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Abstract

In this research, we introduce and investigate an approximation method that
preserves the structural integrity of the non-isothermal Cahn-Hilliard-Navier—
Stokes system. Our approach extends a previously proposed technique by Brunk
and Schumann, which utilizes conforming (inf-sup stable) finite elements in
space, coupled with implicit time discretization employing convex-concave split-
ting. Expanding upon this method, we incorporate the unstable P;|P; pair
for the Navier-Stokes contributions, integrating Brezzi-Pitkdranta stabiliza-
tion. Additionally, we improve the enforcement of incompressibility conditions
through grad—div stabilization. While these techniques are well-established for
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Navier-Stokes equations, it becomes apparent that for non-isothermal models,
they introduce additional coupling terms to the equation governing internal
energy. To ensure the conservation of total energy and maintain entropy pro-
duction, these stabilization terms are appropriately integrated into the internal
energy equation.

1 | INTRODUCTION

The non-isothermal Cahn-Hilliard-Navier-Stokes (CHNST) system has garnered increasing attention for investigating
various phenomena, ranging from two-phase flows to fluid-phase-coupled interactions [1]. These phenomena hold sig-
nificant relevance in scientific and industrial domains, including additive manufacturing and inkjet printing [2-4]. For
instance, in the modeling and simulation of powder bed fusion additive manufacturing processes, the non-isothermal
CHNST model is utilized to portray coupled processes such as fluid-phase interaction, melt flow dynamics, and heat
transfer [3].

The following system of partial differential equations describes the CHNST system under consideration:

0i¢ +u- V¢ —div(L;; Vu + L, V) =0, = —yA¢ +0s¥(¢,0), D
die +u- Ve —div(L;,Vu — Ly, VO) —(nDu—o0o) : Vu =0, 2
du+ (u-Vyu—divipDu—pl—0o) =0, div(u) = 0. 3)

The system described above is supplemented with periodic boundary conditions and initial conditions. In this context,
¢ represents a conserved phase-field, u signifies the flow velocity, 6 denotes the inverse temperature, and e = e(¢, 6)
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represents the internal energy. To complete the system, we incorporate the Helmholtz free energy density and the
Korteweg stress, which are expressed as:

(,0) =W($.0)+ LIVgI>, o :=LVp® Ve

From this, one can compute the internal energy and entropy according to refs. [5, 6], that is e = 35%, $(e(6, ¢), ) =
s(6,¢) = Be — .

The system described above is already formulated in terms of the inverse temperature 6, which proves more advanta-
geous for finite element discretization. The transformation from the original temperature to the inverse temperature is
elucidated by Pawlow and Alt, as referenced in ref. [6], and further discussed in ref. [7] for a more intricate non-isothermal
Cahn-Hilliard-Allen-Cahn system. The general derivation of non-isothermal phase-field models from thermodynami-
cally sound principles demands careful consideration, and for various modeling approaches, we refer to refs. [8-11]. For
systems of this nature, approaches like those in ref. [12] utilize finite differences in space alongside an Energy Quadratiza-
tion assumption, making the driving functional quadratic and thus conducive to standard time discretization techniques.
However, this approach often comes at the cost of entropy relaxation, potentially leading to a departure from the original
entropy in certain scenarios.

Stabilization of unstable finite element pairs for the Navier-Stokes equation as well as other stabilization methods
as Grad-Div and Streamline-Upwind/Petrov-Galerkin (SUPG) are well-known in the incompressible Navier-Stokes
context, compare the monograph [13]. In the case of lowest order P;|P; element a quite easy stabilization is the
Brezzi-Pitkdranta stabilization [14].

In this study, we aim to extend a fully discrete method for the CHNST system proposed in ref. [1] by incorporating
unstable finite element pairs via the Brezzi-Pitkdranta stabilization as well as the usual Grad-Div stabilization. The focus
of the extension is to preserve the underlying thermodynamic structure even at the discrete level.

The organization of this work is as follows: Section 2 introduces pertinent notation and formulates a variational
approach to System (1)—(3) suitable for finite element approximation. Subsequently, we present the fully discrete method
and highlight the principal outcome, namely, the preservation of total energy and entropy production. Section 3 demon-
strates the theoretical framework through an appropriate convergence test. Finally, in Section 4, we conclude the study
and offer insights into potential directions for future research.

2 | NOTATION AND MAIN RESULT

Before we present the new discretization method and main results, let us briefly introduce our notation and main
assumptions.

Notation. The system (1)—(3) is investigated on a finite time interval (0, T) and bounded domain Q. For simplicity we

consider a spatially periodic setting, that is, Q C R4, d = 2,3 is a cube and identified with the d-dimensional torus 7¢.
Moreover, functions on Q are assumed to be periodic. We denote by (-, -) the scalar product on L?(Q), which is defined by

(u,v):/u-v Vu,v € L*(Q)  with norm ||ul|? :=/u2.
Q Q

We introduce the usual skew-symmetric formulation of c(u,v,w) := ((u - V)v,w) via
Cypw(U,v,w) = %c(u,v,w) - %c(u,w,v)
with the relevant property that cg,,(u, v, v) = 0 even if u is not divergence-free.
We require the following assumptions for this work.

(Al) The interface parameters y is a positive constant.
(A2) The viscosity function n = 5n(¢, 0) is strictly positive.
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L -L
(A3) The diffusion matrix L = L(p, Vp, 8) € R24¥24 that is ( il L 12
—Ly, 22

(A4) For the driving potential ¥(-,-) : R x R, — R we assume that for fixed ¢ the potential ¥(¢, ) : R, — Risconcave
and goes to infinity for & — 0. For fixed 6 € R, the potential ¥(-, 0) can be decomposed in a strictly convex and a
strictly concave part, denoted by ¥,,,, ¥eq0-

), is symmetric & strictly positive definite.

Variational Formulation: In ref. [1] it is shown that sufficiently smooth solutions obey the following variational
formulation.

Lemma 2.1 (Ref. [1]). A sufficiently regular solution (¢, 1, 6,a, p) of the system (1)-(3) fulfills the variational formulation
(09, 9) — (pu, Vih) + (Ly; Vi — L1, VO, Vih) = 0,
(1. §) —¥(Ve, V&) — (9,¥,§) =0,
(3;e,w) + (L1, Vu — L,, VO, Vw) — (n|Dul?, w) — (ou, Vw) — <§Vu - a'%e,uw> - <S +¢u,u- V%> =0,
(0u, v) + cgyp(a,u,v) + (nDu, Dv) — (7, div(Vv)) + <§V,u +(s+ ¢,u)Vé — a’%@,v> =0,

0 = (div(u), q)

s+ou

for sufficiently regular test functions P, &, v,w,qand 7 :=p+e — 5

This variational formulation allows to deduce the thermodynamics quantities by inserting simple test function.

Theorem 2.2 (Ref. [1]). For a sufficiently regular solution (¢, u,0,u, 7r) of (1)-(3) conservation of mass and total energy as
well as entropy production holds, that is

@$.1)=0. (3Gl +e@.0).1) =0,
(8,5(¢,6),1) = [|v/n8Du|l2 + (Y, VO)T, L(Vy, VO)T) =: Dy, g(u, 1, 6) > 0.

Time Discretization: We divide the time interval [0, T] uniformly into intervals of size 7 > 0, defining the time
grid I, :=t°=0,t' =7,..,t"" = T, where n; = I represents the total number of time steps. The spaces IT(Z,; X) and
T

1°(Z,; X) denote continuous piecewise-linear and piecewise-constant functions on Z, with values in the space or set X.
Here, g"*1, g", and g"*1/2 refer to the new, old, and midpoint approximations of g, respectively, given by (g"*! + g")/2.
We introduce the time difference and discrete time derivative as follows

dn+1g — gn+1 _ gn dn+1g — T—l(gn+1 _ gn) — T—ldn+1g
) T .

Space Discretization: For spatial discretization, we require that 7, be a geometrically conforming partition of Q into
simplices that can be periodically extended to cover Q. We denote the space of continuous piecewise linear over 7y, as
well as the space of mean-free and positive piecewise-linear functions over 7y, as follows

V), :={v e H(Q)NC%Q) : v|x € P{(K) VK € T},}, Xy 1=V, Vii={vey, vx) >0, Vx e Q}

We denote the convex-concave splitting by the following abbreviation

1P(¢Z+1, ¢Z! eZ+1) — WUEX(¢Z+1’ en+1) + Tcav(qu! eZ+1)

and we will use the notation e(¢z+1, GZH) =: eZ“ and similarly for s, ¥.

We then propose the fully discrete time-stepping method for the CHNST system.
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Problem 2.3. Let (¢,0, Wy 0,6p,0) € Vi X Xy X V' be given. Find the functions (¢, uy,6),) € Te(I5 V), X &), X V1) and
([.lh, 7fh) S HO(IT; Vh X vh) such that

(@, ) — (@il V) + (L VU — L1, V6, V) = 0,

(ML En) — 7 (VEIHT, VEL) — (B, W(epH, ¢, 6141), &) = 0,

(A ey wy) + (L, VR — L3, V6, Vuy) — o D2 2, wy) — e divaal /)2, wy)

n+l

Vo

Vl+1 * h l’l+1/2

Vu, Oy oW, W
h

6n+1

— SRV wy) — (o ul T v >—<

n+1/2 9n+ Vwy,— whve”“> -0

_ sk
<(sh + o uu, @

(d" ay, vi,) +cskw(u;,u2“/2 vi) + (DU D) + e(diveu ), divivy)) — (2, divivy))

n+l _ o* VGZ'H * n+1
9n+1 VM h GZ+1 - (Sh + ¢ Mh) (9*)2 > h. = 0’

n+1/2

(div(u,” ), ) = —8(R*V,*, V)

holds for (¥y,, &4, Wy, Vi, qr) € Vi X V), X V;; X X}, X Vy,, with the stabilization parameters € and § which may also depend
on h, and g* denoting an evaluation of g at any ¢ € [¢", t"*!], but all terms have to be evaluated at the same point in time.

Theorem 2.4. For any solution (¢y, Uy, O, Un, 7T,) of Problem 2.3 discrete mass and total energy conservation as well as
entropy production holds, that is

1 1
(¢n+1 _ ¢0’ 1) =0, <5|uZ+1|2 + e(¢2+1,62+1) - zlu(}?zlz — e(¢0,92’ 1> =0,

nr
(s, 6ty — 5(¢0,60),1) =7 ) Dgre . @ttt ertl) + 2 DAL
k=0 k=0

where the numerical dissipation satisfies D} > 0 and is given by

Dy = %”deHd’hll2 — BeaW(P}, ENA 10,2 + (3pg Prer(£1, OFTH) — 05 Wean (62, 65T (@ 1y, )

2 2
) +‘L'5Hh\/9£+1V7Tﬁ+l )

Proof. Conservation of mass follows immediately by taking ¢, = 1.
Conservation of total energy: Using the algebraic identity a(a + b) — (a + b)b = a® — b? we obtain after rearrange-
ment

+1e 6"“ div(u, k+1/2

1/1 1 11 1 n+1/2 1
?<z|uz+ | +ep ™ — Elule —ej, 1> = (dfap, )+ (d7 ey, 1),

n+1/2

n+1/2 n+1/2)
h

" u, = 0and V1 = 0 to obtain

We insert v, = u ,w, = 1 using the skew-symmetric of ¢y, (u,, u

(@, w1y 4 (@i, 1) = —(*Dul 2 Dul ) — e(diveu ), divaa) ) + (2t divia) )

2 vyt _ gt nH Venﬂ n+1/2
“\ et he;ﬂ ~ G +¢“h)(e)z !
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+(77*Du"+1/2,D n+1/2)+£(dlv(un+1/2) di ( n+1/2)>

+65 hZV n+1 v n+1 + ¢* hy n+l _ o* GZ+1 n+1/2
( p >V ) gn+l My, 9y gn+l Wy

h h

_ (S* +¢ u )un+1/2 eZ-H
h h (9;‘;)2

Obvious cancellation yields

= (ﬂZ+1,div(uZ+1/2)) + 8(h2 V), Vit

The results follows then directly by taking q;, = 71'”+1

Entropy production: For the entropy productlon we compute

<SZ+1 _SZ,1> <en+l n+1 en n IPZ+1 +lpZ _ |V¢n+l §|V¢Z|2’1>

=(d" ey, 0711) — y (Vi VA Hgy) — (PP =W 1) + (e, d"6)) + §|Vdn+1¢h|2-
Adding i%%‘l‘(qbzﬂ, ¢7, 6, "1)d"1¢), and insertion of &, = d}*'¢), yields

(d”+1sh, 1> (d”+1eh,6”+1 </«‘h+1 dn+1¢h> <lpz+1 _ Wz _ eZdn+16h’ 1>
+ (B U, 4, O, Ty ) + LIV ig )12
=(d!* e, 01y — (W, d ) + Dt o

"+l w, = GZ“ into the discrete formulation

Next we consider the first two inner-products and insert ¢, = —p, ™,

% +1/2
<d.’:+1€h,92+1 <ﬂh+1 dn+1¢h> — —<L n+1 L;2VQZ+1’VGZ+1>+<77 |DUZ / |2’e;’ll+1>

+e(| divaa 22,00y + SR VAT, 074 — (o7 w2 vert)

h

n n+l _ g VO n41/20n41
+ <6n+1 luh h en+1 ’uh eh
n+1/2 sVl+lV6n+l 9n+1ven+1 >

3k

A V) — (L, Vi Ly v

Cancellation yields

" « 1/2
= —(L,Vi*! — L5, Ve, verthy 4 (p*pul 22 ant)
+e(| divul )2, 0071y + §(R2| VA2, 60
<L n+1 _ La< QZ+1’ VMZ+1>

n+1/2

— (LX(VMZ+1, V@Z“)T, (VMZ+1’ Ve;ll+1)-|—> + <r)*e;'ll+1’ | | )

+e(@ L, [diveul A)P) + S(h2er |Vt )

"+1/2’Iuh+1 en+1) + Dl

= DL* 6n+1 (u num.b’
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Finally, for the numerical dissipation we add il‘Ph(qﬁz, QZ“) which yields
T

Dn+1 _ 1

num,a — -

[ ) - e, + LA, P
— W (@, 01 — W 4 5, W(g !, gl 01 )d M g,

= % /Q L|Vdr g2 — Gae (g, £3)(d" 16,2
+ (6¢¢‘Pvex(§;l, GZH) - 6¢¢1Pcav(§i, GZ“))(d"“%“)Z,

where, & }1[, §Z are convex combinations of ¢Z+1,¢Z and 52 is a convex combination of QZH,QZ. Using the structural

assumptions on the potential ¥, compare (A4), we see that DZ;,L’Q > 0 follows directly. The result then follows by setting
Dpin = Dt o + D] and summation over k. O
n+1/2

If conservation of total energy is relaxed by total energy dissipation, one can replace all u
corrections for the stabilization in the internal energy can be neglected.

i’ by u}*! and the
3 | NUMERICAL TEST

In all tests we consider the case of g* = g" and the resulting nonlinear systems are solved with a Newton method with
tolerance 10712 in two dimensions and 10~® in three dimensions.

3.1 | Convergence test

For the convergence test we set Q = (0,1)? and T = 0.1 which is identified with the two-torus T2. This accounts for the
periodic boundary conditions. We consider the initial data

do(x,y) = 0.4 + 0.2sin(27x) sin(27y), Bp(x,y) =1+ 0.2sin(27x) sin(27y)
uy(x,y) = 1072(=sin(rx)? sin(27y), sin(27x) sin(ry)?)
with the set of functions and parameters
¥($,0) = log(6) + (20 — )E*(1 - ¢)° + L Vg P2
1
e=-+20°(1-¢7,  s=1-log(®)+¢*(1 - )~ 1 [V4[’,
y=10"3, =107+ 41—0(¢ +1?%, L=102.1, =10, &=L
We consider the error in space at the final time T = 0.1 with an respective step-size of 7 =103 and com-
pare the numerical solutions (¢, Mo pc»Onc>Unrr Prr) With those computed on uniformly refined grids,
(/2,05 Mo,n /2,05 On /2,0 Bh/2,05 Phy2,c)> Since no analytical solution is available. The error quantities for the fully-discrete

scheme are given in the energy-norm, that is

2 2 2
ezﬂ- = ||¢h,T - ¢h/2,‘[||H1 + ”uh,‘r - uh/Z,T”LZ + ”611,1 - eh/Z,‘[”LZ

b _ 2 2 2
eh,r = ”:uh,r - #h/2,r||H1 + ”uh,f - uh/2,r||H1 + ”9h,f - 6h/2,1'”H1
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7 of 10
TABLE 1 Errors and experimental orders of convergence for the CHNST system with g* = g".
a b u ]
k he eocC ehJ €ocC i €0C h €ocC ehJ €0cC
2 3.02-107¢ — 3.87-1071 — 1.97-107¢ — 7.37-107% — 1.89-107! —
3 9.76 - 1072 1.63 1.32-1071 1.55 6.67 - 1072 1.56 1.67 -107* 2.14 6.50 - 1072 1.54
4 2.27 -1072 2.11 3.35.1072 1.98 1.18 - 1072 1.91 5.40-107° 1.63 1.57 - 1072 2.05
5 5.45.1073 2.06 8.26 - 1073 2.02 4.36-1073 2.02 1.87-107° 1.53 3.88-1073 2.02
6 1.34-1073 2.03 2.05-1073 2.01 1.08-1073 2.02 3.26-107° 2.53 9.66 - 107* 2.00
h 'le
»‘
o8
;“07
4
}oo
|
[ 95y s
7 04
‘# 03
‘DZ
/[al
o

0.0e+000.05 0.1

08

015 02 025 03 035

e

FIGURE 1

04 045 05
| \

|

Snapshots of the phase variable ¢ at the times ¢ € {0, 0.03,0.06, 0.1}.
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FIGURE 2 Snapshots of the phase variable ¢ and the velocity field u at the times ¢ € {0,0.03,0.06, 0.1}.

M u
he €n,

For the step sizes hj, = 27k fork =2,...,6 we get the following results.

In the two-dimensional test the mass and total energy conservation error was always in the range of at least 1071, that
is below the Newton tolerance, and entropy was increasing over time as predicted by Theorem 2.4. Furthermore, choosing
g* = g"*! results almost the same error rates. We observe second order convergence as expected, cf Table 1.

as well as some separated errors, e - and efl o which denote the related single quantities from the second error norm.
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3.2 | Three dimensional simulations

Due to the usage of P, |P; elements computations in three space dimension are much more feasible then with the usual
Taylor-Hood elements. As an example we consider an problem-adapted Taylor-Green vortex given by

¢bo(x,y,2) = 0.4 + 0.2sin(rx) sin(2zy) sin(27z), 6o(x,y,2z) =1+ 0.6sin(27rx) sin(xy) sin(27z),

uy(x,y,2z) = (A cos(Rrx) sin(27y) sin(27z), B sin(27x) cos(27y) sin(27z), C sin(27x) sin(27y) cos(27z))

with A = B = 2, C = —4 as initial data and changed parameters 7 = 10~* and L,, = 107,

The outcomes of simulations conducted with a maximum mesh size of h = 2.5 - 1072 and time step T = 1073 are illus-
trated through various temporal snapshots in Figures 1, 2. Throughout the evolution, the phase-field exhibits minimal
further separation due to the pronounced mixing effects induced by the velocity field. Notably, a transition occurs where
rod-like structures emerge gradually, presumably initiating conventional phase separation after a decay in the velocity
field. The gradual decay of the velocity field, owing to its low viscosity, contributes to this process. In the context of
three-dimensional simulations, mass conservation is maintained within an order of 10~14, while the error in total energy
conservation is approximately 10~%, akin to the Newton tolerance level. As anticipated by Theorem 2.4, entropy exhibits
a continual increase over time.

4 | CONCLUSION AND OUTLOOK

This study introduces a fully discrete finite element approach for solving the non-isothermal CHNST system described by
Equations (1) through (3). The devised scheme is characterized by its structure-preserving nature, ensuring the conserva-
tion of mass, total energy, and entropy production. Notably, it facilitates the utilization of unstable finite element pairs for
the incompressible Navier—Stokes equation through Brezzi-Pitkédranta stabilization, supplemented by the conventional
Grad-Div stabilization. Experimental validation demonstrates the scheme’s efficacy, enabling more efficient simulations
compared to the original methodology outlined in ref. [1].

Future endeavors will explore discretization strategies based on the original temperature instead of the inverse temper-
ature. Furthermore, additional stabilization such as the SUPG method proposed by John et al. [13] will be investigated to
further enhance the scheme’s performance.
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