain for solutions fulfilling the balance laws and the
dissipation inequality

/ [v D+ Y TF(DiGF(Y)) = AV v = A (Dyv = V- T)
@ k=0

d:r—i—/ n-JpdS <0.
o0

(21)

Choosing the classical Lagrange multipliers A, := p and Ay := v, see [15], we get
after standard calculations

/Qiﬂ@ (D:G*(Y)) dx—/

(T + pl) : Vvdz —|—/ V-Jp+T'v)dz <0, (22)
=0 Q Q

where p denotes the pressure and I the identity matrix. Calculating the first sum-
mand of (22) gives

N N
D,G* =GEDwo+ > Gy Didio+ > GYy D16+ Ghp,,Dig + Gl DV
i=1 i,j=1

(23)
The commutator rule
Di0;¢p = 0;Dyp — 0;v - Vo

then gives

N N N N
> G D0 =Y 0i[Gly yDigl = > 0iGly  Did— > 916 Gly yOpvi. (24)

i=1 i=1 i=1 i,l=1
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Standard calculations involving the product and the commutator rules give

N N
Z Gl ¢ D10ijp = Z Gl 410, D050 — ;v - V(0:9)]

i,j=1 ',j—l
= Z 6] G'd ¢Dt 1(25 Z 6 G/a ¢Dt zd)— Z G'd (ba 'Ulalz(zs
i,j=1 i,j=1 i,7,0=1

N N
> 0GPy, 4 Didi — 0iGry Dyl + Y 0iGEy Dy

ij=1 ij=1

N N N
+ QP> 0;Gry 5= 016G, 4 | O (25)

il=1 j=1 j=1

Making use of the identities

N
N

N
Vo [GlpeyDiV =V - Glpay Digl = 30 95[Gly, yDi0i — 0iG,, ,Digl,

1,j=1

V(VGED2¢) Z asz/a ¢,

,Jl

i,l=1
Qk - Glc¢ - V N |:le¢ - v ° GFD2¢:| I

we can rewrite (23) as
D,G" = Q"Dyp —U* : Vv + V- B* + GF,, ,Di¢ + Gl Dy Vv. (26)
With the following notations
Gl = éo Gl 0,Gly = 0; fj "Gy, .
Gl = z "G, Gloy = z IkG,Vv,
z Ika Gl, - V- [wa, =V Gl (27)
U = 3 MU = Voo [Glo, = V- Gl | + D% Gl

lc:O

kZOIkB’“ |Gy = V- Glpay| Dito+ Gy DV,
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we obtain, using (22) and (26),
/ Q! Dt¢da:—/ S: Vvd:c—|—/ V-Jp+T'v+B)de
Q Q Q

+/ Glp, D7 d:c+/ GloyDiVvdr <0, (28)
Q Q

where
S=T+pl+ U’ (29)

is the extra stress, see also [10] for the case where G does not depend on second
derivatives. We will later derive a constitutive equation giving the macroscopic
stress T as a classical Newtonian stress S — pl minus the additional term

taking stresses resulting from the phase field into account.

Remark 2. Note that in U’ the expression G,I¢ does not appear. The nonsymmetric

term U’ stems from the elastic bending forces and is furthermore responsible for
the coupling of the phase field to the velocity field.

2.5. Exploiting the dissipation inequality for local models. In this subsec-
tion we assume that s = 0 and therefore computations as in Subsection 2.4 show
that the inequality (28) holds for all control volumes V' C Q (compare also Remark
1). Using the fact that V' can be chosen arbitrarily we can derive a local form of
(28) as follows

Q" Dip—S:Vv+V-(Ip+T'v+B")+ G, ,Dio+ GyyDVv <0, (31)

where Q° and B° denote respectively the quantities @ and B! for s = 0. We now
use a Coleman-Noll procedure similar as in [10], Section III, to derive restrictions
on the constitutive relations. Arguing similar as in [10] it is possible to find fields ¢
and v such that at some chosen point and time ¢ and v together with all derivatives
that appear in (31) take prescribed values. Hence all terms appearing linear in (31)
will vanish and we obtain

G/ODt(j) == 0 and GPVV = 0

This implies that the free energy density cannot depend on D;¢ and Vv. We do not
aim to derive the most general models and hence choose Jp such that it reduces to
the standard form —T v, i.e. it is given by the working of the macroscopic stresses,
when D;¢ and D;V¢ vanish and is affine linear with respect to D;¢ and D;V.
With the choice

Jp=-TTv-B" (32)
the inequality (31) now reduces to
Q°D;p—S: Vv <0. (33)
This inequality is fulfilled if
—(GY =V [Ghys — V- GPp2y]) = A1Dyp + A3V, (34)
S = BaDi¢p + B1Vv, (35)
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where

A1(Y) R — R,

Ay(Y) R4 R,

By(Y) :R —  Rdxd

Bl(Y) . Rdxd N Rdxd’
are such that the matrix

A A
( s ) (36)

is positive semi-definite, see also [8]. Using a lemma of Liu, see [14] and [15], it can
be shown that this form is in fact necessary to fulfil the dissipation inequality (33)
for all fields.

Taking into account the computations of Subsection 2.4 we now obtain a local
form of the dissipation inequality:

2
D, <|V2 + GO(Y)) — V- (TTv+ [Ghyy — V- GPp2y| Did+ G2y D1V $)

=Q"Dip—S: Vv <0, (37)

where the inequality holds since the matrix in (36) is positive semi-definite. The
term —(Q° Dy¢ — S : Vv) is the non-negative energy dissipation.
In the following we will neglect cross effects in (34), i.e. we consider

— (G =V [Gyy =V - Glpay)) = A1Dy in Q, (38)
S=B;Vvin Q. (39)

It turns out that (38) is a generalized phase field equation of fourth order, where
A1(Y) € R{. Equation (39) gives a general form of the stress tensor S in terms of
Vv where the tensor B; (V) : R¥™¢ — R?*4 may depend on Y and is symmetric and
positive semi-definite. If we assume that the fluid is Newtonian, i.e. in particular
that S depends linearly on Vv we obtain the standard relation, see [9],

S = 2uD, (40)

where D = D(Vv) = (Vv + Vv') is the rate-of-strain tensor and the scalar p
is the viscosity of the fluid and might depend on ¢, V¢ and D?@. In this case we
obtain

[v|?

D, (2 + GO(Y)) —V - (TTv+ [Glyy — V- GPpay] Dip+ G2y DV §)

= —Ay|Di¢|? — 2uD(VV)* <0, (41)

where |D|?> = D : D. Hence the energy dissipation is given by the standard energy
dissipation due to friction, given by 2u|D(Vv)|?, and a term stemming from the
energy dissipation due to interface motion, given by A;|D;¢|?.

2.6. Thermodynamical consistent non-local models. Due to non-local inter-
actions we cannot expect that a local dissipation inequality holds for the non-local
model. We hence only require that a global dissipation inequality holds. Motivated
from the derivation of the local model in Subsection 2.5 we set

G,IDt¢ =0 and Gloy =0,
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and
Jp=-T'v-B, (42)

where the term B’ contains non-local contributions, compare (27). In what follows
we will demonstrate that the choice (42) leads to a model fulfilling a global dissi-
pation inequality. Furthermore, we consider a model without cross effects between
the stresses in the fluid and the interface velocity given by D;¢ and set

S=DB;Vvin Q, (44)

where A;(Y) € Rf and Bi(Y) : R4 — R4 is symmetric and positive semi-
definite. Taking the results of Subsection 2.4 into account we obtain

% ¥+GO(Y) dm+i% G*(Y) dx 2 + n-JpdS
Q Pt Q 19)

- _/ [A1|Di¢|* + (B1VV) : Vv] dz < 0.
Q

From now on we assume that the fluid is Newtonian and hence the second dissipative
term is given as [, 2u/D(Vv)|? dz. We now want to discuss boundary conditions
which guarantee that the total energy in 2 always decreases. This is a thermody-
namical requirement on a closed system. To proceed we need to discuss the bound-
ary integral faﬂ n-JpdS in more detail. Using the fact that D,V¢ = 0,Vé+ D2¢pv
we have

Introducing

we now obtain using
~T
Ip=—[T+U"] v-0¢B —Glp:y0iVo
that the global energy always decreases if and only if

~T
— /Q (Al‘Dt¢|2 + 2/,L|D(VV)|2) dl‘—|— /aQ(B 6“[5 + G/ID2¢V67§¢) -ndS

+/ ([T +U'] ) - vdS <o.

o0

By Voi¢ = (n @ n)Vid + Vg0:¢, where Vg = (I — n ® n)V denotes the surface-
gradient, we obtain, using the divergence theorem on surfaces, see [2], the following

inequality

- / (A1 Dsof? + 21| D(VV)[?) dat /
Q

(0B = Vs (Glpagn) — - Gl ym] Bupds
o0

+ /aQ(n . G,IDQ(z,n)(V(‘)tqﬁ -n)dS

+/ ([T+ U] n) - vds <o, (45)
o0
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where & denotes the mean curvature vector of 9Q2. We remark that & = kn where
k is the sum of the principal curvatures of 0€2. Energy decrease is hence guaranteed
if we prescribe on the boundary 92

0=n-B' - Vgs- (GlIDzd)n) —&-G,ID%n, (46)
0=v. (48)

Using (47) and the identity K = xn the boundary condition in (46) can be simplified

~T
ton-B — Vg - (G,IDzd)n) = 0. But of course also boundary conditions taking
dissipation at the boundary are possible. Examples are slip conditions which we
will discuss later or dynamic boundary conditions of the form

~T
B = —w (n B — Vs (Glpzyn) — k- G,ID2¢n> : (49)
where w is a non-negative constant.

Remark 3. The boundary conditions (46)-(48) and also the boundary condition
(49) are also possible boundary conditions in the local case. In this case we set
s =0 in the definition of B! and G'.

3. Higher order phase field Navier-Stokes model and its weak formula-
tion.

3.1. The model. To get the incompressible phase field Navier-Stokes model we
need the balance of momentum (20) in its local form

Diwv—-V-T=0. (50)
By (19), (29), (43), (40), (50) and 7 := A;(Y") we finally get the following general
higher order phase field Navier-Stokes model

vi+v-Vv=V.T in [0,7] x £,
T+pl=S-U’ in [0,7] x Q,

S =2uD in [0,7] xQ,

Ul =Véa {G,’W, _v. G,ID%} £ D% G, i [0,7] x Q, o
V-v=0 in [0,7] x Q,
7¢t+’yv~V¢:—(G,I¢*V~ [G{va.G!D%D i [0,7] x Q,
v(0,z) = vo(z) in  Q,

@0, z) = ¢o(x) in Q,

complemented by the boundary conditions, which will be discussed in the next
subsection.

Remark 4. It is possible to choose v = 0 which leads to a quasi-stationary model
which is in instantaneous equilibrium with respect to ¢.
Besides we can write (51) in a different form. A straightforward calculation gives

~V-U'=V¢ (Gly = V- [Glyy — V- Glpy)) = VG,

S

where GT := (Z Ika). If we now as in [10] replace the pressure p by a modified
k=0
pressure p = p + G' we obtain for V - T the following expression

V-T=-Vp+upAv+Ve (G, =V [Glgy—V-Glpayl), (52)
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which leads to the system

Vit VTV = —Vh+ pAv + Vo (G, - V- (Gl = VGl ]) i [0,7] x
V.-v=0 in [0,7] x
7@+7wvw:_(G@—v-@g¢ V- Gm}) in  [0,77 x
v(0,z) = vo(z) in Q
#(0,z) = ¢o(x) in Q.

(53)

Later we will exploit (53) in order to derive (7). We will see that by choosing
Gg := E(¢) the expression G/, — V- [Glg, — V - G,ID%] is nothing else than the
variational derivative of F(¢) and this will provide (7).

3.2. Boundary conditions. Now we postulate several boundary conditions which
guarantee energy decrease, that means they fulfil (45) and fall in two categories.
Boundary conditions of the first category (BC);, (BC)s and (BC); take into ac-
count no slip conditions, where boundary conditions of the second category (BC)a,
(BC)4 and (BC)g allow for non zero tangential velocities, which depend on the
tangential component of the stress tensor and the additional tensor (30) we de-
rived in this paper. These two categories will affect the choice of the test function
spaces and consequently the weak form of the derived equations, see Section 3.3. As
for some other fourth order equations we furthermore obtain boundary conditions
which take into account the mean curvature of the domain boundary and also pro-
vide conditions on the second and third order derivatives of the energy functional
with respect to the phase field. The set of boundary conditions involve second and
third spatial derivatives of ¢.

0 = wv,
(BC), 0 = n-(Glpeynm),
0 = n- (G/IV¢ - V- G/ID2¢> VS (G’D2¢ )

A variant which allows for slip is given as

Va = 0,
—0Vr = [Sn]r )
(BC)2 0 = n- (G,ID%n)7

where o > 0 and [];, ], denote the tangential and normal component of a vector
[]. If we specify a Dirichlet boundary condition for a general fourth order elliptic
operator we necessarily obtain an additional boundary condition involving second
derivatives. In our context this is given by

0 = v,
(BC)3 0 = n- (Gl n),

¢ = ¢o(z),
and the slip analogue

Vi = 0,

—0Vr = [ 1’1]7_7
(BC)4 0 = n-(Glpym),

¢ = ¢0(m)7
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where again o > 0. A third possibility is given as
0 = w,
(BC); 0 n- Vo,
0 = n-(Gloy~ V- Glpuy) = Vs (Glpuyn) = k- Gl ym,

which has the slip analogue

Vn = 0,
—ov, = [Smn]_,
(BC)s 0 — n-Ve,
0 = 0 (Gloy =V Glpuy) = Vs (Glpuyn) = 5+ Glpyn,

with o > 0. A further possibility is to prescribe ¢ = n-V¢ = 0 together with a slip
or a no-slip boundary condition on the boundary. We derive from (45) that in the
cases (BC)1, (BC)3 and (BC)5 the total dissipation has no boundary contributions
and is given as

| (1D + 20D ()) o > 0 (54)

and in the cases (BC)2, (BC)4 and (BC)g we obtain an additional dissipation term
on the boundary and the total dissipation is

/ (v|Ded|? + 2uD(VV)[?) da + O'/ [v|?dS > 0. (55)
Q o

Thus the dissipation inequality holds for all boundary conditions stated above.

3.3. Weak formulation and energy identities. To get weak formulations of
(51) subject to the different boundary conditions (BC);-(BC)g we multiply the first
equation (momentum equation) in (51) by a vector-valued smooth test function ¢
and the phase field equation by a smooth scalar test function {. These test functions
will be specified later taking the different boundary conditions into account. We
obtain for almost all ¢t € (0,7") after integration over

/vt-cpdx+/(v-V)v-cpdx—/(V~T)-cpdx:O,
o Q

Q
/ v € da +/ (v - V)p¢ da +/ (Gly =V - [Glyy = V- Glpay)) Cda =0.
Q Q Q
Integration by parts gives
/vt~<pdx+/(v-V)v-godas—/ (Tn)-go—i—/’ﬂ‘:chdx:O,
Q Q o0 Q

/ Y€ dx+/ Y(v - V)¢ dx+/ Gl dx+/ Glyg - V¢ da+
Q Q Q Q
+/ G,ID2¢ : D*Cdx —/ n- (G p2en)(n-V{)dS—

Q o0

Now we have to choose the corresponding test function spaces associated to the
different boundary condition.

In the case of a no-slip boundary condition we obtain the following weak formu-
lation.
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3.3.1. Weak formulation of (51) associated to (BC)1, (BC)s and (BC)s. For the
test function ¢ corresponding to the momentum equation we choose divergence-free
test functions with compact support. The space for the test functions ¢ depends
on the boundary conditions as follows: In case (BC); we choose C*°(Q), in case
(BC); we choose {¢ € C*(Q) : (|an = 0} and in case (BC); we choose {¢ €
C>(Q) : n-V{|pao = 0}.

Theorem 3.1. Assume that ¢ : Q@ — R and v : Q — R3 are smooth functions.
Then (¢, v) is a solution of (51) with boundary conditions (BC)1, (BC)s3 or (BC)s
if and only if (¢, v) fulfils:
i) for all test functions (¢, @) chosen according to the boundary conditions stated
above the identities

/vto<pdx+/('v~V)v~cpdx+/(S—TUI):V(pd:ﬂzO, (56)

Q Q Q

/thg dx+/97(v~V)¢>( d:r+/QG,I¢C dm+/QG,IV¢-VCdx+
+/QG,ID2¢:D2< dz =0, (57)

holds for almost all t € (0,T),
i) V-v=0in[0,T] x Q,
iii) the initial conditions in {0} x Q and the no-slip boundary condition v=0 on
[0,T] x 0 holds and in case (BC)3 we require ¢ = ¢g on [0,T] x I and in
case (BC)s we require n- Vo =0 on [0,T] x 09.
Besides for all solutions of (51) with boundary conditions (BC)y, (BC)3 and (BC)s
the energy identity

d

565 =— [ (D6 + 2uD(Vo)) da (58)
Q

holds.

Remark 5. The energy identity is derived by using the test function v in (56)
and Q! = (G’Iqb -V [G,IV¢ -V G,ID%D in (57). Using integration by parts,
exploiting the boundary conditions (BC);, (BC)3, (BC)s5 and taking into account
Q! = —yD;¢ we finally get (58).

In the case of a slip boundary condition we obtain the following weak formulation.

3.3.2. Weak formulation of (51) associated to (BC)2, (BC)4 and (BC)g. For the
test function ¢ corresponding to the momentum equation we choose divergence-free
test functions ¢ € {C°(;R3) : n - p|go = 0}. The space for the test functions ¢
depends on the boundary conditions as follows: In case (BC)z we choose C*(Q),
in case (BC), we choose {¢ € C®(Q) : (|sq = 0} and in case (BC)g we choose
{¢€C®() : n-V(|pn = 0}. Exploiting (52) and arguing similar as in Remark
5 we obtain

Theorem 3.2. Assume that ¢ : Q@ — R and v : @ — R3? are smooth functions.
Then (¢, v) is a solution of (51) with boundary conditions (BC)2, (BC)4 or (BC)g
if and only if (¢, v) fulfils:
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i) for all test functions (¢, ) chosen according to the boundary conditions stated
above the identities

/vt godx—l—/(v V)v- godx—l—/S Ve dr—

/V¢ G V-G ,v¢—V-G,D2¢])-godx+a/ v-pdS=0, (59)
a0

/7¢tqu+/'y(v-V)¢§dx+ G%¢¢dx+/ Glyg - V¢ dat
Q Q Q

/ Glp2g : D*Cdr =0, (60)

holds for almost all t € (0,T),

i) V-v=01n[0,T] x Q,

i11) the initial conditions in {0} x Q and the boundary condition v, = 0 on [0,T] x
00 holds and in case (BC)y we require ¢ = ¢g on [0,T] x OQ and in case
(BC)¢ we require n- V¢ =0 on [0,T] x 0.

Besides for all solutions of (51) with boundary conditions (BC)a, (BC)4 and (BC)g
the energy identity

65 =— [ GID6P + 2ip(Vo)) do— o [ Jopas
dt Q a0

holds.

4. Relation to other models.

4.1. Relation to Korteweg’s theory of capillarity. In section 3 we derived
T +pl = f(D, V¢, D*¢, D*¢),
where
f(D,V, D%, D*¢) = S(D) = Vo @ [Glgy = V - Glpagl = D¢ Gipag. (61)

In our model we observe a dependence of f on the derivatives of order three, i.e. the
term V - G/ ). > appearing in the stress tensor. In Korteweg’s theory of capillarity,
see [20] Section 124, the general constitutive relation

T + pl = f(D, Vo ® Vo, D*¢), (62)
was stated and the specific form
T + pl = S(D) — M| Vo|*T — AoV @ Vb + A3(Ap)T + Ay D?¢, (63)

where A1, A2, A3, A4 are functions of ¢ or constants, was discussed.

Comparing (61) with (63) we observe that in Korteweg’s theory a dependence
on third derivatives is neglected.

If furthermore our constitutive variable ¥ does not contain D?¢ then our model
would lead to

T+ pl=S(D) — V¢®G,v¢,

which reduces to a classical Korteweg stress tensor if GI(V¢) = 5 LIVl
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4.2. Relation to the model of Du et al., see [5, 6]. To derive the model of Du
et al., see (7), we choose Gg := E(¢). For this special case we have s = 2 and

0 ._ E 2 1. @
G T 2€|f(¢)‘ I G ‘_(b |Q|7
2._ € 2, 1.9 2 B

I°:=1, I':=M(A(¢)—«a), I?:=My(B(¢p)-p).
Standard calculations give
ok
56
so that exploiting Remark 4 we finally get (7). So we note that starting directly
from the first principles of thermodynamics we get by exploiting the dissipation

inequality a specific expression for the stress tensor and finally the model of Du et
al., see [5].

4.3. Relation to the model by Jamet and Misbah [13]. Model 3 of Jamet
and Misbah is based on the phase field bending energy

Bais = 5 [C(V6,VV6) — Col [V,

This energy is a different phase field approximation of the Helfrich bending energy
than the approximation (3) which was chosen in Du et al., see [5]. For the energy
(3) at least for ¢o = 0 it was already shown that one obtains the elastic energy (1)
in the sharp interface limit, see Roger and Schétzle [18], and therefore we prefer
this choice as the suitable phase field energy for (1). By taking into account (14)
one finds after lengthy algebra the following phase field equation

Dy = (€ = Co)[-C(C + Co) + 4H] = aV, - (V.C),
where H is the Gauss curvature defined by
H = %[(vs n)? -~ V,n: Vn].
Our approach leads to the same phase field equation if we would choose G g := FEyys.
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