NITSCHE-XFEM WITH STREAMLINE DIFFUSION
STABILIZATION FOR A TWO-PHASE MASS TRANSPORT
PROBLEM

CHRISTOPH LEHRENFELD AND ARNOLD REUSKEN*

Abstract. We consider an unsteady convection diffusion equation which models the transport
of a dissolved species in two-phase incompressible flow problems. The so-called Henry interface
condition leads to a jump condition for the concentration at the interface between the two phases. In
[A. Hansbo, P. Hansbo, Comput. Methods Appl. Mech. Engrg. 191 (2002)], for the purely elliptic
stationary case, extended finite elements (XFEM) are combined with a Nitsche-type of method,
and optimal error bounds are derived. These results were extended to the unsteady case in [A.
Reusken, T. Nguyen, J. Fourier Anal. Appl. 15 (2009)]. In the latter paper convection terms are
also considered, but assumed to be small. In many two-phase flow applications, however, convection
is the dominant transport mechanism. Hence there is a need for a stable numerical method for the
case of a convection dominated transport equation. In this paper we address this topic and study
the streamline diffusion stabilization for the Nitsche-XFEM method. The method is presented and
results of numerical experiments are given that indicate that this kind of stabilization is satisfactory
for this problem class. Furthermore, a theoretical error analysis of the stabilized Nitsche-XFEM
method is presented that results in optimal a-priori discretization error bounds.

AMS subject classification. 656N12, 65N30

1. Introduction. Let Q C R%, d = 2,3, be a convex polygonal domain that con-
tains two different immiscible incompressible phases. The (in general time dependent)
subdomains containing the two phases are denoted by €, Q, with Q = Q; UQ,. The
interface T' := Q; Ny is assumed to be sufficiently smooth. A model example is a
(rising) droplet in a flow field. The fluid dynamics in such a flow problem is usually
modeled by the incompressible Navier-Stokes equations combined with suitable con-
ditions at the interface which describe the effect of surface tension. For this model
we refer to the literature, e.g. [4, 11, 18, 24, 12]. By w we denote the velocity field
resulting from these Navier-Stokes equations. We assume that divw = 0 holds. Fur-
thermore, we assume that the transport of the interface is determined by this velocity
field, in the sense that Vr = w - n holds, where Vi is the normal velocity of the inter-
face and n denotes the unit normal at I pointing from €2; into Q5. In this paper we
restrict ourselves to the case of a stationary interface, i.e., we assume w -n = 0. This
case is (much) easier to handle than the case of an non-stationary interface I' = I'(¢).
We restrict to this simpler case because even for that the issue of stabilization of the
Nitsche-XFEM method for convection-dominated transport problems has not been
investigated, yet. The case of a non-stationary interface will be studied in a forth-
coming paper. We comment on this further in Remark 7 at the end of the paper. We
consider a model which describes the transport of a dissolved species in a two-phase
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flow problem. In strong formulation this model is as follows, cf. Remark 1:

%+W~Vu—div(€Vu) =f in Q=12 tel0,T], (1.1)
[eVu-n]. =0, (1.2)

(Bl =0, (13)

u(+,0) =wo in Q; i=1,2 (1.4)

u(,t)=0 on 99, te€[0,T]. (1.5)

For a sufficiently smooth function v, [v] = [v]r denotes the jump of v across T, i.e.
[v] = (v1)jr — (v2)|r, Where v; = v|q, is the restriction of v to €;. In (1.1) we have
standard parabolic convection-diffusion equations in the two subdomains 27 and 5.
In most applications one has a homogeneous problem, i.e. f = 0. The diffusion
coefficient & = e(x) is assumed to be piecewise constant ¢ = &; > 0 in ;:

e=¢g >0 in ;.

In general we have e; # €5. The interface condition in (1.2) results from the conser-
vation of mass principle. The condition in (1.3) is the so-called Henry condition, cf.
[17, 23, 22, 5, 4]. In this condition the coefficient 5 = (x) is strictly positive and
piecewise constant 8 = 3; > 0 in ;:

5:ﬁl>0 in Qz

In general we have 81 # s, since species concentration usually has a jump disconti-
nuity at the interface due to different solubilities within the respective fluid phases.
Hence, the solution u is discontinuous across the interface.

REMARK 1. We briefly comment on the physical background of the interface con-
dition (1.3). It originates from Henry’s law, which is a constitutive law stating that for
a gas in equilibrium with its solution in some (liquid) solvent the solubility of the gas
in the solvent is proportional to the pressure of the gas. Since at constant temperature
the pressure is proportional to the concentration, one obtains a dimensionless Henry
constant as the ratio between the solvent-phase concentration of the solute and the
gas-phase concentration. Similar constitutive laws hold for many liquid-liquid-solute
systems at equilibrium, where the liquids are immiscible. Such constant concentration
ratio constitutive laws are valid only under isothermal conditions and in general the
solute concentrations have to be small, i.e. one considers sufficiently dilute solutions.
In systems that are mot in equilibrium one typically assumes a “local” equilibrium
at the interface, i.e. a constant concentration ratio at the interface, resulting in the
(Henry) condition (1.3). Clearly there is a dependence of the Henry coefficient 5 on
the diffusion coefficient € in the sense that if one changes the material system, resulting
in other diffusion coefficients ¢;, then also the Henry coefficient will be different. We
do not consider this dependence here and assume a fixed 5. The Dirichlet boundary
condition in (1.5) is used to simplify the presentation and the theoretical analysis.
Other, from a physical point of view more realistic, boundary conditions are used in
section 3 and remark 6.

In recent years it has been shown that for such a transport problem with an (evolving)
interface the Nitsche-XFEM method is very well suited [13, 20]. In [14, 15, 16, 1, §]
the application of the Nitsche-XFEM to other classes of problems is studied. In [13]
this method is analyzed for a stationary heat diffusion problem (no convection) with
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a conductivity that is discontinuous across the interface (¢; # e2) but with a solution
that is continuous across the interface (81 = fB2). In [20] the method is studied for
the parabolic problem described above, with 81 # (2 (discontinuous solution), and
with a convection term in (1.1). It is assumed, however, that the transport prob-
lem is diffusion dominated. In the papers [25, 7] domain decomposition methods
with Nitsche type conditions at the subdomain interfaces and streamline-diffusion or
interior penalty stabilization (for strong convection) are studied. In these papers,
however, the interfaces (subdomain boundaries) are aligned to the grids and therefore
an XFEM technique is not needed. In none of the above-mentioned papers, or in
other literature that we know of, the Nitsche-XFEM method is considered for a two-
phase transport problem as in (1.1)-(1.5) that is convection-dominated. In this paper
we treat this topic. We combine the Nitsche-XFEM method with one of the most
popular FE stabilization techniques for convection-dominated problems, namely the
streamline diffusion finite element method (SDFEM), cf. [21]. The resulting method is
presented in section 2. In section 3 the method is applied to convection-dominated test
problems and its performance is investigated. An error analysis of the Nitsche-XFEM
with SD stabilization is given in section 4.

2. The Nitsche-XFEM method with SD stabilization. Since we restrict to
the case of a stationary interface, the discontinuity in the solution is located at a fixed
position, independent of ¢, which then allows a rather standard weak formulation and
a corresponding discretization based on the method of lines approach. In this section
we present this weak formulation and the stabilized Nitsche-XFEM discretization. In
case of an evolving interface a space-time weak formulation and corresponding space-
time XFEM discretization is more natural, cf. Remark 7.

We describe the Nitsche-XFEM method as treated in detail in [20]. We first introduce
a suitable weak formulation of the transport problem. For this we need the space

H&(Q1 @] QQ) = {U S LQ(Q) | Vi, € Hl(QZ), 1=1,2, Vo = O}
For v € H (1 U Q) we write v; := vj,, 1 = 1,2. Furthermore
H:=1%Q), V:={ve H}( UQ) | [Bv)r=0}. (2.1)

Note that v € V' iff Bv € H}(2). On H we use the scalar product
(u,v)o := (Pu,v)p2 = / Buvdzr,
Q

which clearly is equivalent to the standard scalar product on L2(2). The corre-
sponding norm is denoted by || - [lo. For u,v € H(Q;) we define (u,v)1q, =
B fQ Vu; - Vv; dr and furthermore

(uav)l,ﬂlUQQ = (u7v)1791 =+ (va)LQm u,v € V.

The corresponding norm is denoted by | - |1,0,u0,. This norm is equivalent to

1
(II - 5 +1- |%,91U92) = [l,000,-
We emphasize that the norms || - |lo and || - [l1,0,uq, depend on 3. We define the
bilinear form
a(u,v) := (eu,v)1,0,u0, + (W-Vu,v)g, u,veV. (2.2)
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Consider the following weak formulation of the mass transport problem (1.1)-(1.5):
Determine u € W(0,7;V) := {v € L%(0,T;V) | v € L*>(0,T; V") } such that u(0) =
uo and for almost all ¢ € (0,7):

(%,v)o +a(u,v) = (f,v)p forall veV. (2.3)

In [20] it is proved that if the velocity field w satisfies divw = 0 in ;, i = 1,2,
w-n=0atT, and [|[W| =) < c < oo, then for f € H, and ug sufficiently smooth
the weak formulation (2.3) has a unique solution. For precise definitions of the gen-
eralized time derivatives used in the definition of W1(0,T;V) and in (2.3) we refer to
[20].

We describe the Nitsche-XFEM method for spatial discretization of the weak formu-
lation in (2.3). Let {75 }r>0 be a family of shape regular triangulations of Q. A trian-
gulation 7}, consists of simplices T', with hr := diam(7T') and h := max{hy | T € Tp}.
For any simplex T' € Ty, let T; := T N §; be the part of T' in ;. We now introduce
the finite element space

Vi ={v € H{(QUQ) | vy, islinear forall T €Ty, i=1,2.}.  (2.4)

Note that VI' € H}(Q1 U Qg), but ViI' ¢ V, since the Henry interface condition
[Bun] = 0 does not necessarily hold for v, € VhF.

REMARK 2. In the literature a finite element discretization based on the space
VX' is often called an extended finite element method (XFEM), cf. [3, 9]. Furthermore,
in the (engineering) literature this space is usually characterized in a different way,
which we briefly explain. Let Vj, C Hg(£2) be the standard finite element space of
continuous piecewise linears, corresponding to the triangulation 7. Define the index
set J = {1,...,n}, where n = dimV},, and let (¢;);cs be the nodal basis in V},.
Let Jr :=={j € J | [I'nsupp(¢;)| > 0} be the index set of those basis functions
the support of which is intersected by I". The Heaviside function Hr has the values
Hr(z) =0 for x € Q, Hr(z) = 1 for & € Qs. Using this, for j € Jr we introduce a
so-called enrichment function ®;(x) := Hr(x) — Hr(x;), where z; is the vertex with
index j. We introduce new basis functions ¢§ = ¢;P;, j € Jr, and define the space

Vi @ span{ qﬁg |jeJr}. (2.5)

This space is the same as V;I' in (2.4) and the characterization in (2.5) accounts for

the name “extended finite element method”. The new basis functions ¢g have the

property (bf(xl) =0 for all i € J. An L?-stability property of the basis (¢;)jczs U

(¢})je of Vji is given in [19].

Define (k;)jr = |T;|/|T|, T € Tn, i@ = 1,2, hence, k1 + ko = 1. For v sufficiently

smooth such that (v;)r, i = 1,2, are well-defined, we define the weighted average
{'U} = Iﬁ:l(’l)l)u'* —+ KJQ(’UQ)|F.

For the average and jump operators the following identity holds for all f, g such that
these operators are well-defined:

[fa] = {f}Hgl + [fHg} — (k1 — K2)[f][g]- (2.6)
Define the scalar products
(f 9)r = /F fgds, (f.9)ynri= S b7t [ fods,

TeTr Iz
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where 7;[ is the collection of T € Tj, with I'p = TNT # 0. With & := 3(e1 +&2) we
introduce the bilinear form

an(u,v) := a(u,v) = ([fu, {eVv-n})r — ({eVu-n}, [Bo])r + Ae([Bul, [Bv]) 1 prs (2.7)

with A > 0 a parameter that will be specified below. In the literature for a diffusion
dominated problem A is chosen as a “sufficiently large” constant. We will denote this

choice as the diffusive scaling A?. Using the mesh Péclet number Py, := 1||w|ch/
with [|W||oo := [|[W| £ (q) the analysis in section 4 motivates the condition
A <X <X = A max(Py,, 1) (2.8)

on A. The choice A = A° will be denoted as the convective scaling as in that case
the stabilization term ([Bu], [Bv])1 5 p in (2.7) scales with [|[w||e in the convection-
dominated case Pj, > 1.

REMARK 3. In practice the following localized variant of the parameter choice rule
for A is used. For T € T, we define the element Péclet number Pl := 1(|w| oo rhr /.
A generalization of the analysis in section 4 leads to the following condition on A = Ap:

M < Ap < X5 with AL = ¢, A = cmax(P],)1) (2.9)

The stabilization term A&([Bu], [Bv])1 j p in (2.7) is generalized to

£ Y Arhg! /F [Bu][Bv] ds.

In practice this variant typically performs better than the one with a global stabiliza-
tion parameter A.

Using the bilinear form ap(,-) we define a method of lines discretization of (2.3).
Let 4y € V;}' be an approximation of ug. For t € [0,T] let uy(t) € V' be such that
up(0) = 4o and

duh

(5
Opposite to the weak formulation in (2.3), in this discretization method the Henry
interface condition [Sup] = 0 is not treated as an “essential” interface condition in
the finite element space V{ This interface condition is satisfied only approximately
by using a modified bilinear form ap(-,-), which is a technique due to Nitsche. For
this semi-discretization optimal order error bounds are derived in [20]. In the analysis
in that paper it is assumed that the transport problem is diffusion-dominated. In
the evaluation of the bilinear form ay(+,-) one has to determine integrals over I". In
practice the weak formulation will be used with I" replaced by an approximation I'j,.

vn)o + an(up,vn) = (f,vn)o  for all vy, € VI (2.10)

We now add the streamline diffusion stabilization to this semi-discretization. Recall
that in a one-phase problem (set 8 = 1) in the SD approach one adds a residual term
of the form
8uh .
Z YT o +w - Vuy, —div(eVug) — f ) (w-Vuy) dz (2.11)
T

TETh

to the variational formulation. The choice of the stabilization parameter value ~yr is
discussed below. If, as in our case, one considers linear finite elements then the term
div(eVuy,) vanishes.



For the stabilization of the Nitsche-XFEM method we make obvious modifications
related to the fact that in the XFEM space, close to the interface we have contributions
on elements T'NCY; # T. For the stabilization we introduce a locally weighted discrete
variant of (-, )o:

(u,v)o,n = Z Z ﬂmT/ wvdx = Z ~yr(u,v)o 1 (2.12)

i=1 TeTs, T0Q; TET

For the choice of v we use a strategy as in the standard finite element method, cf.
[21, 10]. We take yr as follows:

[w]loo, T

2t f P
h
2.13
o {h?T/g if PT<I. (2.13)

Very similar results (both in the theoretical analysis and in the experiments) are
obtained if for the case P/’ < 1 one sets y7 = 0. Note that the stabilization parameter
~vr does not depend on the position of the interface within the element. We introduce
the following Nitsche-XFEM semi-discretization method with SD stabilization: For
t € [0,T) let up(t) € VI be such that up(0) = g and

d d
(ﬂyvh)o + (ﬂ,w -Von)on + an(un, vn) + (W - Vup, w - Vop)op
dt dt

= (f,on)o + (f,w-Vop)on forall v, € VL.

(2.14)

Clearly, this semi-discretization can be combined with standard methods for time
discretization to obtain a fully discrete problem. For example, the #-scheme takes the
following form, where for notational simplicity we assume that f does not depend on
t. Forn=0,1,...,N — 1, with NAt =T, set ug = 1o and determine uZH € V{
such that for all v, € VhF:

n+1 n n+1 n
up " — > <uh —uj >
S 2 ) + | 2—L, WV,
(g o)+ (s
+ap(0up T + (1= 0)uf,vp) + (w- (OVUT + (1 — 0)Vup), w - Vor)on
= (f,vn)o + (f,w - Vop)on-

(2.15)

In the numerical experiments in section 3 we used this method with § = 1.

REMARK 4. Above we considered the case of a stationary interface and an XFEM
space based on piecewise linears. Both the Nitsche-XFEM method and the SD sta-
bilization method presented above have a straightforward extension to higher order
piecewise polynomials. Note that for higher order finite elements in the SD stabiliza-
tion the term (div(eVuy), w - Vg ), ;, has to be taken into account, cf. (2.11).

3. Numerical experiments. In this section we present results of numerical ex-
periments to illustrate properties of the stabilized Nitsche-XFEM method introduced
above. We investigate the effect of the choice of the stabilization parameter X in the
Nitsche term. In section 3.1 we consider two stationary convection-diffusion problems
with a Henry interface condition in two space dimensions. The first problem in section
3.1.1, which has a known smooth solution, is used to illustrate the optimal conver-
gence order of the stabilized method. The second problem in section 3.1.2, which has
a known solution with an interior layer, illustrates the effects of SD stabilization. In a
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lenllo [w-Venllo lenlllz2(r)

conv | eoc diff | eoc conv | eoc diff | eoc conv | eoc diff | eoc
1.67e-1 - 1.75e-1 -1 1.58e-0 -1 1.57e-0 -| 1.25e-2 -15.76e-1 -
4.41e-2| 1.9(4.41e-2| 2.0| 7.83e-1| 1.0|7.83e-1| 1.0| 2.06e-3| 2.6 | 1.14e-1| 2.3
9.58e-3| 2.219.62e-3| 2.2| 3.88¢-1| 1.0|3.88e-1| 1.0| 5.60e-4| 1.9|2.76e-2| 2.1
2.04e-3| 2.2 (2.06e-3| 2.2| 1.93e-1|1.0[1.93e-1| 1.0| 1.13e-4| 2.3|6.03e-3| 2.2
4.57e-4| 2.2 14.60e-4| 2.2| 9.62e-2| 1.0|9.62e-2| 1.0| 3.48e-5| 1.7|1.76e-3 | 1.8
1.07e-4| 2.1|1.07e-4| 2.1 | 4.80e-2| 1.0|4.80e-2| 1.0| 1.08e-5| 1.7 |5.40e-4| 1.7

TABLE 3.1
Ezample of section 3.1.1: Errors on siz refinement levels.

S UL W N =

third example, which is given in section 3.2, we consider a transient spatially 3D trans-
port problem as described in section 1. The example demonstrates the performance
of the (un)stabilized Nitsche-XFEM method for a more realistic case. We consider
two extreme cases for the penalty term of the Nitsche formulation. The one choice
Ap = )\dT is denoted as the diffusive scaling(diff) whereas the other choice Ap = A5
is denoted as the convective scaling(conv). Furthermore in all the experiments we use
a slightly different stabilization parameter as in (2.13):

1 h : T
NS IS -k e A (3.1)
0 it pPr'<i1

This choice can also be found in [10].

3.1. Stationary mass transport problems. We start with two examples in
two space dimensions with a known solution.

3.1.1. Problem with a smooth solution. We consider a two-dimensional sta-
tionary problem with a smooth solution. The interface isI" = {y = 0} and the domains
are Oy = [—1,1] x [-1,0] and Q5 = [-1,1] x [0, 1]. The piecewise constant coeflicients
g, B are chosen as ¢ = (g1,62) = (2-1077,1-1077), B = (B1,52) = (3,2) and a
stationary velocity field is given by w = (1,0). We adapt the right hand side f and
the Dirichlet boundary conditions such that «* defines the solution to our problem,
with

. _f Zsin(m(z+vy)) for (z,y) €D,
u(@,y) = { sin(r(z + %y)) for (z,y) € Qo.

The problem is solved on an unstructured mesh with 240 elements (on the coarsest
level) by the proposed stabilized method. The coarsest mesh (L = 1) is uniformly
refined five times. The norms used in the error analysis of section 4 for the error
en, = u — uy are listed in Table 3.1. We observe the expected linear convergence
in the norm ||w - Vep|lo. The (3-weighted) L?-norm converges with O(h?) which is
half an order better than in the estimates. For the interface jump error the order of
convergence appears to be smaller than two, but larger than 3/2 for both scalings of
the Nitsche stabilization while the convective scaling leads to an interface error which
is roughly 100 times smaller than for the diffusive scaled Nitsche method.

3.1.2. Problem with a sharp layer. In this example a two-dimensional sta-
tionary problem with a parabolic layer at the interface is considered. The interface is
I' = {y = 0} and the domains are Q; = [0.25,2] x [—1,0] and Qs = [0.25,2] x [0, 1].
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The piecewise constant coefficients e, 3 are chosen as € = (g1,€2) = (9-1077,4-1077),
B = (B1,P2) = (27,11) and a stationary velocity field is given by w = (1,0). We
adapt the right hand side f and the boundary conditions such that the solution to
our problem is given by

%y) for (z,y) € Q,

Y) for (z,y) € Qq

eXp(

where the constants C,, and C), are chosen s.t. the width of the layers at the outflow
(z = 2) is approximately 10% of the domain size. The solution close to the interface is
displayed in Figure 3.1. According to the solution u* we prescribe Dirichlet boundary
conditions on dQp := {z = 0.25} and Neumann boundary conditions eVu -n = g on
N\ 90p.

The problem is discretized on an unstructured triangular mesh with 400 elements
on the coarsest mesh which is uniformly refined five times. Apart from the error in
the weighted interface jump the errors are measured in Q = {|y| > 0.1} away from the
interface. In Figure 3.1 and 3.2 the convergence of the errors in the (3-weighted) L?-
norm of the solution and the streamline derivative as well as the interface jump error
are displayed. We observe that the error of the streamline derivative is drastically
improved by the stabilized methods. In contrast to the stabilized methods the error of
the unstabilized methods are not even monotonously decreasing. In the (8-weighted)
L?-norm one also observes a significant improvement of the stabilization. Concerning
the different scalings of the Nitsche stabilization it is expected that the convective
scaling leads to a better resolution of the interface jump condition. This is confirmed
by the results in Fig. 3.1 (right).

solution u* Iler]ll Loy

0.8 -

0.6 -

0.4 |-

02 g 0.01 | Nitsche-XFEM(diff) ——=— . 4
Nitsche-XFEM(conv) ----@--- \‘\..
SD-Nitsche-XFEM(diff) - -e- - 1
SD-Nitsche-XFEM(cony) —--m----
0t L L 0.001 T T T I
0.2 0.1 0.2 0 1 2 3 4 5
y number of refinements

Fi1c. 3.1. Ezample of section 3.1.2: Solution at in- and outflow (left) close to the interface and
interface jump error(right).

3.2. Transient mass transport problem.

3.2.1. Problem description. We consider a time dependent problem with a
stationary interface. The domain € := [0, 2]x[0, 2]x[0, 1] is separated into a cylindrical
domain Q; := {(z,y,2) € R®: (x —1)* + (y — 1)® < R?}, with R = 0.25, and Qy :=
Q\ Qi by the stationary interface T' := 9 \ 9. The piecewise constant coefficients
g, B are chosen as € = (g1,62) = (107%,2-107%), B8 = (B1, B2) = (3,1) and a stationary
velocity field is given by

wla, = (0,0,0), wla, = (1+ R*(d, —d3)r~*, —2R*(dyd,)r*, 0) (3.2)
8



0.0 [[w- Vexrlloa

1 T T 100 T T

Nitsche-XFEM(diff) - \\ ' Nitsche-XFEM(diff) — Ny
Nitsche-XFEM(conv) ===-@--- \ Nitsche-XFEM(Conv) =--@-=- e
0.001 SD-Nitsche-XFEM(diff) = -e- = = SD-Nitsche-XFEM(diff) = -e- - m—
SD-Nit§che-XFEM(§:onv) e ‘ ) SD-Nitgche-XFEM(gonv) — ‘
0.01
0 1 2 3 4 5 0 1 2 3 4 5
number of refinements number of refinements

Fic. 3.2. Example of section 3.1.2: Errors away from the layer on six refinement levels.

where d,, ==z — 1, dy :=y — 1 and r := (d2 + d2). A sketch of the domains and of
w in term of field-lines is given in Fig. 3.3.

F1G. 3.3. Sketch of interface position and flow field (left) and mesh (right)

The assumptions on the velocity field made in section 1 are satisfied: divw = 0
in both domains and w -n = 0 on I'. We impose a Dirichlet boundary condition on
Mp = {(z,y,2) € Q : x = 0}, s.t. ulsq, = 0.05 and a homogeneous Neumann
boundary condition eVu-n = 0 on 9Q \ 9Qp. As initial condition we take v = 0
on Q1, u = 0.05 on Q5. Note that this initial condition does not satisfy the Henry
interface condition (1.3).

This time dependent convection-diffusion problem is strongly convection domi-
nated with a physical Péclet number Py, := @ ~ 2-10*. Furthermore, due to the
inconsistent (w.r.t. condition (1.3)) initial condition a parabolic boundary layer of
thickness O(v/et) at the interface will form directly after ¢ = 0, independent of the
velocity field. For t — oo the solution converges to the stationary piecewise constant
function v = 0.05 37!. In Fig. 3.4 the solution along a line is displayed, where one
observes the predicted boundary layer behavior. In the experiments we consider ¢ = 1.

3.2.2. Discretization. We use the mesh with 30000 elements displayed in Fig.
3.3 with an average mesh size h = 0.05 and element Péclet numbers up to PhT ~ 250.
Thus, the mesh resolution is too low to resolve the boundary layer (for ¢t < 1).
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0.05 | == ‘ ‘

T

0.04

stationary ca

0.03 - B

0.02 B

concentration

0.01

0t | | | a* Y T t N — T T
0.73 0.74 0.75 0.76 0.77 0.78 0.79 0.8 0.81 0.82

x-coordinate

Fic. 3.4. Concentration profile through line v4 := {(z,y,2) € Q :y = 1,z = 0.5} for several
values of t. One can observe the predicted O(V/et) sized boundary layer.

In the discretization we use a (sufficiently accurate) polygonal approximation I'j, of
the interface. This introduces an additional error which is not analyzed here but
is considered to be sufficiently small and to have negligible effect on the accuracy
and stability properties of the (stabilized) Nitsche-XFEM method. We are primarily
interested in the accuracy of the spatial discretization. Hence, in the implicit Euler
method (2.15) we choose a small time step size At = 1074, such that the total
discretization error is dominated by the spatial discretization error.

Again we consider the same four methods as in section 3.1. We computed a reference
solution on a very fine 2D mesh which is aligned to the interface and resolves the
boundary layer for + > 10~2. This reference solution is used to provide the profiles in
Fig. 3.4 and the reference profiles in Fig. 3.6 below.

3.2.3. Numerical results. In Fig. 3.5 the numerical solution in the plane z =
0.5 at t = 1 (where the boundary layer has a width of approximately 0.01 in Q) is
shown for four different methods. Below each picture we also give the L? norm of the
jump [Bup] on the approximate interface I'y,.

We observe several effects. The first one also occured in the numerical experiment

treated in section 3.1: if one considers the different scalings in the Nitsche method,
i.e. the left and the right columns in Fig. 3.5, then the convective scaling results
in a better approximation of the interface condition. But it also increases the effect
of non-physical oscillations. Comparing the first and the second row in Fig. 3.5, we
see that the streamline diffusion stabilization suppresses the oscillations whereas the
quality of the approximation of the interface condition is not negatively affected by
this stabilization.
In Fig. 3.6 the numerical solutions of the same four methods as in Fig. 3.5 together
with the reference solution, on the line z = 0.5, y = 1.0 in {23 at time ¢ = 1 are shown.
One can observe that the boundary layer which is represented well by the reference
solution is not resolved accurately by any of the four methods. Especially for z > 1.25,
i.e. downwind of ©; none of the methods yields a discrete solution that is close to
the reference solution. The solutions uy of the SD-Nitsche-XFEM methods are much
smoother than the solutions obtained without stabilization and upwind of €2y, where
the solution is almost constant outside the boundary layer, it is very accurate.

In Fig. 3.7 the results of the SD-Nitsche-XFEM methods on three successively
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Fic. 3.5. Numerical solution in the plane z = 0.5 at t = 1 for Nitsche-XFEM (top) and SD-
Nitsche-XFEM (bottom), with diffusive scaling (left) and convective scaling (right) of the Nitsche
stabilization.

0.052 —
A
0.05 fF— P AR )
0.048 ) -
c  0.046 | ,'
o "
E i
s} 0.044 - i
< "
g i
S 0.042 - |
o
9]
0.04 i
Nitsche-XFEM(diff) —-—-—-
0.038 L Nitsche-XFEM(conv) =========- |
' SD-Nitsche-XFEM(diff) = ===
SD-Nitsche-XFEM(conv) —--—-- -
0.036 - reference | _
[
0 0.5 1 1.5 2
X

F1G. 3.6. Numerical solutions on the line z = 0.5,y = 1.0 at time t = 1 obtained with Nitsche-
XFEM, SD-Nitsche-XFEM, and the reference solution.

(uniformly) refined meshes are shown. The resolution of the boundary layer at t = 1
improves if the grid is refined, but on level 3 the discrete solution downwind of €4
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concentration
concentration

SD-Nitsche-XFEM(dIff) L1 ————
SD-Nitsche-XFEM(diff) L2 ----------
SD-Nitsche-XFEM(diff) L3 = = - =
0036 __reference

SD-Nitsche-XFEM(conv) L1 —--—---
SD-Nitsche-XFEM(conv) L2 «wswswe-es
SD-Nitsche-XFEM(conv) L3 = ===

0.036 | reference

0 0.5 1 15 2 0 0.5 1 15 2
X X

Fi1G. 3.7. Numerical solutions on the line z = 0.5,y = 1.0 at time t = 1 obtained with SD-
Nitsche-XFEM applying the convective scaling (left) and the diffusive scaling (right) on three con-
secutively refined meshes and the reference solution.

is still not in good agreement with the reference solution. This can be interpreted
as follows. For small times ¢ the boundary layers are much smaller, namely O(v/et),
cf. Fig. 3.4, and cannot be resolved. For small ¢ we thus have (very) large spatial
discretization errors. If time evolves until ¢ = 1 these large errors are transported
in downwind direction and are only mildly damped. This time dependent transport
effect causes the large errors downwind of €; (x > 1.25) in Fig. 3.6 and 3.7.

4. Error analysis. In this section we present an error analysis of the Nitsche-
XFEM with SD stabilization. We investigate the bilinear form

ap(u,v) == (eu,v)1,0,u0, + (W - Vu,v)o + &(u, v)o
— ([Bul. {eVo - n})r — ({eVu-n}, [Bol)r + AS((Bul, [36]) r
+ (u+w - Vu,w - Vu)g

on Wyeg + Vi, with VI' the XFEM space, cf. (2.4), and Wyeg == {u € H}( U
Qo) [ug, € H?($;), i = 1,2}. Compared to the transport problem considered above
we introduced an additional zero order term &(u,v)o, with a given constant £ > 0.
This is standard in the analysis of convection-dominated problems (cf. [21]), since
only if this zero order term is present (£ > 0) one can derive uniform error bounds in
the L2-norm. We derive an error bound for the Galerkin projection of u € Wieg On the
XFEM space V', cf. Theorem 4.7 below. We start with the main assumptions used
and introduce additional notation. To obtain estimates that are uniform with respect
to the parameter £, we have to generalize the choice of of the stabilization parameter
yr. If € = 0 we take yr as in (2.13). For the case £ > 0 we take yr = min{¢~1, 7(T2'13)}.
This parameter choice is essentially the same as in [21]. The following estimates can
be derived:

_ 1 _
Yr€ <1, | Wlloor < 2hp,  7'hi < ERG + §||W\|oo,ThT +é&. (4.1)

The family of triangulations {7 }r>0 is assumed to be shape regular, but not neces-
sarily quasi-uniform. The triangulation 7} is not assumed to be fitted to the interface
T', but the resolution close to the interface should be sufficiently high such that the
interface can be resolved by the triangulation, in the sense that if T NT =: I'r #
then I'r can be represented as the graph of a function on a planar cross-section of
T (cf. [13] for precise conditions). In the analysis of the Nitsche-XFEM method an
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interpolation operator I} : Wieg — Vil plays an important role. We recall the def-
inition of this operator. For i = 1,2, let R; be the restriction operator to €;, i.e.,
(Ryv)(z) = v(z) for x € Q; and (R;v)(x) = 0 otherwise. Let & : H?(Q;) — H?(Q) be
a bounded extension operator with &v = 0 on 92, and I, : H*(Q)NHL(Q) — Vj, the
standard nodal interpolation operator corresponding to the space V}, of continuous
linear finite elements. The XFEM interpolation operator is given by

I = RiIL,E Ry + RolnEsRo.

Define T; := T'N ;. Note that T; can be very shape irregular. The constants that
occur in the estimates in this section are independent of the shape regularity of T;.
For the interpolation operator I }I; optimal (local) interpolation error bounds can easily
be derived (cf. [13, 19]). The following holds:

|lw — I,SuHHm(Ti) < |&Riu — I;LSiRiuHHm(T)

o m (4.2)
<chy " &Rl g2y, m=0,1,2, for u € Wie.

In the analysis below we use the assumptions divw = 0 on Q, [|W||~(q) < oo and
w-n=0onTI.

We are particularly interested in the convection-dominated case, and therefore
allow ¢ = %(61 + &9) J 0, but we assume the ratio between €; and 5 to be bounded,
i.e. for i = 1,2, we have &/e; < ¢ with a uniform (for € | 0) constant c.

We assume that the constants §; used in the Henry condition are of order one.
We will need several norms related to the Nitsche stabilization and the streamline
diffusion stabilization. The inner products (-, -)o and (-, -)1,0,un, (With corresponding
norms ||-{|o and |- |1,0,un, ) have been defined above in section 2. These inner products
depend on a weighting with 3, but this causes no problem since § is assumed to be of
order one. For the streamline diffusion stabilization we introduced the inner product

(u,v)o,n = D per, Y7(w,v)o,r With corresponding norm denoted by || - [lo,n. In the
analysis of the Nitsche method the following norms are used:
HUH;h,r = (va)%,h,l‘: Z h;1||v||%2(FT), HU”Q,%,;Z,F = Z hTHU”%z(rTy
TeTY TeT)

Recall that 77LF is the collection of T' € T, with ' = TNT # (). We first derive
interpolation error bounds in different norms, which turn out to be useful.
The constants used in the results derived below are all independent of X, &, €, h, ||w||,
and of how the interface T intersects the triangulation Ty, (i.e. of the shape regularity
of Ty).

LEMMA 4.1. For u € Wyeg the following interpolation error bounds hold:

lu— Tyullo < ch?|[ull2.0,u0. (4.3)
lu — I ul1.0,00, < chlullz.0,u0, (4.4)
Vellu = Iiullon < ch®[[ull2,0,00, (4.5)
w - V(= L) lo < cllwllZh* [fullz.0,00, (4.6)
2
D IRi(u— w)lly g < chllullz,u0, (4.7)
) i=1
S lin- VR (= 1wl s pr < chllullzg,un. (48)
i=1
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Proof. The results in (4.3), (4.4) are known in the literature, e.g. [13, 19]. Using
the choice of the stabilization parameter vy we obtain

Ellu = Tiulls, = Y &yrllu—Thu
TeTh

and thus the result in (4.5) holds. The result in (4.6) follows from

57 < lu = Tyull§ < chull3 0,00,

2
lw-V(u—Lw)§n= D vrlw V- Luwlgr <Y Y vrlwlirle - Luf g,
TET i=1T€T;,

< cllwllz= @ hlu = Tyulf 0,00, < clWilz=@h?[lul3 o,00,-
The results in (4.7), (4.8), are derived in [13]. The essential ingredient is the following
result:

[wl|Zs 0y < e(hz lwl|Zo () + hrlwlf p)  for all we HY(T),

which holds for all T' € 7? and with a constant ¢ that is independent of the shape
regularity of Ty, cf. [13, 12]. For completeness we give a proof of (4.7):

2 2
> I Ri(u— Ll r= > hptlEiRiu — i Ryul[ 2y
i=1

i=1 Te'TJ

2
S CZ Z (h;2||5ZRlu — IhElRluH%g(T) + |(€1R1U — Ih&Riu\iT)
i=1 TeTy

2 2
<ch®Y Y0 ERwul3r < ch® Y IERul3 o < ch®|ull3 0,00,

i=1TeTy i=1
The result in (4.8) can be proved with similar arguments. O

As we will see below, we can derive an ellipticity and continuity result for the bi-
linear form ap(-,-) with respect to a suitable norm. As expected this norm involves
terms that come from the Nitsche stabilization and from the streamline diffusion
stabilization. To simplify the presentation we split the bilinear form in two parts
(corresponding to Nitsche and streamline diffusion stabilization) and first consider
these two parts separately. Afterwards the results for these two parts can easily be
glued together. We use the splitting

an(u,v) = a (u,v) + a3P (u, v)
a (u, v) = %(Eu,’u)l)glugz — ([Bu], {eVv -n})r — ({eVu - n}, [Bv])r
+ AE([Bul, [BV]) 1 r

1
afD(u, v) = 5(6u, V)1,0,00, + (W Vu,v)o +&(u,v)o + (§u+w- Vu,w - Vu)g .

Corresponding norms are defined as

1
2 _
= —£
Il = 5élv

1_
ol = 32t

12100, + 28] [BY] ||2%,h,1"’

1.0, HENVIE+ Iw - Vollg .
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LEMMA 4.2. There exists a constant ¢ > 0 such that
a;fD(vh,vh) > cllvnl|zp  for all wy, € V,f
Proof. We apply partial integration to the term (w - Vuy, vp)o. Since vj, may be

discontinuous across I' we have to split the integral. Using w - n = 0, divw = 0 and
vp(x) = 0 for € 02 we obtain

2 2
(w - Vg, vp)o = Z Biw - Vo vp dx = Z/ Bivi w - ng ds
= o — Joounon

2 4.9
+/F[Bv,21}w~nds—;/ﬂi Biw - Vo vy + B(div w)vj, da (19)

= —(W . Vvh,vh)o.

Hence, (w - Vup, vp,)o = 0 holds. Furthermore, using yr£ < 1 we get

f(Uh, W VU}L)O,}L = g Z ’YT(’Uh, W VU}L)O,T

TEThH
1
<5 2 Ealonlr +vrlw - Vol
TETh
1 , 1 )
< 5’5”“’1”0 + §||W - Vurllg p-

Hence,

1 .
a5 (on, vn) = 5 minfer, ea}onlE 0,0, + Elonld + W - Vonld, + E(on, w - Voo
_ 1 1
> cellunll? g0, + S€l0nlE + 51w Fonli3

with a constant ¢ > 0 which depends only on the ratio between ¢; and €9, which is
assumed to be bounded. O

LEMMA 4.3. There exists a constant ¢ such that

ai P (u—TI}u, vp) < c(VE+V/|[Wllach+V/ER) h|ull2.0,00. [vnllsp Y u € Wieg, vi, € Vi .

Proof. We use the notation ey, := u — It u and recall the definition of a3 (-, ):

1
ay®P (e, vn) = 5(56havh)l,ﬂlqu +(w-Ven, vp)o+E(en, vn)o+(en+w-Vey, w-Vup)o .

Using the interpolation error bounds of lemma 4.1 we obtain

—(een,vn)1.0,00, < cVEh||ull2.0,00.|vnlsD

2
E(en,vn)o < ev/ER |Jul|2,0,00.lvnllsD
E(en, W - Vun)on < e/Eh?||ull2,.0,u0, [vnllsp

1
(w-Vep,w-Vup)on < cHwHéohl% [l

2.2,u0 ||Vn|lsD-
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To the term (w - Vep, vy )o we apply partial integration as in (4.9), resulting in

1
(W Ven,on)o = —(en,w - Vor)o < (D 7 llenlld z)* llonllsp
TETh

1
< c(&h® + ||Wlloch + )2 h|ull2,0,u0. lvallsD,
where in the last inequality we used the bound for . 1h2T given in (4.1). Combining

these estimates completes the proof. O

We now turn to the analysis of the Nitsche bilinear form a? (-, -). We need the following
inverse inequality given in [13].
LEMMA 4.4. There exists a constant c; independent of € such that

I{eVuy, - n}||_%,h71~ < crélopli,0,u0, for all vy, € VhF.

Proof. Lemma 4 in [13]. O

We now derive an ellipticity result for a} (-, ):
LEMMA 4.5. There exist constants ¢y > 0, ¢s > 0 such that for A > c;

aflv(vh,vh) > cl||vh|\?v for all vy € VhF.

Proof. Define é = 3~ min{e1, e} < 5 and take A > 4c7é~" with ¢ from lemma 4.4.
The following holds:

af (vn,vn) > élonl? 0,00, — 2180l cl (eTon - m} 1y r + AENBOAI

> ézlunlt g,00, — 2¢rE[Bun]ll1 prlvnlo00, + AE_H[ﬂvh]Hé,h,p
1, _ i =

z5 Elonli o0, + (A = 2¢ieDEl[Buallli
1. 1. «

> §C€\Uh|f,nlu92 + 5/\6\\[ﬁvh]\|éh,p > ellonlly-

LEMMA 4.6. There exists a constant ¢ such that for X > 0
1
ap (u—Iyu,vp) < eVE(VA+ ﬁ)h”uHZQlUQQ [onlln

holds for all w € Wyeg, vy € Vhr.
Proof. We use the notation ey, := u — I+ u and recall the definition of al) (-, -):

ap (en,vp) = %(aehvvh)l,ﬂlunz — ([Ben], {eVon - n})r — ({eVey - n}, [Bup))r

+ Ae([Ben], [Bon]) 1 pr-

Using the interpolation error bounds of lemma 4.1 and the inverse inequality in
16



lemma 4.4 we obtain

1
7(Eeh7 Uh)LQlUQQ < C\/thu||27QlUQQ th”N

2
—([Ben]; {eVun - n})r < |[|[Ben]ll 1 nrl{eVon -nt| 1 5 p
2
< e ||Rienll 1 prlvnliou0, < eVEh|ullzo,ua, vnlx
=1

—({eVen -n}, [Bon])r < [{eVen -n}|_y p rlllBvalllz nr

2
< ng In-VRien|_1 nrlllBoallls pr

21
i=1

g
< eyf = bl calonlls

A&([Benl, [Bon]) g e < AllBen]ll g nrll[Bonllly i < eVEXRIullz,0,00, l[onllx-

Combination of these estimates and using % + VA > 1 proves the result. 0

We now combine the estimates derived above for alY (-,-) and ajP(-,-). For this we
introduce the norm

ol = ol + vl3p = elvli 0,00, +EllVIE + W - Vo

2+ A2l B0ll3 e
Note that the two terms ||W'V’UH(2)’h and \é||[Bv] HQ%,h,I‘ originate from the stabilization
terms in the streamline diffusion and the Nitsche method, respectively.

We discuss the choice of the stabilization parameter A in the Nitsche method.
For the error analysis in the norm || - || it is natural to balance the upper bounds in
lemma 4.3 and in lemma 4.6 to derive an upper bound for A. For simplicity we make
the (weak) assumption that £€h? < c(£+||w| sh) holds, i.e. in the bound in lemma 4.3
the factor vz + /||wl|/sch + v/Eh can be replaced by V& + /|| w|lsoh. The factor
VE(WX +1/v/X) in the upper bound in lemma 4.6 should balance the latter factor,
ie., VE+ /[[Wleoh = VE(WA +1/v/X). This leads to the choice as in (2.8), namely
A=)\ = cmaX(%Hmeh/é, 1). It is, however, not necessary to balance the upper
bounds; if we take A = A? = ¢ > 0, then the bound in lemma 4.6 is smaller than the one
in lemma 4.3. We take ¢ = ¢, cf. lemma 4.5, to guarantee ellipticity. A slightly refined
error analysis leads to a localized variant of this parameter choice given in remark 3.
In the remainder we assume A4 < X\ < € as in (2.8), with ¢ = ¢4, cf. lemma 4.5. To
simplify the presentation, we assume ||w||.c = O(1) and in the estimates below the
terms ||w||oo are absorbed in the constant ¢. In convection-dominated problems with
|[W|loo > 1 one can derive corresponding modified estimates.

From the interpolation error bounds in lemma 4.1, and using Az < ¢(&+||w||soch) <
¢(€ + h), we obtain

lu — IFul) < c(VE+ Vh+ \/gh)h\|u||27glug22 for all u € Wieg. (4.10)

THEOREM 4.7. For u € Wyeg let Rgu € VhF be the Galerkin projection for the
bilinear form ap(-,-), i.e. ap(Rgu,vy) = an(u,vp) for all v, € VI. The following
holds:

lu — Reul| < ¢(VE+ Vh+ /Eh)h|u
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The constant c is independent of &, h, £ and of how the interface ' intersects the
triangulation Tp,.

Proof. The proof uses standard arguments. Define y, = Rgu — I} u € VL. Using
the results in the lemmas above we obtain, with a suitable ¢ > 0,

Il = el + IxaliZp < ead Gon xn) + a5 Cens xa))
= canlxn xn) = can(u— Ifu, xu) = cafl (u— I, xa) + cag”

< c(VE + Vi + VER)h|ull2.0,00. Ixn]-

(U - Iil;ua)(h)

The result follows from a triangle inequality and the interpolation error bound in
(4.10). O

We comment on the bound derived in (4.11). For the diffusion dominated case, i.e.
€ ~ 1, this result reduces to results known in the literature. We discuss the convection
dominated case € < ||w||ooh with € € [0,1] and write ep, := u — Rgu. Furthermore we
assume h < chr (quasi-uniformity of the family of triangulations). Using h < cvyr for
all T € T, we obtain from (4.11)

lw - Venllr2(0) < chl|ull2,0,uq,-

Hence, as for the streamline diffusion finite element method with the standard linear
finite element space, we have an optimal error bound (uniformly in &) for the derivative
of the error in streamline direction. The estimate (4.11) also implies

Aell[Benllli . r < ch’llull3 o, u0,-

For the convective scaling we have A& ~ ch and thus obtain ||[Bep,]| £2(r) < ch2 ||ul|2.0,00,
uniformly in . For the diffusive scaling we have A ~ ¢ and thus obtain a worse bound
I1Ben]ll L2y < ch257 2 ||ul|5.0,u0,. Finally, if we take &€ > 0 we obtain an L?-norm
error bound that is the same as for the streamline diffusion finite element method
with the standard linear finite element space, namely

C 1
lenllzzo) < e h'2 [|ull2,0,u0,-

REMARK 5. Asnoted in Remark 4, the SD-Nitsche-XFEM method has a straight-
forward extension to finite elements of higher order. We comment on the generaliza-
tion of the error analysis presented above to the higher order case. The interpolation
error bounds in Lemma 4.1 can easily be generalized to higher order extended finite
elements. The result in Lemma 4.4 also holds for higher order elements, cf. [2]. Using
this the results for the Nitsche bilinear form in the Lemmas 4.5 and 4.6 can be gener-
alized. In the analysis of the streamline diffusion bilinear form, however, a difficulty
arises related to an inverse inequality needed in the analysis. For higher order finite el-
ements the term (div(eVuy), w-Vup)o , arises in the streamline diffusion stabilization.
In the analysis of the streamline diffusion method for a standard higher order finite ele-
ment space V}, one uses an inverse inequality of the form ||Awy, o7 < uinvh;1 |vp |1, for
all vy, € Vj,, cf. [21]. Such a result does not hold in a higher order XFEM space, since
the supports T; = T'NQ; of the additional (discontinuous) basis functions can be very
shape irregular. We only have ||Avpljo,1, < u(ﬂ)hiwvhh_@ with a factor u(T;) that

depends on the shape regularity of T;. To control this, instead of min{¢ _1,7512 '13)},
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one can choose a stabilization parameter v, that is sufficiently small. This would
yield a stability result as in Lemma 4.2. If, however, this parameter is “too small” it
is not likely that a result as in Lemma 4.3, which uses the third inequality in (4.1),
still holds. We did not investigate this further.

REMARK 6. For the proposed stabilized semi-discretization (2.14) for the case of
a stationary interface, i.e. w-n = 0, there holds a mass conservation property. Define
the inflow boundary by 9Q_ := {z € 9Q | w - ng < 0}, where ng is the outward
pointing unit normal on 0%, and 9Qy = 90\ IQ_. Instead of (1.5) we consider

(uw —eVu) -ng =uyw-ng on 9N_, t €[0,7T)

(4.12)
eVu-ng=0 on 094, t€[0,T],

with u; a given mass inflow function. Integrating the equations in (1.1) over 2, and
using the relations in (1.2), (4.12), we obtain the global mass conservation property

d
— ud:c—i—/ uIW-nst—l—/ uw-ngds:/fdac. (4.13)
dt Jo a0 90 Q

We show that an analogon of the conservation law (4.13) holds for the Nitsche-XFEM
stabilized discretization. Due to the modification of the boundary condition the
XFEM space we use is given by Vi := {v € H (Q; UQy) | vy, is linear for all T €
Tr, ¢ = 1,2.} and the discretization in (2.14) is modified by adding the boundary inte-
gral — [, Bupvpw-ngds totheLhs. and — [, Busvpw-ngds to the r.h.s.. Taking

the test function 4~1 € V in the modified version of (2.14) all terms with Vv;, vanish
and for the Nitsche bilinear form, cf. (2.7), we have ay(un, 371) = (w - Vup, B71)o.
Partial integration for the term (w - Vuy, 371)g = Jo W - Vuy, dz results in

d
— uhdx—F/ UIW'nQd3+/ uhw~ngds:/fda:,
dt Jo o0 a0 Q

which is the discrete global mass conservation analogon of the one in (4.13).

REMARK 7. In the error analysis in section 4 we only studied the bilinear form
for the quasi-stationary problem. Based on the techniques presented in the recent
paper [6] it may be possible to derive, for the case of a stationary interface, error
bounds for the semi-discrete problem (2.14).

In view of applications the case of a non-stationary interface I'(¢) is much more
interesting than that of a stationary one. We comment on a generalization of the
method in (2.15) to the former case. For an evolving interface I'(¢), instead of the
weak formulation in (2.3), one has to consider a space-time variational formulation
to obtain a well-posed problem, cf. [12]. A discretization of the time derivative by
means of finite difference approximations (as done here for a stationary interface)
does no longer lead to a consistent discretization if the interface I'(t) is moving in
time. A discretization based on a space-time formulation using a suitable space-time
extended finite element space should be used. This can be combined with a space-time
streamline diffusion stabilization. The development and analysis of such a space-time
SD-Nitsche-XFEM method is a topic of current research.

Acknowledgement. The authors gratefully acknowledge funding by the Ger-
man Science Foundation (DFG) within the Priority Program (SPP) 1506 “Transport
Processes at Fluidic Interfaces”. Furthermore, we thank the referees for their com-
ments, which led to significant improvements of the original manuscript .

19



(1

2]
(3]

(4]

22]

23]
24]

[25]

REFERENCES

R. BECKER, E. BURMAN, AND P. HANSBO, A Nitsche extended finite element method for in-
compressible elasticity with discontinuous modulus of elasticity, Comput. Methods Appl.
Mech. Engrg., 198 (2009), pp. 3352-3360.

, A hierarchical nzfem for fictitious domain simulations, Int. J. Num. Meth. Eng., 86
(2011), pp. 549-559.

T. BELYTSCHKO, N. MOES, S. Usul, AND C. PARIMI, Arbitrary discontinuities in finite elements,

Int. J. Num. Meth. Eng., 50 (2001), pp. 993-1013.

. BoTHE, M. KOEBE, K. WIELAGE, J. PRUSS, AND H.-J. WARNECKE, Direct numerical simu-
lation of mass transfer between rising gas bubbles and water, in Bubbly Flows: Analysis,
Modelling and Calculation, M. Sommerfeld, ed., Heat and Mass Transfer, Springer, 2004.

D. BoTHE, M. KOEBE, K. WIELAGE, AND H.-J. WARNECKE, VOF-simulations of mass transfer
from single bubbles and bubble chains rising in aqueous solutions, in Proceedings 2003
ASME joint U.S.-European Fluids Eng. Conf., Honolulu, 2003, ASME. FEDSM2003-45155.

E. BurRMAN AND G. SMITH, Analysis of the space semi-discretized SUPG method for tran-
sient convection-diffusion equations, Math. Models and Meth. Appl. Sciences, 21 (2011),
pp. 2049-2068.

E. BURMAN AND P. ZUNINO, A domain decomposition method based on weighted interior penal-
ties for advection-diffusion-reaction problems, STAM J. Numer. Anal., 44 (2006), pp. 1612~
1638.

A. CHERNOV AND P. HANSBO, An hp-Nitsche’s method for interface problems with noncon-
forming unstructured finite element meshes, Lect. Notes Comput. Sci. Eng., 76 (2011),
pp. 1563-161.

J. CHESSA AND T. BELYTSCHKO, An extended finite element method for two-phase fluids, ASME
Journal of Applied Mechanics, 70 (2003), pp. 10-17.

H. ELMAN, D. SILVESTER, AND A. WATHEN, Finite Elements and Fast Iterative Solvers, Oxford
University Press, Oxford, 2005.

S. GRross, V. REICHELT, AND A. REUSKEN, A finite element based level set method for two-phase
incompressible flows, Comp. Visual. Sci., 9 (2006), pp. 239-257.

S. GROsS AND A. REUSKEN, Numerical Methods for Two-phase Incompressible Flows, Springer,
Berlin, 2011.

A. HANSBO AND P. HANSBO, An unfitted finite element method, based on nitsche’s method, for
elliptic interface problems, Comput. Methods Appl. Mech. Engrg., 191 (2002), pp. 5537—
5552.

——, A finite element method for the simulation of strong and weak discontinuities in solid
mechanics, Comput. Methods Appl. Mech. Engrg., 193 (2004), pp. 3523-3540.

A. HaNnsBO, P. HANSBO, AND M. LARSON, A finite element method on composite grids based
on Nitsche’s method, Math. Model. Numer. Anal., 37 (2003), pp. 495-514.

P. HansBO, C. LOVADINA, I. PERUGIA, AND G. SANGALLI, A Lagrange multiplier method for the
finite element solution of elliptic interface problems using non-matching meshes., Numer.
Math., 100 (2005), pp. 91-115.

M. Isuu, Thermo-Fluid Dynamic Theory of Two-Phase Flow, Eyrolles, Paris, 1975.

M. MURADOGLU AND G. TRYGGVASON, A front-tracking method for computation of interfacial
flows with soluble surfactant, J. Comput. Phys., 227 (2008), pp. 2238-2262.

A. REUSKEN, Analysis of an extended pressure finite element space for two-phase incompressible
flows, Comp. Visual. Sci., 11 (2008), pp. 293-305.

A. REUSKEN AND T. NGUYEN, Nitsche’s method for a transport problem in two-phase incom-
pressible flows, J. Fourier Anal. Appl., 15 (2009), pp. 663—683.

H.-G. Roos, M. STYNES, AND L. ToBISKA, Numerical Methods for Singularly Perturbed Dif-
ferential Equations — Convection-Diffusion and Flow Problems, vol. 24 of Springer Series
in Computational Mathematics, Springer-Verlag, Berlin, second ed., 2008.

S. SADHAL, P. AyvyAswaMy, AND J. CHUNG, Transport Phenomena with Droplets and Bubbles,
Springer, New York, 1997.

J. SLATTERY, Advanced Transport Phenomena, Cambridge Universtiy Press, Cambridge, 1999.

A.-K. TORNBERG AND B. ENGQUIST, A finite element based level-set method for multiphase
flow applications, Comp. Vis. Sci., 3 (2000), pp. 93-101.

A. TosSELLI, Hp-finite element approximations on non-matching grids for partial differential
equations with non-negative characteristic form, M2AN Math. Model. Numer. Anal., 37
(2003), pp. 91-115.

@)

20



