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1 Introduction

The objective of this thesis is to discuss the Navier—Stokes—Darcy problem for incompressible
fluids. The Navier—Stokes—Darcy problem is a coupled problem of free flow together with flow
through porous media. Applications are for example the filtration process of blood through
vessel walls in the field of medicine or the flow of a river and its riverbed in the field of
geosciences.

In order to study this problem, several steps are made. As the goal is the coupled Navier—
Stokes—Darcy problem, the Darcy problem that models flow through porous media, the linear
Stokes problem that models free viscous flow and the nonlinear Navier—Stokes problem that
models turbulent flow are first considered separately. The Stokes problem can be derived
from the Navier—Stokes problem and does not possess the difficulty of being nonlinear. Nev-
ertheless, some of the theory can be reused which is why it is considered before introducing
the Navier—Stokes problem.

After having considered these separate problems, the coupled Stokes—Darcy and the coupled
Navier—Stokes—Darcy problems are discussed. Again, some of the theory of the Stokes—Darcy
problem can be reused for the Navier—Stokes—Darcy problem. The focus is on how exactly
to couple these systems and how one can solve the resulting problems. In particular, it turns
out that the standard method to couple the systems does not work well for small values of
hydraulic permeability. Therefore, an alternative approach is discussed as well. Basically, the
discussed methods decompose the coupled problem into separated problems that have a part
of the boundary of their domain in common. This part isn called interface. Then the idea
is to solve the problems iteratively, i.e., solve one problem, make an interface update, solve
the other problem, make another interface update and so on. For the Navier—Stokes—Darcy
problem, one additionally needs to deal with the nonlinearity of the Navier—Stokes equations.
This is done by using a fixed-point iteration which approximates the Navier—Stokes equations
by linear Oseen-type equations. In the context of the coupled problem the question arises,
how one should restrict the number of fixed-point iterations per interface iteration to get
optimal performance.

This question and others are discussed with the help of two numerical examples. One example
compares the numerical results of a Navier—Stokes—Darcy problem with an analytical solution,
the other example is a model of a riverbed and is compared to results of the literature.

2 Models for flow problems

This chapter is about two models for free flow and one model for flow through porous media.
First, there is a general part which deals with saddle-point problems, which arise in the
Stokes model and in the linearization of the Navier—Stokes model. Then the specific models
are presented.

2.1 Saddle point problems

Saddle point type problems are variational problems which can be, under certain hypotheses,
formulated in terms of a function where one searches for the infimum of one parameter
and the supremum of the other (hence ”Saddle point”). This type of problem arises for
instance considering a weak formulation of the Stokes equations or the linearized Navier—
Stokes equations.

This section follows §4 of the first chapter of [9]. For simplicity some parts are omitted. Let
X and M be two real Hilbert spaces with norms || - || x and || - ||as respectively and their dual



spaces X’ and M’. For two given continuous bilinear forms

a(,-): X x X = R,
b(,): MxM—R

consider the following problem: For given ¢ € X', x € M’, find (u,\) € X x M such that

{a<u,v)+b(v,A) =({tv) YwelX, (1)
blu,p) = (x,p) Yp € M.

In the following we will discuss existence and uniqueness of a solution of . Therefore define
two continuous linear operators associated with a(-,-) and b(-, )

A X — X' (Au,v) = au,v) Vv e X,
B:X — M, (Bv,u) = b(v, i) Ve M,

and the dual operator of B
B : M — X', (B',v) = (Bv, ) = b(v, i) Yo e X.
Then, one can reformulate problem : Find (u, ) € X x M satisfying

Au+ B\ =/¢in X',
Bu =y in M'.

Next, set V = ker B C X and define for each x € M’
Vix)={ve X :Buv=x}={veX:bo,u)=(x,n) VneM} V(0)=V.

Then problem can be associated with another problem, which reads as follows: Find
u € V(x) such that

a(u,v) = (¢, v) Vv e V. (2)

2.1.1 Remark. If (u,\) € X x M is a solution of ({I)), then u is also a solution of (2)), since
u € V(x) because of the second equation of ([1)) and

a(u,v) + b(v, \) = a(u,v) , since v € V = ker B,
= ((,v).

2.1.1 Existence and uniqueness of a solution
The following theorem is Theorem 4.1 of §4 of Chapter I of [9].
2.1.2 Theorem|[Existence and uniqueness|. Let us assume the following hypotheses:

(i) The bilinear form a(-,-) is coercive on V: There exists a constant a > 0 such that

a(v,v) > allv|% Vv €V =kerB.

(ii) The bilinear form b(-,-) satisfies the inf-sup condition: There exists a constant 8 > 0

such that .
inf sup (v, )

neM pex [|vllx[lullar —



Then problem has a unique solution u € V' (x) and there exists a unique A\ € M such that
the pair (u, \) is the unique solution of problem . Moreover, the mapping

X'x M — X x M: (€,x) — (u,\)
is an isomorphism.
Proof. See Theorem 4.1 of §4 of Chapter I of [9].

2.1.3 Remark. The isomorphism property shows that for each right-hand side it is possible
to find a solution and vice versa, for each solution there exists a corresponding right-hand
side. It also implies continuity, hence small changes to the right-hand side have only a small
impact on the solution.

2.1.4 Remark. The problem stated in this section is also known as a saddle point type
problem. There, one searches in a special form of this problem for a saddle point (i.e., one
parameter gets minimized, one gets maximized). If a(-,-) fulfills the assumptions of Theorem
and it is semi positive definite and symmetric, the solution of the saddle point problem
coincides with the solution of problem .

2.2 The Stokes equations

The Stokes equations describe the motion of fluids that have a high viscosity. They are in fact
a limit case of the more general Navier—Stokes equations, where the nonlinear term becomes
negligible due to large viscosity.

Let Q ¢ R? be open and bounded with Lipschitz boundary, d € {2, 3} and n the outer normal
vector of 0. Then the Stokes problem reads as follows:

Find (u,p) : Q x @ — R? x R, such that, in the Laplace form,

—vAu+Vp =fin ),
V-u =01in €,

or in the Cauchy-Stress form,

{—V ‘T(u,p) =finQ, n

V-u =0 in €,

with T'(u,p) := 2vD(u) — pI being the Cauchy stress tensor, v > 0 the kinematic viscosity
and

D(u) = %(Vu + vuT)

the symmetric part of Vu, also called deformation tensor. The function f € L?() is called
the source term.

2.2.1 Remark. For one needs u to be just two times differentiable, but not two times
continuously differentiable. In order to be able to apply the theorem of Schwarz on u, it
is required to chose it in (C2?(2) N C1(2))%. Under these circumstances the systems are



equivalent. Indeed:

—V - T(u,p) = -V - (2vD(u) —pl) = -V - (2vD(u)) + Vp

= vV (g5 + 6“]) +Vp

i,j=1
d 92u; d
= -V (Zj:l amiaij + Z] 1 8a: )izl +Vp
d
=—v (Zj 1 di]gé + Au,) o + Vp , Schwarz’ theorem,

= (2wt auw) +vp

:—yAu+Vp:f ,Wlthvuzo

Even though these two systems are equivalent under the preceding regularity assumptions,
the finite element discretizations yield different results, which is the reason why they are
considered separately.

2.2.1 Stokes boundary conditions

On the boundary we consider Dirichlet and Neumann-type conditions. Therefore split 952
into two disjoint (relatively open) parts I'p,T'x such that

] fD U fN = 09,
e 'nNI'p =0,
e meas(I'p) > 0 (for simplicity).

Furthermore we assume the Dirichlet boundary conditions to be homogeneous, i.e., for Ty €
H~Y%(I'y) we have

u=20 onI'p, (5)
(vVu—pl) -n=Ty on I'y for (3), (6)
T(u,p) n=Ty on I'y for (). (7)

2.2.2 Remark. For a given non-homogeneous Dirichlet boundary u = up € (H'/?(I'p))?,
one can just consider U :=u — up for or . Then the Dirichlet boundary turns out to
be homogeneous for U. Note, that u — up at first makes no sense, because u is defined on
Q) and up on the boundary. Hence one needs to extend up into 2. The existence of such an
extension is guaranteed as the trace operator is surjective. Also the right-hand side of the
original problem transforms:

—-vAU+Vp =f —vAu+Vp =f+vAup =T,
—-V-T(U,p) =f ~V . -T(u,p) =f+V-(2vD(up)) =:f,
V'U:—V'UD.

The choice of spaces for the boundary conditions is reasonable, since it will turn out that in
the weak formulation one searches for a solution u in H'(f2). Therefore, the corresponding
space of traces is H'=V/2(I'y) = HY/?(I'y). As Ty acts as a functional on I'y, it has to be
an element of the dual space H~/2(Ty).



2.2.2 Weak formulation

Assume (u, p) is a classical solution with u € (C%(Q)NC(Q))? and p € CH(Q)NC(Q). Take
test functions v for the first equation and ¢ for the second equation of and with v
vanishing close to the Dirichlet boundary, that is v € (C0 ()4 with

00 00 4 open nei orhood o
CR, () i= {v € C() 1 H (@) : 3UR open nhborbocd of ' |

and ¢ € C*(Q). The intersection of C*(2) and H'(Q) is needed as C*°(£2) is not a subset
of H'(Q) (but the intersection is dense in H'(f2), see [12]) and the space is going to be
completed with the H! norm, as it does not have enough structure to make Hilbert-/Banach-
space theory applicable.

After having multiplied with these test functions, one needs to integrate over {2 and apply
integration by parts to obtain the weak formulation. This is done separately for the two
different Stokes formulations and .

(i) For (3): One has

/—yAu~v+/(Vp)-v:/f~v.

Q Q Q

The second integral can be transformed as follows:

Q
= /V ~(pv) —pV v , using product rule,
Q

(pv) -n— /pV -V , using the Gaussian theorem.

Considering the first term:

d
—/uAu-v——/uZAuwi
i=1

Q Q
d d
= — / Z v(Vu; -n)v; + / v Z Vu;Vv; , using integration by parts,
50 =1 o =1

:—/U(Vu-v)-n—i-/(lfvu)3(VV)7

o0N Q



with A: B := Z?Zl Z;l:l A;j - Bij. Adding the two terms yields

/ —vAu- v+/ /Z/Vu /pV-v—/l/(Vu-v)-n—(pv)-n

Q Q o0

= (vVu,Vv)y— (p,V-v)y — /(VVu —pDn-v
'y
= (@WVu,Vv)o— (p, V- v)o = (TN, V)ry

D

The test functions are zero at the Dirichlet boundary, hence the integral disappears
there and one only has to consider the Neumann boundary parts. All together one gets

(vVu,Vv)y— (p,V-v)o = (£,v)o + (In,V)ry

(ii) For (): One has

/—V-']T(u,p)-v:—/(V~(2V]D(u)))-V+/(Vp)~v:/f-v
Q Q Q Q

The second integral and the integral on the right hand side are the same as in the first
case, so focus on the first integral: Define M := 2vD(u) and note, that this matrix
(tensor) is symmetric. Then one has:

—(V-2vD(u))) - v=—(V-M)-v

_ d  OMy d oMy \?%
33,
i= 1] 1 (%J
= Z Z ij %(M,;jvi) , product rule,
1= 1_] 1 a $]
8 T
= Z Z i —(Mj;v5) , because M = M"*,
al‘j ]
=1 j=1

=M:Vv—-V-(Mv).

This gives us with the Gaussian Theorem

/ V- T(u,p) v—/M vv—/pv V+/(pv) n— (Mv) n
Q

oN
/M Vv—/pV v—/(MV pv)-n
Q )
:/M:Vv—/pv-v—<TN,v)pN
Q Q



The last step works, because the test functions are zero at the boundary. The integrand
can be reformulated as follows:

d d
87)1'
M:Vv = Z ZMij@Tj
=1 j=1
d d
1 81)7; o T
—ZZ;MU‘FMM% yas M =M~
i=1 j=1
d d
=1 j=1 2 8951 81‘]’
d d
1 Ovj 8%‘
= ZZQV(]D(U))” '3 <8xi + 8xj>
=1 j=1
= (2vD(u)) : D(v),
which then gives
. ou;
M:Vv—pV-v=M:Vv—p 8; = (2vD(u) — pI) : D(v) = T(u,p) : D(v).

i=1
So we finally get
(T(a,p), D(v))o = (£,v)o + (TN, V)ry-

The second equations of and are the identical. Multiplication of a test function
q € C*(Q2) and integration over 2 yields

/(vu)q: (V)0 = (—V - up, q),
Q

which gives the set of equations

(vVu,Vv)y— (p,V-v)y = (f,v)o+ (Tn,v)r, for ,
(T(u,p),D(v))o = (£,v)o+ (In,Vv)r, for ,
(V-u,q)o0 =(=V-up,qo.

These equations can be written in the form

{a(u,v)—l—b(v,p) :<f‘,v>,
b(u,q) =(V-up,q).

For the Laplace form almost nothing has to be done to apply the theory of Section m,
it follows

a(u,v) = (¥vVu,Vv)y,
b(v.p) =—(V-v,po, (8)
<f7 V> = (f7 V)O + <TN7 V>FN'

In the second case one can see, that

T(u,p): D(v) = (2vD(u) — pI) : D(v) = (2vD(u)) : D(v) — pV - v,

10



so we get

a(u,v) = (2vD(u),D(v))o,
b(v,p) =—(V-v,po, (9)
f,v) = v)o+ (TN, V)ry-

2.2.3 Remark. The test functions ¢ are from C°°(§2) which is not complete in the || - ||o or
| - [| 1 () norm, so one cannot apply the Ritz/Galerkin method in the end as they rely on
Hilbert and Banach space theory. But C*°() is dense in the L?(€2) so one can just take the
completion in the L?-norm as test space and obtain L?(£2).

A similar approach can be applied for the test functions v € (CRY) (2))¢. There one can take
the completion with respect to the H'-Norm:

v (@) (10

where
1
lull 10y = (IVullg + ulF)?,
and obtain a space which has functions that vanish on the Dirichlet boundary and therefore
is in between (H'(2))¢ and (H{(Q))%:
v={ve (H'@)":v]., =0}, (H@Q) V(@ E®)

where the restriction of v is meant in the sense of traces. Even though we completed the
test space with respect to the H-norm we are going to equip the space V with the | - ]Hl(Q)
semi-norm

[ul 1) == [[Vullo,

which will turn out to be advantageous in Theorem about existence and uniqueness of
a weak solution. This semi norm is in fact a norm of V' because of the Poincaré inequality

/u cu < C/Vu -Vu = [Jullo < Clu|giq) < Cllullgio) (11)
Q Q

and the property that H'(Q) c HY(Q)) = L?3(f), so
|U|H1(Q) = |v|ly =0=|jv[[o <0=v=0.

Finally the weak problem reads as follows:
Find (u,p) € V x L?() such that for all v € V and for all ¢ € L?(2) it holds

a(u,v) +b(v,p) = (F,0),
{ b(ua Q) = (V -up, q)o, (12)

2.2.4 Remark. If 'y = (), the pressure p does not appear in any boundary conditions.

Looking at , motivates, that it is just fixed up to a constant because it only appears as
gradient. Indeed, taking a solution (ug,pg) of the weak Stokes problem and shifting po

11



by a constant ¢ € R yields
a(ug,v) +b(v,po + ¢) = (£,v)

< b(v,e) =0 , due to linearity,
& C/V v=_0 , per definition,
& / v-n=0 , using the Gaussian theorem,
I'p
&0=0 ,asv‘r =0.
D

Therefore, L?(£2) as test space would give a pressure that is defined up to a constant. In this
case, one fixes this constant for example by changing the ansatz and test space to

L3(Q) = ve L}(Q): /v =0
Q
2.2.5 Theorem|[Existence and uniqueness of the Stokes problem]. The Stokes problem
has one and only one solution.

Proof. Problem 1.) has the form of the problem discussed in Section “ In this case, (|1
transforms to 1th X=V,M=1L%*Q), (= (), x=(V-up,). For existence and
uniqueness frorn Theorem one needs to check continuity and coercivity for a(-,-) and
the inf-sup condition and continuity for b(-, -).

(i) Continuity of a(-,-), for simplicity just shown for (g):
la(v, w)| = [(¥Vv, Vw)o|
<v|v|lv|wl|v , using the Cauchy-Schwarz inequality.
(ii) Coercivity of a(-,-):
e For :
a(v,v) = (vVv,Vv)o = v|v|?,
so af(+,-) is coercive.

e For @: In this case, the first Korn inequality is needed. It states (see Section 2.2,
Lemma 6 of [13]), that there is for all v € V' a constant £ > 0, such that

d 2
1 /0v; Ov;
2 ? J
HVHHI(Q) < li/ .;14 (aJIj + 8.%)
Q b=

So we get

a(v,v) = (2vD(v),D(v))o

Q 3,7=1
v
> EHVH%”(Q) , using the first Korn inequality,
v
>C ;||v||%/ , using the Poincaré inequality (11).

12



(iii) Continuity of b(-,-): First of all it is ||x||;x < V/d||x||z2 for all x € R?, see Section 8.4.1
of [2]. Now let A = (az‘j)fl,j:1 € R™? be a d x d-matrix, then

d
<> aiil
i=1

d 1/2
<Vd <Z a?i> , using the above inequality,
i=1

d
E Qig
i=1

1/2

d
S\/g Za?j

ij=1
This yields for b(-, ) :
1b(v,q)| =1(V-v,q)o| <V -vlollallo , using the Cauchy—Schwarz inequality,

[3 2y
= 0

o i=1 O

1/2
d 87}‘ 2
<Vd .
<V [S2E) o
Q 2,j=1

= Vd||Vvlollgllo = Vd|[vllv|gllo , per definition of || - ||y .

(iv) Inf-sup condition: The inf-sup condition is for both problems the same. It is proven in
Theorem 3.7 of Chapter I in [9].

Hence there exists one and only one solution. O

2.3 The Navier-Stokes equations

The Navier—Stokes equations describe, similarly to the Stokes equations, the motion of fluids.
The difference is an additional term which describes convective acceleration. Convective
acceleration is the change of velocity with respect to the position (and not of a fixed position
with respect to time, which would be ”local acceleration”). This kind of acceleration is
the main contributor to turbulences. The term however is nonlinear, which increases the
difficulties in analyzing and solving these equations compared with the Stokes equations.
The Navier—Stokes problem of an incompressible flow in the steady case (i.e., without time
dependence) reads as follows:
Let © € R? be a bounded domain with Lipschitz boundary and f € L?(€), then find (u,p) :
Q — R? x R, such that

{—V-T(u,p)—i—(u-V)-u =f inQ, (13)

V-u =0 in{,

where u denotes the velocity, p the pressure and T(u,p) := 2vD(u) — pI the Cauchy stress

tensor, as already seen in . The boundary conditions are the same as in the Stokes problem,
assuming a homogeneous Dirichlet boundary for simplicity: Let 92 be split into two disjoint,

13



relatively open parts I'p and I'y for the Dirichlet boundary and Neumann boundary part,
respectively, with Ty UTp = 9Q and Tp N Ty = 0. Then for Ty € H~'/?(I'y) it holds, that

u=_0 on I'p, (14)
T(u,p) n=Ty on I'y. (15)

Remark. One searches for u € (H'(9))?, which means the corresponding space of traces is
(H'Y2(09))¢ and therefore the space for the Neumann conditions is the dual space H~/2(T'y)
such that makes sense.

The homogeneous Dirichlet boundary conditions can be assumed, as inhomogeneous condi-
tions would matter in the analytical, but not that much in the numerical approach. There
they are incorporated by introducing an identity block in the matrix and writing the boundary
values to the right-hand side.

2.3.1 Weak formulation
Introducing a trilinear form
cwu,v) = [ ((w:9) ). (16)
Q

multiplication with test functions v € V for the first equation, ¢ € L?(Q) for the second
equation (see Remark for choice of spaces and definition of V') and integration by parts
yields as in the Stokes case the set of equations

a(u7 V) + b(V, ) + c(u, u, V) = <~7 v>7
{ ! b(u,q) =0 (17)
with
(Z((ua V; = (2(VVID(U)’ ;D(V))Oa
v,p) = —(V-V,D)o,
c(w,u,v) = ((w-V)-u,v)o, (18)

(f',v) =(f,v)o+ (In,V)ry-

The trilinearity of ¢(+,-,-) makes the whole problem nonlinear. The Navier—Stokes problem
then reads as follows: Find (u,p) € V x L?(Q) such that for all v € V and ¢ € L?() the

equations hold.

2.3.2 Fixed-point iteration

As the weak formulation is not linear anymore, one cannot simply assemble a big system of
linear equations and solve it - one needs to iteratively approximate the solution. There are
several approaches, but the most commonly used method is performing a fixed-point iteration
which yields Oseen-type equations.

Algorithm[See Chapter 11 of [§]]. Given a u® € V, find u™ € V and p™ € L?(Q2) for m > 0
with

{ a(u™, v) + b(v,p™) + c(u™ L u™ v) = (fv)
b(u™,q) =0

for all v eV, g € L?().

14



In this way one obtains in each step a linear system, as u™ ! is known and therefore

c(u™~1 ...) transforms into a bilinear form. This kind of equations is known as Oseen-
type equations. A common choice for u is the solution of the according Stokes problem, i.c.,
without nonlinear term.

As solving the nonlinear Navier—Stokes problem involves solving linear Oseen problems iter-
atively, existence and uniqueness of a solution of these problems are of interest.

2.3.1 Theorem[Existence and uniqueness of an Oseen type problem]. Let w € (L>(£))¢

with V-w = 0 and w-n > 0 on I'y be fixed. The Oseen problem to find (u,p) € V x L?(Q)
such that

{ a(u,v) 4 b(v,p) + c(w,u,v) = (f,v),
b(u,q) =0

for all v € V, ¢ € L*(Q) has one and only one solution.

Proof. As the Oseen problem is of the form of problem , we have to check the assumptions
of Theorem [2.1.2]in order to get existence and uniqueness.

(i) Continuity of a(-,-) + ¢(w,-,-): Continuity of a(-,-) was already proven in Theorem
Continuity of ¢(w, -, -):
C(W, Vi, VQ) = ((W . V) * Vi, V2)0
< |[(w-V)-vilollvallo , using the Cauchy—Schwarz inequality,
<[l poe (@11 - V) - valollvallo
< [[wllzoe @ llvallv[lvallo
< wllzeo @y llvillviivallv , using the Poincaré inequality (11]).
(ii) Coercivity of a(-,-) +c(w,-,-) onkerB={v eV :b(v,q) =0Vq € Q}: Let v € ker B,
then
CL(V, V) + C(W7 v, V) = (QVID(V)v ]D(V))O + ((W ) v) "V, V)O
>C|lvllv + ((w-V)-v,v) , using coercivity of a(-,-),
> Clvllv,

because having a closer look at the second term yields

d .
(w-V)v,v)p = Z /wjg;);vi

=19
d 9 d
= Z /(wjvi)vi - Z /(V -w)v;v; , using product rule,
=19 Oz; i=1)
Lo
= Z /(wjvz')vi ,as V-w =0,
— 8xj
Z,j—lﬂ

>0 , with w-n > 0 on 'y,

15



(iii) Inf-sup condition: The inf-sup condition is fulfilled, as b(-, -) is the same as in the Stokes
problem, see proof of Theorem [2.2.5

2.4 The Darcy equations

Darcy’s law describes the flow of a fluid through a porous medium. It first was formulated
on empirical results, later one found that it could also be deduced from the Navier—Stokes
equations. It usually reads as follows (called ”mixed form”):

For Q@ ¢ R? a bounded domain with Lipschitz boundary, f € L2(Q), find u : @ — R? and
© : 0 — R such that

u+KVy =0 inQ,
V-u =f inQ,

with ¢ being the so called piezometric head which basically represents the fluid pressure in
Q, u describing the velocity and K being the hydraulic conductivity tensor, describing the
characteristics of the porous medium and properties of the fluid. Here, f is called the source
term (of fluid).

However, for simplicity we are going to consider the so called ”primal form” which can be
deduced by taking the divergence of the first equation and substituting the second one:

V- -KVg=f inQ. (19)

For a complete description of the problem, one needs boundary conditions as well. As in the
case of Stokes, the focus is on Dirichlet and Neumann-type boundaries. Decompose 0f) into
two relatively open, disjoint parts I'yat, [ess C OS2 such that

o I'iat NTess = (Da
[ ] f‘nat U f‘ess = 89

Then a solution of should fulfill

{(_ ]KVQD) ‘1= Upat 0N yag, (20)

¥ = Pess on e,
with upat being a prescribed velocity and pegs being a prescribed pressure.

Remark. In this case, Iy, corresponds to the Neumann part of the boundary (prescribed
derivative) and e to the Dirichlet part (prescribed value). If one considers the mixed
form of the Darcy problem, the boundary conditions would switch, i.e., the mixed form
Dirichlet condition coincides with the primal form Neumann condition and vice versa. To
avoid this confusion, it makes sense to talk about natural and essential boundary conditions.
Natural boundary conditions are boundary conditions that can be incorporated into the weak
formulation by substitution, essential boundary conditions are the ones that have impact on
the ansatz and test space.
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2.4.1 Weak formulation

Even though it can be generally assumed that K is symmetric and even positive definite, we
will only consider IK = K - I, K > 0 for simplicity.
Consider a test function ¢» which vanishes close to the essential boundary, i.e.,

I1CSS = 0} ’

Multiplication with these test functions and integration by parts yields:

peCR (Q) = {v €C®(Q) v

9
K )
/—(v-ﬂ(ww:_/v. 3 :_K/Z
@ ) K% —1
d
9 (9¢ Op OV
- K B 1
/2 Ox; <6g;z ¢> dz; Ox; , product rule,
Q =
49
- _K/Z 890 Yo+ K/V‘P -V , Gaussian theorem,
=1 Li o
oN

=/—Kw-w-n+<ﬂ<w,w>o
Fnat

— (]K Vgp, Vw)o + <Unata w>Fnat .

So one ends up with the form

(]K Vo, VWO = (fa 77/})0 - <unat7 w>Fnat> (21)

which still can be simplified as we assume f = 0 in our case. This gives:

(IK Ve, V1/J)0 = _<unata w>Fﬂac . (22)

In order to be able to apply Hilbert space theory, we need to complete our test space as it is
not complete in the norm of H!(€). One then gets a new test space
7H1 Q

v=cr @Y,
which contains the functions which are zero close to the essential boundary in the sense of
traces. Hence it is between H}(Q) and H'(£2). Analogously as in the Stokes problem, we can
equip the space V' with the semi norm | - |g1(q) =: || - |lv, which in fact is a norm on V' due
to the Poincaré inequality .
The weak formulation reads as follows: Find ¢ € H'(Q) with ¢ — (ess € V' such that

a(‘Pv 1/}) = (]K V Pess, Vi/J)o - <unata 1/}> Chat — <f ?b) Vi eV, (23>

with
a:VxV =R, alp, ) =(KVe, V).
Note that ¢ — @ess at first is not reasonable because ¢ is defined on 2 and e on the

boundary. So one needs to extend egs into the interior. The existence of such an extension
is guaranteed because the trace operator is surjective.
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2.4.1 Theorem|Existence and uniqueness of the Darcy problem]. Problem with f €
L2(82), Upat € H*1/2(Fnat) and @ess € Hl/Q(I‘eSS) has one and only one solution.

Proof. The proof is basically an application of the theorem of Lax—Milgram. It states that
there exists exactly one solution to

a(p,¥) = (f.0) YweV
if a(-,-) : V x V = R is bounded and coercive and f is linear and bounded.

e Boundedness of a(,-):

la(p, V)| = K|(Ve, Vi)o| < K||¢|lv]|Y|ly , using the Cauchy—Schwarz inequality.

e Coercivity of a(-,-):
a(p, ) = (K Ve, Vo) = K(p,0)v = K|¢|}.

e Boundedness of the right-hand side:

’<f,’l)>’ = ’(fav)()’
< [Ifllollvllo , using the Cauchy—Schwarz inequality,
<Ol fllollvllv < oo , using the Poincaré inequality (LI)).

3 Coupled flow problems

This chapter deals with problems that consist of two or more subproblems and their dis-
cretization. These subproblems have their own domain which couples at the whole boundary
of the domain or at a subset of it. This part of the boundary is usually called interface.

3.1 Stokes—Darcy problem

This section is about the coupled Stokes—Darcy system. One splits the domain €2 into two
parts 2y and €2, for the Stokes system and Darcy system respectively, such that

. QZQfUQp,
. QfﬂQp:Q),
o Qmep:F,

with I' being the so called interface between €1y and €2,, see Figure for a sketch. One obtains
the problem

-V -T(us,pr) =fr in Qy,

V-uy =0 in Qy, (24)
-V -KVyg, =/f, inQ,

for uy : Qp — RY, pr: 2y — R and ¢, : 2, — R. In order to be able to assign boundary
conditions (including conditions on the interface), we need to split €2 as well: Let 'y ,, I's . C
0Qp\I'and I, ,, ' o C 082, \ I such that
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ny

Q,

Figure 1: Sketch of the domain used in the Stokes—Darcy problem.

ff,n Uf‘f,e = 6Qf\1“,

Fﬂn ﬁFf,e =0,

LpnUl,.=00¢\T,
o I',nNIpe =0,
e meas(I's,) > 0.
Then one can impose:

Uy =1Ujes on 'y, (essential, Dirichlet),
T(us,pr) - n =Tfnae on 'y, (natural, Neumann),
©p = Ppess on I'p. (essential, Dirichlet),
(—KVy)-n =upna only, (natural, Neumann).

3.1.1 Interface conditions

On the interface one requires several conditions in order to couple the systems:

(25)

(i) The preservation of normal velocity: Let ny be the unit outer normal vector of €,

then
uy-ny=u, -ny=—(KVy) - ny;. (26)
(ii) The preservation of normal stress:
—ny - T(uy,py) -0y = gpp, (27)
where g denotes the gravitational acceleration.
(iii) The behavior of tangential velocity, Beavers—Joseph condition: Let 7;,i=1,...,d — 1

be pairwise orthogonal unit tangential vectors on I', then

(uf —up) -7 +ar;-T(up,py) - np=0

TKT K
a=q =gy —
0 vg 0 Vg’

with
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where «g is a dimensionless parameter which has to be determined experimentally and
describes properties of the porous medium. This condition can be simplified to the
so-called Beavers—Joseph—Saffman condition

uy -1+ ot - T(us,pr) -ny =0, (28)

as it turned out that the Darcy velocity u,, is often negligible on I' compared to uy, see
Section 3 of [§], equation (3.2).

3.1.2 Weak formulation

To obtain the weak formulation one needs appropriate test spaces. These are similar to the
test spaces used in the previous sections about the Stokes and Darcy problem, i.e.:

e Test space for the Stokes velocity:
V= {v e (H'@p) i v]., = o}.
e Test space for the Stokes pressure:
Qf = L*(Qy).
e Test space for the Darcy pressure:

Vp = {U € HY(,) : U’Fp,e = 0}.

Now multiplication with a test function v € V of the first equation, ¢ € @ for the second
equation, 1 € Vj, for the third equation, integration and integration by parts gives the previous
results @D and plus an additional term on the interface:

(T(uf’pf)7]D(V))0,Qf = <f},V> + (T(ufvpf) : l’lf,V>1“,
(=V-up,qog, = (f}.q)
(]K V(va Vw)o,ﬂp = <fpa ¢> + <_ ]Kv@p ‘g, ¢>Fa

with ny = —n, on I' and

£ € Vi (£, v) = (7)o, + (Trnats )y xs
f7 €@ (f7.0) = (V- Ufess, 00,0
fr € Vis {fp ) = (K Vppess, Voo, = (upnat ¥)r-
Now the Bievers—Joseph—Saffman condition can be included into the first equation of
the weak formulation. Therefore decompose v into its normal and tangential components

d—1

V:(v-nf)-nf+Z(v-'r,-)~'ri
i=1

yields

IS

-1

(T(uy,py) -my,v)r = (ny - T(up,py)-ng,v-npr+ > (1;-T(uy,py) -np,v-7Ti)r
1
-1

7

U

@3)
= (ng-T(us,ps) ngp,v-ngr— > (
1

us-T;,V -T,;>r.

Q |~

i
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Rearranging terms leads to the following form:

ar(us,v) +by(v,pr) = (ng-T(ug,ps)-ng,v-npr = (ff,v),
br(up,q) = (f},9). (29)
ap(ep, V) + (K Ve, -ngh)r = (fp,¥),

with

e as:Vy xVy — R and similar, as in @:
4
a(u,v) = 2vD(u),D(v))oa, + Y —(u-ri,veTir,
i=1

o by : Vi x Qr — R with
bf(V,p) = —(V-V,p)o’gf,

e a,:QpxQp— R with
ap(% 1/}) = (]K ch, v¢)0,ﬂp-

Now one still has to include the remaining two interface conditions into the problems. Two
different approaches are studied: Assign the conditions such that they both are Neumann con-
ditions and obtain a ”Neumann-Neumann” problem or assign a weighted linear combination
of the two conditions, obtaining a ”Robin—Robin” problem.

3.1.3 Neumann—Neumann coupling

Considering as Neumann boundary condition for Stokes and as a Neumann bound-
ary condition for Darcy yields the following coupled problem: Find (us,pys,¢p) € VixQrx Q)
such that for all (v,q,v) € V; x Q¢ x @), holds, that

ag(ug,v) +bs(v,ps) + {gp, v -myp)r = (£}, v),
bf(uf’ Q) = <f;?’ Q>v (30)
ap(pp, ) = (uy -np,b)r = (fp, ¥).

3.1.4 Finite element discretization of the Neumann—Neumann problem

The finite element method is based on the Ritz-/Galerkin-Method, i.e., the spaces V, Qy,
Q) are discretized by th, Q?, QZ with finite basis sets {wi}lN:"l, {qz-}f-v:pl, {1 fV:‘pl, respectively,
where h stands for the refinement level and V,, Ny, N, for the number of degrees of freedom
(DOF) of the finite element spaces. In these spaces one can search for a solution.

Remark. It is sufficient to use the basis functions of the discretized space as test functions,
ie.,

a(u,v) = f(v) Yo € VP & a(u, ¢;) = f(¢) Vi=1,..., N,

because one can represent v as linear combination of the basis functions {¢; f\il of V"

N
v = Z ;i Q;
i=1
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for some «; € R and plug this into the equation:

N N
a(u,v) = Zaia(u, i) = Z a;f(¢i) = f(v).
i=1 i=1

This equation holds if it holds for all basis functions. The other way around it holds for all
functions from V", i.e., for the basis functions in particular, so it is equivalent if one tests
just for the basis functions or for all functions of the space.

Now, taking the three equations of , having a look at them separately and replacing the
test functions with the corresponding basis functions yields:

(i) One searches for uy = ZNzul ufle, pf = ZkNil pﬁqk, Yp = Zf\i"l golhzbl. Inserting this
into the first equation of gives

Ny Np Ny
> wdag(wi,wi)+ > pibr(wWi ) + > @k (gvn Wi - ng)r
=1 k=1 =1

= <f},wi> fori=1,..., Ny,
which is equivalent to the following equation in matrix-vector form:

u
(A B CFS) P :fl,
¢

with A being a (N, x N,,) matrix, B being a (N, x N,,) matrix, and C being a (N, x N,)
matrix with entries

Aij = ap(wj,wi), Bix =bp(wi,q), Ciy = (g, wi - np)r

and vectors u = (u},.. .,uéV“)T, p = (pi,... ,th”)T, = (¢1,... ,<pilv“’)T. The right-

hand side vector consists of <f}, w;) for each row i = 1,..., N,.

(ii) In the second equation one searches for u; = Z;VZ”I ufle for each basis function ¢;,
t=1,...,Np,. One ends up with

N
> uhbr(wi,a) = (f7.¢:)
j=1

which is
BTU = f2

with B and u from (i) and ( f]%, gi) in each component of f;.

(iii) In the third equation one searches for ¢, = Zl]\i&l @l and uyp = ZjV:ul u{le. Insertion
gives for each i = 1,..., N,

NLP . Nu -
Z whap(y, i) — ZulfL(Wk ‘np, Y = (fp. i)
k=1

j=1
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which is equivalent to

cP D (“) —f
( r ) ¢ 3
with CP being a (N, x N,,) matrix, D being a (N, x N,) matrix with entries

(CF)ik = (Wi - np,9hi)r, Dij = ap(ebj, ),
respectively. The right-hand side vector has entries ( fp, 0;).

Finally, one can put all three systems of equations together and obtain a discrete coupled
system

N. N, N,
N.[ A B cCg u f,
N, [ BT 0 0 p|=1% (31)
N,\CP 0 D) \¢ f3

which represents the Neumann—Neumann problem.

3.1.5 Robin—Robin coupling

Robin boundary conditions are a weighted combination of Dirichlet boundary conditions and
Neumann boundary conditions. One has the interface conditions (26| and (27)) to distribute,
which means one can chose constants vy > 0 and ~y, > 0 now, such that

{ ’)/fo'anrnf"]I‘(Uf,pf)-nf :—'yf(]KVgop)-nf—ggpp on I, (32)
—yuy-ny+ng-T(us,pp) -ny =7(KVey) -np—gp,  onl.

In this way one obtains Robin boundary conditions for the Stokes equations with the first
equation of and Robin boundary conditions for the Darcy equations with the second
equation. This Robin—Robin coupling is in fact (analytically) equivalent to the Neumann—
Neumann coupling with vy = 0 and 7, — oo, but also has the possibility to weight the
conditions. The problem reads then as follows:

Find (uy,pr,pp) € Vi x Q5 x @, such that for all (v,q,v) € Vi x Q¢ x Q) holds that

af(ug,v) +bg(v,ps) + (9¢p, v - mg)r
+(ysup-ng,veongr + (K Vey) np,v-ongr = (f},v),

br(uy,q) = {f}.a),

ap(pp, ) + (op W) + (g - T(up,py) - np, P)r — (up-np, e = (fp, ).

(33)

The restrictions of v¢ and v, ensure that the coercivity of

af(us,v) +{ypus-ng,v-ngpr

and 1
ap(Pp, V) + <7ps0p, V)T

is preserved. As the two systems of depend directly on each other, but only couple
on the interface, it makes sense to introduce two interface variables 7y, 7, such that the
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direct dependence of equations is reduced to these newly introduced variables. The interface
variables are defined as follows:

1
ny = —v;(KVep) -ny — gp,, Np = —Uy-ny+ o T(uys,py) ny
p

for the Stokes and Darcy interface conditions, respectively. Another form of the weak formu-
lation is obtained:

ar(up,v) +b(v,ps) + (ypus -ng,v-ngpr+ (ng,v-ngr = (f},v)
b(us.q) = (f},9). (34)
ap(p, ) + (5-0p, VI + (Mp, YT = (fp,¥).

3.1.6 Finite element discretization of the Robin—Robin problem

Similarly as in the finite element discretization of the Neumann—Neumann problem, choose
finite subspaces th, Q}}, V}Dh with basis sets {Wi}f-vz“‘l, {¢ fvl, {1/12}?/"’1 of Vi, Qf and Vp,
respectively. Then replacing the test functions by the corresponding basis functions and
searching for a solution as a linear combination of them yields

Arob B Cg u f1
BT 0 0 Pl = f2
cl ¢ D) \@ f3
with
1
(Arob)ij = ap(Wj, w;) + (yywj -y, w; - ny)r, (Drob)ij = ap(thy, i) + <7¢ja¢i>1‘7
p
(Ci) ij = (g¥j, Wi -np)r, Hyr(KVY;) -np, wi - np)p, (B)ij = br(wi,qj),
2v 1
(CD)ij = <,7nf -D(w;) - np,h)r — (Wj -ng, ), (CP)ij = <—,7qg‘,¢i>r,
p p

and the same right-hand sides as in the Neumann—Neumann problem (31)).

Using the formally decoupled form , we also search for n, = ), "1" U;A~ and 7y =

vaz”l’f 77]ch¢, where A; are basis functions of the interface space. One obtains

D’Yp 0 0 0 gp ¢ f5
R, —-I 0 0 0 Ul 0
0 & A, B 0 ul=|f (35)
0 0 B 0 0 o) 5
0 0 Ry R} -1} \n, 0
with
(€r)ij = (Aj, wi-np)r, (Ayp)ij = ap(Wj, wi) + (vpw; -np, Wi -ng)r,
(gp)i,j = <Ajv¢i>r) (B)ZJ = f(wl’q])’
(Rp)i,i = _’Yf(]K Vl/%) 91/)17 (,Dvp)z,j = ap(wja wz) + <7;1¢j7 ¢i>Fa
2v
(R})lﬂ = 7nf : ]D(WZ) Nf —W; -1y, (R )l,’L — ’7p C_h
P

24



3.1.7 Gauss—Seidel method

Instead of solving the whole system at once, one might consider to solve the system iteratively
as it for example is too large to solve it at once. The presented approach is the so-called
Block-Gauss-Seidel method. If one considers a matrix A € R¥*“ with the decomposition
A = M — N such that M is non-singular, one can transform a system of equations Ax = b
into the fixed point equation

Mx=b+ Nx < x=M"1b+Nx).
Given an initial iterate x° € RY, one can try to solve this system iteratively by
xFH = M~ (b + NxF). (36)
The following theorem gives information about the convergence of this iteration:

3.1.1 Theorem[Banach fixed point theorem]. Let X be a complete metric space and let
f: X — X be a contraction (i.e., f is Lipschitz continuous with Lipschitz constant L < 1),
then

v = f(x)

has a unique solution (a fixed point) and the iterative scheme

converges to the fixed point for any initial iterate z° € X.

Proof. See for example pp. 41 of [4]. O

Application of the Banach fixed point theorem tells us that this iteration converges, if
f(x) = M~} (b + Nx)

is Lipschitz continuous with constant L. < 1. This result can be used to derive a condition on
the iteration matrix G = M ~!N. But to do that we first need a definition and the following
Lemma:

3.1.2 Definition[Spectral radius]. Let A € R*¢ be a matrix, then the spectral radius of A
is defined as
p(A) := max{|A| : A is eigenvalue of A}.

3.1.3 Lemma[See Lemma 4.3 of [I1]]. Let A € R¥? with p(A) < 1. Then there is for each
¢ > 0 a matrix norm || - ||« which usually depends on A and ¢, such that

[Alls < p(A) +e.
Proof. Let J := S™'AS be the Jordan normal form of A with transformation matrix S and

set
D, := diag(1,e,%,...,e%71).
By transformation with SD. one gets the slightly modified Jordan form

(SD.)YA(SD.) = D7'S7'ASD. = D7'JD, =: J..
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Let Ji()\;) € R™! be the k-th Jordan block of J which starts at row i. Then it is

i+l )\j 1 gi—1
i—141 N il—1
—i—l+ i+l—
et . €
Aj
—it1 —it1
e N ¢
T i g1 Ajoo€
€A €
. £
g+l i1 \
E—i—l—i—l)\j J

=: Ji(A))

and one gets
Je = diag(Jy,, (A1), .-, T (Am))

) Nm
where m is the number of different eigenvalues. So now one can define the vector norm
-1
%[l == [[(SDe) ™ x|
which has, for the induced matrix norm, the desired property:

[Ax| _  [I(SD:) ! Ax]loo

Allx = max = max
b4l = e T, = o 1D x]e
1
= max 1(SD:)™ A(SDe )yl Jor y := (SDE)_lx
y#0 ¥ ]o
T
y#0 ||y lloo

< max |A|+e=p(4)+e.
i=1,....,m

Now all preparations are done for the following theorem:

3.1.4 Theorem[Condition on the iteration matrix for convergence, see Theorem 3.3 of [10]].
The iteration converges for any initial iterate to the unique solution if and only if

p(G) < 1.

Proof. A counterexample for p(G) > 1 can be found in the proof of Theorem 3.3 of [10]. The
operator f(x) = Gx + M~!'b is Lipschitz continuous, because

1F0) = F(W)lls = [|Gx = Gy [l = |G(x = y)ll« < [[Gll«llx =yl

for any compatible matrix norm || - ||«. If p(G) < 1, it is, using the previous lemma, possible
to find an € > 0 such that there is a norm with

1G]« < p(G) +e <L

Hence f is a contraction and Banach’s fixed point theorem tells us, that the fixed point
iteration converges for any initial iterate. O
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D1 1 U12 U13 U14
L21 D22 U23 U24
L3 L3 D33 Usy
Ly Lyo Lys Dyy

Figure 2: Example of a block matrix structure.

To obtain the block Gauss—Seidel method, one considers the decomposition A =L + D + U
where L is the strictly block-lower triangular part of A, D is the block-diagonal and U is the

strictly block-upper triangular part (see for example Figure .
Setting M = D+ L and N = —U in leads to

xM = (D + L)"1(b - UxY). (37)
This form however involves the inverse of (D + L). Multiplication with D + L gives

(D + L)x*! =b - UxF
= x" = D7 b — Lx* - Ux")
=xF + D7 Hb — Lx*! — (D + U)xY),
which only contains D~! which is block-diagonal and hence can be inverted block-wise. One

could get the idea that the current iteration step would depend on itself, but written in
block-component form it turns out that one just needs a forward substitution:

i—1 n
k+1 _ k 1. _ e ok
x, T =x; +A,; | b; ZA”X]- ZAZ]X]- ,
j=1 j=i

where x; and b; are denoting the solution vector and right-hand side vector, respectively, to
the block-component j. Applying this approach to the Robin—Robin problem , one gets

¢F D13 — Emp)
,,’/;—1-1 Rp¢k+1
u’”l = A B ! f1 . gfﬂfp+l . (38)
Geo) | 71 G o) (@) - (7))
i R}uk+1+7?,?cpk+1
3.1.5 Theorem[Convergence]. If the iteration matrix G = M~'N = —(D + L)"U is

strongly block-diagonally dominant, i.e., for each block-row ¢ it holds

n

> Wisllso + I Lijlloe < || Diillocs
j=Li

then the Gauss—Seidel method converges for each initial iterate.
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Proof. The iteration matrix fulfills the following relation:
G=M'N=—-(D+L)"'U« (D+L)G=-U<« DG+ LG =-U
& DG =—-LG-U
&G =-DYLGH+U).

Now let z € RY, z # 0, then i-th block-component of the relation is given by

(Gz); ZL” (Gz); Z Uijz;

Jj=i+1
Having a closer look at the first block-component yields

1
(GZ)1lo < HDulHooZ 1015l l12; |00 < HZHoo”D

Jj=2

o - Z 1015l < ll2]loo

as the considered matrix is strongly block-diagonally dominant. Now we can prove the
inequality for the other rows by induction: Suppose it holds for all j < 4, then we can
estimate

1
1(G2)illoc < = ZHLwHooII (Gz)jlloo + Z U351 00125 [l oo
[Dall 2
1 . . .
< ZHLUHOOHZHOO—F Z Uil o0 12| 0 , induction hypothesis,
[ Dii| o
j=i+1
< |lz]ls , strong diagonal dominance,

and it follows with
1(G2)illoo < [|2lloc = [|GZ]l0c < [|2]]oo,

that
|Gz
2eR%z20 ||2]/os

p(G) < ||Glloc =

The first inequality holds, because for any eigenvalue - eigenvector pair (A,z) of G it is
(Alllzlloo = IAz]loo = [|G2[|lo0 < [|Gllocllzlloo
= p(G) < |Glec-
O

3.1.6 Remark|[Convergence of the Stokes—Darcy system for K, — 0]. In order to be able to
apply Theorem to the Stokes-Darcy problem with Neumann-Neumann system matrix
, the strong block-diagonal dominance has to hold. In the system matrix of the Darcy
system, each entry depends linearly on K. This means that if K — 0, the condition is
violated as the blocks which couple the systems do not depend on K at all.

For the Stokes block, there is still the bilinear form b(-, -) which does not depend on v, hence
v — 0 does not necessarily mean that the theorem does not hold.

However, using the Robin-Robin system matrix of the Stokes—Darcy problem results in
an additional term in the Darcy part of the system, which does not scale with K. Hence,
convergence might be recovered.
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3.1.7 Remark[Block Jacobi method]. Another classic approach for iteratively solving a
system of equations is the block Jacobi method. Set M = D and N = —(L + U) and the
iteration matrix is G = M~'N = —D~Y(L + U). Then the fixed point equation is

x" = D7 Yb — (L + U)x") =x* + D71 (b — AxF).

In contrast to the block Gauss—Seidel method, this iteration does not need a forward substi-
tution and hence can be parallelized. Applying this approach to the Robin—Robin problem

one gets

prtt o* Df?pl(f?’ —D,,¢" — Emy)
! nk Rpd* —nf;

G ) LG G 8) () - (o §) ()
pht! p* BT 0 f, BT o) \p*
ﬂISH 77]13 R}uk + Rfcpk -

3.2 Navier—-Stokes—Darcy problem

The interface conditions as well as the general setting of domain and boundary is identical
to the Stokes—Darcy case. The Navier—Stokes—Darcy problem therefore reads as follows:
Find (uy,pr, ¢p) : O x Qf x Q, = R% x R x R such that

—V'T(uf,pf)-i-(Uf'V)-Uf :ff in Qf,
V-uf =0 in Qf7
-V -KVg, =/, in €2y,

Ur = Ufess on Ff,57

T(Uf,pf) ‘ng = Tfnat on Ff,m (39)

Yp = Pp,ess on I'ye,

(=K Vepp) np = tpnay on Iy,
ur-ny =—(KVyp,) -ny onl,
—nf'T(uf,pf)-nf = g%p on F,

us-7; + o7 - T(up,pp) -ny =0 onl'yi=1,...,d—1.

The only new part is the nonlinear convection-term (uy - V) - uy, otherwise the problem is
similar to . Therefore the weak formulation only differs a bit, too, as it now includes the
in defined trilinear form:

(i) Neumann—Neumann (see ): Find (uyf,pyr, ¢p) € Vi X Qf X Qp such that
af(ufvv) + bf(V,pf) + C(ufv ufav) =+ <g()0;l)7v : nf)F = <f}7v>>
be(ug,q) = (f},a), (40)
ap(¢p7¢) - <uf ’ nfﬂmf = <fp7¢>7
for all (v,q,v) € Vi x Qf x Qp.
(i) Robin-Robin (see (33))): Find (uyf, pf, ¢p) € Vi X Qf X Qp such that
le(llf, V) + bf(V,pf) + C(Uf, uy, V) + <g(10p7 A nf>F
+(ypup-ng, veong)r 4+ (v (K Vep) -ng, vong)r = (£}, v),
bf(uf,Q) = <f:J%7Q>7
ap(pp, ) + (-0p, V) + (onyp - T(ug, py) g, d)r = (up -np, e = (fp,0),
(41)
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for all (v,q,v) € Vi x Q¢ x Qp.

The finite element discretization does not change much as well, just that A (or A, A,
respectively) now depend on uy due to the nonlinearity, i.e., the (¢, 7)-th component of the
matrix now has the additional term

C(Uf, Wi, WZ)

This issue can be resolved by the fixed point iterations seen in Section Applying the
fixed point iterations means that one has to solve either the whole system at once iteratively,
or that one approximates the nonlinearity within a block-iterative method, like the Gauss—
Seidel method presented in the following section.

3.2.1 lterative approach

We will only discuss the case of the interface-coupled Robin—Robin method, as the Neumann—
Neumann method can be obtained with vy = 0 and 7, — oo.

Let n?c, 772 and 7,7, be given, as well as an initial guess ¢2 , e.g., the zero vector. Then the
sequential or Gauss—Seidel type iteration looks like follows: Set k = 0, then following :

(i) Solve the Darcy problem with Robin boundary data 775:
D¢ =t )
and obtain ¢**1.
(ii) Calculate nlffl = Rppitt.

(iii) Solve the Navier—Stokes problem with given interface-boundary n’}“:

A’Yf (uk-i-l) Brob uZJrl B fl _ gfnl;c-i-l
_Bg;b 0 pf+1 N f2

and obtain (u];ﬂ'l ) p'}“).

(iv) Calculate nit! = T\’,}u]fcﬂ + R?pp]jﬁl.
(v) If not converged, go back to step (i) and increase k by one.

The crucial step for the Navier—Stokes—Darcy problem is step (iii). There, one actually has
to solve equations with the nonlinear term

k k
(A, (af))ij = ap(wj, wi) + (yfwys-ngp, wi - ny) + c(uay, Wi, w;).
This issue can be resolved in two ways:

e One can simply use the fixed-point iteration which was introduced in Section [2.3.2
Therefore one rewrites step (iii):

(iii).1 Solve the Navier—Stokes problem for u];c’m with given interface-boundary nkH by

!
using the fixed point iterations, with the starting guess ulfcﬂ’o = u’} until

A’Yf (uk+1,m) Brop u/}’-i‘l,m-l-l _ £, — gf,r”;—l—l
— B;fob 0 pchrl £,

converges at iteration mg. Now set ul}ﬂ = ul;ﬂ’mo and proceed with step (iv).
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e One could also linearize only with the previous step u’}. This corresponds to do just

one fixed point iteration.

(iii).2 Solve the linear problem

k+1
<‘A’Yf (uk) Brob) u£+ o (fl - 6fnl]i+1>
T 1] =
_Brob 0 prr f2
for given w*.

In the first case one just iterates until a stopping criterion is reached. In the second case
there is only one iteration per step. One could argue, that the full iterations in the first case
are not needed, as the boundary conditions on the interface are not correct at least at the
beginning (i.e., for small k).

3.2.1 Remark[Parallelized algorithm]. As it was mentioned in Remark it is also
possible to use a parallelized block Jacobi method instead of the sequential block Gauss—
Seidel method. The algorithm then is: Set £ = 0, then

Solve the Darcy problem with use of n]; and obtain "1,

Solve the Navier—Stokes problem with use of n’} and obtain (ul;i“, pl}ﬂ).

(i) Parallel: {

Update 7} to n’}“.

Update 0¥ to nit?.

(ii) Parallel: {

(iii) If not converged, increase k by one and continue with step (i).

Note that this algorithm actually is not a pure Jacobi method, as the second step relies on
the solutions of the first step. It is rather a nested Jacobi and Gauss—Seidel method, see
Section 3.1 of [3].

4 Numerical studies

This chapter is about the comparison between the numerical solution of the Navier—Stokes—
Darcy problem and a given analytical solution, especially in as well as the com-
parison between [Example 2 (riverbed example)| and results from the literature, see [7, [6].
Also it is going to be analyzed, how the choice of the algorithm for the nonlinear part (i.e.,
full iterations or just one iteration) impacts the costs to solve the whole system. For each
solving process of a subsystem, a direct solver was used.

For the finite element discretization the spaces P» and P; were used for Navier—Stokes velocity
and pressure respectively and P» for the Darcy pressure as in [5]. The choice of finite ele-
ments for Navier—Stokes velocity and pressure is also known as the Taylor-Hood element and
preserves the discrete variant of the inf-sup condition, see Chapter VI of [3]. This condition
is needed to assure uniqueness for the discrete problem, see Chapter 2 of [1].

4.1 Example 1

This example deals with a Navier-Stokes—Darcy problem of which the analytical solution is
known. Let Qf = (0,1) x (1,2) and Q, = (0,1)? with interface I' = 90y N9, = (0,1) x {1}.
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Figure 3: Example 1: Sketch of the domain (left) and triangulation of the domain on level 1

(right).

The solution is given by

uy(z,y) = (

pr(zy) =2v(x+y—1)+

op(T,y) =

The set of equations to solve is

f

=V - T(uy,ps) + (uy- V) -u

V-uy

-V KV,
uy

uy

Pp
\ Yp

32
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2z — 1)(y? — 2y + 1)

{

)

%(x(l—x)(y—l)+%—y2+y>.

in Qf,

in Qy,
in ),

on T}, ={0,1} x (1,2),

on TP = (0,1) x {2},
on 1"? ={0,1} x (0,1),
FOW _( ) ) {0}’



Type Algorithm  Iterations Level 1 Level 2 Level 3 Level 4

interface 13 13 13 12

Jacobi nonlinear 31 29 29 25

Neumann—Neumann total 44 42 42 37
interface 8 8 8 7

Gauss—Seidel nonlinear 20 19 19 17

total 28 27 27 24

interface 42 42 42 40

Jacobi nonlinear 65 65 63 61

. . total 107 107 105 101
Robin-Robin interface 22 22 21 21
Gauss—Seidel nonlinear 38 39 37 37

total 60 61 58 58

Table 1: Example 1: Number of iterations of the Robin—Robin algorithm in comparison to
the Neumann—Neumann algorithm, using either the Jacobi method or the Gauss—
Seidel method. The number of fixed-point iterations (here denoted as "nonlinear”
iterations) for solving the Navier—-Stokes system had no limit.

plus the interface conditions , , the Beavers—Joseph—Saffman condition onI'=
(0,1) x {1} with ny = (0,-1)" and {r;}¢=} = {(1,0)T}. This example coincides mostly
with Example 2 (Section 4.2) of [5] with the difference that the Stokes equations have been
considered there. Therefore the right-hand side of the nonlinear Navier—Stokes equation has
to change in order to obtain the same solution.

The grid consists, similar to Example 2 of [5], of triangles like shown in Figure

The following tests were run for v, = 1, vy = %, K =T and v = 1 on four unstructured grids
with 470 (level 1), 1914 (level 2), 8216 (level 3) and 33234 (level 4) cells with a total of 1690
(level 1), 6553 (level 2), 27402 (level 3) and 109613 (level 4) degrees of freedom.

For the interface iterations the following condition has been used as stopping criterion:

k+1 k
b ke 5T = phlle ekt — ok

BV 1212 g ez

<1071, (42)

The fixed-point iterations to solve the Navier-Stokes system stopped when the #?-norm of
the residual vector was smaller than 10719,

First goal is to compare the Neumann—-Neumann method (see Section to the Robin—
Robin method (see Section , as well as the performance of the Gauss—Seidel method
(see Section in comparison to the Jacobi method (see Remark [3.1.7)).

In order to compare these things, one needs some kind of measure for the costs. The number
of nonlinear iterations for solving the Navier—Stokes system were chosen for this matter. The
number of solving the Darcy system is negligible as it does not change per interface iteration
and hence a factorization needs to be computed only once.

In Table [l one can see that the Neumann—Neumann method behaves better than the Robin—
Robin method in terms of performed iterations. In this case, the Gauss—Seidel method
is more or less twice as fast as the Jacobi method. And even though the Jacobi method
can be parallelized, which is not possible with the Gauss—Seidel method due to the forward
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substitution performed in each step, the parallelization can only be applied to the two coupled
systems, hence there would be onyly little performance gain compared to the Gauss—Seidel
method.

The Table[l|also shows the number of fixed-point iterations needed to solve the Navier—Stokes
system in total, but if one has a look at for example Figure [d], there are much more fixed-point
iterations for the nonlinear term in the beginning than in the end. For the other cases, the
same behavior can be observed. This leads to the question whether restricting the number of
iterations for the nonlinear term might lead to less iterations in total. The table also shows,
that the number of iterations is independent of the mesh in all cases.

Fixed-point iterations performed
w

0 2 4 6 8 10 12 14 16 18 20 22
Interface iteration at

Figure 4: Example 1: The number of fixed-point iterations needed over all interface iterations.
The Robin—Robin method with Gauss—Seidel algorithm on level 4 was used.

Having a look at Figure [5| shows at the example of grid level 4, that it seems to be most
convenient to make just one fixed-point iteration in each step. This approach was presented

in Section B.2.11

4.2 Example 2 (riverbed example)

This example deals with the flow of a river over a porous riverbed with a periodic dune-shaped
(modeled as triangles) interface. It was used for example in [7, 6] to study the hydrodynamic
interactions between the water flow and the underlying groundwater flow. Therefore consider
the domain

Q= (072L) X (O7Hf +HP)

where H; and Hj, denote the initial heights of the water flow domain and the groundwater
flow domain respectively. The interface representing the dune consists of two triangles whose
highest points are at

r1=Ip, 1o=L+Ip,for 0 <lIlp <L

with the height (relative to the height of the interface-entrance point) hp, see Figure @
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65T
Robin-Robin with Jacobi method

Robin-Robin with Gauss-Seidel method

Neumann-Neumann with Jacobi method

Nonlinear iterations needed in total

Neumann-Neumann with Gauss-Seidel method

151

1 2 3 4 5 6 7 8 9 10
Nonlinear iterations allowed per interface iteration

Figure 5: Example 1: This figure shows for grid level 4 the total number of nonlinear iterations
needed over the number of fixed-point iterations allowed for the Naiver—Stokes
system at each interface-iteration.

The boundary conditions have been chosen to match [7, [6]. Therefore the lower boundary is
a no-flow boundary, i.e.,

(—KVepp) -ng=0on F;JO",’ZV

and the upper boundary is a no-slip boundary, i.e.,

u; =0on F;@?s.

The fixed parameters are chosen as

L=1,H;=05H,=15,
Ip=09hp=0.1,
po=10"%f =0, f,=0.

The general idea of this example is to create a periodic flow, so the boundary conditions
have to be periodic as well. Nevertheless, if one chose all boundary conditions to be exactly
periodic (i.e., periodicity of velocity and pressure), there would be no flow at all, as there is
no source term (homogeneous right-hand side). That is why one has to introduce a pressure
drop between the inlet and outlet boundaries, as then one can expect the fluid to flow from
the inlet boundary to the outlet boundary.

This idea yields the following boundary conditions on inlet and outlet boundaries (see Ex-

35



Hy

Yo

2L

Figure 6: Example 2: Triangulation of the domain on level 1, the blue part is {2; and the red
part is §2,.

ample 3 of [5]):

u f’Ff» =u f|Ff ) (essential, periodic velocity),
(T(uy,py) - ny) ’Ff o= (— T(uy,pys) -0y + pony) ‘Ff . (natural, pressure drop),
SOP‘FP = (¢p + p0) ‘Fp . (essential, pressure drop),
(—K Vg, -ny,) ’F = (KVygp-ny)|. . (natural, periodic velocity).
p,in p,ou

Defining the transformation

a: Tin — Tout, <a:) — (ac * 2L>
Y Y

for I'iy = 'y inUT'pin and Loyy = I'f out UL out, one should understand the periodic boundary
conditions as follows:

up(x)  =us(a(x)),
T(us(x),ps(x)) -nf(x) = =T(us(a(x)),prla(x))) - np(@x)) + pons(a(x)),
vp(x) = pp(a(x)) + po,
—KVpp(x) -ny(x) = KVepp(a(x)) -ny(a(x)),

for x € 'y, or x € I'y i, respectively.
For the test spaces of the weak formulation this means that

Vi = {V € (H' (Q)?: V‘Ff,in = V|Ff,out /\Vflr;fg — 0},
Qf = L*(9Q),
Q={vem@: v, =vl .}

One then searches for uy € Vy, py € Q and ¢, — po € Qp, where py denotes an extension
of pp on the inlet boundary into the interior. The right-hand side of the weak formulation of
the [Navier—Stokes—Darcy problem|then transforms as follows:
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(i) For each test function v € Vy, it is

<f}7v> = (f7V)Qf + <p0nf(a(x))7v(x)>rf,in7
because
(T(uy(x),pr(x)) - ny(x), v(x))r;,,
= (T(us(x), ps(x)) - np(x), v(x))r,,, + (T(as(a(x)),pr(a(x))) - ng(a(x)), v(a(x)))r;,,
= (ponys((x)), v(x))r; .,

ny

using v!F ' in the second step.

f,in - V‘Ff,out
(ii) The second right-hand side ( f]%, q) does not change.

(iii) For each test function ¢ € @, it is

(K V‘Pp(x) : np(x), ¢(X)>Fp,n
= (K Vp(x) - ny(x), ¥(x))1,,5, + K Vep(a(x)) - ny(a(x)), ¥(a(x)))r, .
=0.

4.2.1 Remark. In the assembling process of the finite element system matrix the periodic
boundary data are treated as follows:

e For each node on the inlet boundary, there is a corresponding node on the outlet
boundary. The condition

V‘rfyin = VI ow OF ¢’Fp,in = d"Fp,out

tells, that these two nodes belong to the same basis function (which now takes value 1
on both of the nodes). In order to assemble the matrix entries corresponding to these
special nodes correctly, first assemble them separately and treat the periodic bound-
ary 'y, and I'oyy as Neumann boundaries without the identifying condition V‘Ff =

or MF

e With the help of basis functions of the Navier—Stokes velocity which take value 1 on
the inlet or on the outlet boundary, respectively, one has to construct basis functions
of Vy.

Therefore consider the (i, j)-th and the (k, j)-th entry of the Stokes matrix A4, i.e.,

v — gl .
Ff,out p,in Fp,out

Aij = ap(wj,w;), Ap; = ap(wj, wy),

with test functions w; and wy,, such that the i-th column corresponds to a node x; € I';,
and the k-th column corresponds to a node xj € oyt with a(x;) = xi.

Replacing the i-th row by the sum of the k-th row and the old i-th row yields due to
linearity of the second argument

Aij = af(wj,wi + Wk)

This corresponds to take test functions w; +wy, € V5.

The k-th entry of the right-hand side needs to be added to the i-th entry of the right-
hand side as well.
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total iterations on grid nonlinear iterations on grid

v K T Y Jevel 1 level 2 level 3 level 1 level 2 level 3

1 3 37 39 39 18 19 19

107* 1073 10 30 35 39 37 17 19 18
100 300 53 7 97 26 38 48

1 3 37 39 39 18 19 19

107% 107 10 30 35 41 39 17 20 19
100 300 35 41 39 17 20 19

1 3 37 39 39 18 19 19

107* 1077 10 30 35 41 39 17 20 19
100 300 35 41 39 17 20 19

1 3 71 73 69 35 36 34

3107 1007 10 30 71 73 73 35 36 36
100 300 71 75 73 35 37 36

Table 2: Example 2: Total number of interface iterations and nonlinear iterations of the
Robin—Robin algorithm with the Gauss—Seidel method for different choices of v, K,
Yp, and v¢. The number of nonlinear iterations is limited to 1 per interface iteration.

e Now the k-th row is set to zero with homogeneous right-hand side except for the (k, k)-
th entry, which is set to 1, and the (k, j)-th entry, which is set to —1. With this, one
gets the equality of velocity.

e The Darcy part of the matrix can be handled in the same way, just that one has in
the last step an inhomogeneous right-hand side, as the pressure drop in this case is an
essential boundary condition.

In this example only the Robin—Robin method will be considered as the Neumann—Neumann
might not converge for small K, see Remark For the domain three different unstruc-
tured triangulations were used as shown in the following table:

Level interf d cells degrees of freedom
eve eHace €8 Navier-Stokes Darcy Navier—Stokes Darcy
1 32 277 1009 1392 2098
68 1285 4513 6093 9196
3 138 5234 18322 24181 36987

As stopping criterion the same as in Example 1 has been used, see .

The Robin—Robin method has parameters ; and 7, so one could examine, which choice
of these parameters on which grid level is most efficient. Following the results of [5], one
could relate vy with 7, by setting vy = 3v,. For measuring the costs, both the number of
nonlinear iterations and the total number of iterations (i.e., nonlinear and interface iterations)
are considered. Table [2] shows, that the number of iterations is mostly independent of the
mesh. The algorithm performed well for all choices of 74 and «y,. The number of iterations
increased rapidly with a smaller choice of v. For larger K, smaller v, and 77 seem to be more
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convenient. Note that v = % -10~* was the smallest number possible before the nonlinear
iterations did not converge anymore. In order to solve this arising instability, one has to
consider the time dependent equations.

Asv = é seems to have a great impact on the iterations, one could have a look at the
restrictions of the nonlinear iterations per interface iterations. Figure [7] shows, that indeed
the number of iterations grows rapidly with larger Reynolds numbers. It also shows that,
when measuring the costs in terms of total iterations needed, in comparison to Figure
a larger Reynolds number shifts the optimal number of allowed nonlinear iterations per
interface iteration to greater numbers than 1 (in this example for Re = 2 - 10%, a restriction
of 3 nonlinear iterations is most efficient). If considering just the nonlinear iterations needed
as measure of cost, this observation cannot be made.

In the papers [7, [6] it was suggested to do no interface iterations and just solve the Navier—
Stokes system fully and then solve the Darcy system once. Figure [§| shows, that there is
no qualitative impact. Compared to the Stokes-Darcy problem, the plots of Figure [§] show
as well that the Navier—Stokes solution has eddies where the Stokes solution has not. In
direct comparison with Figure 1 of [6], one can clearly see that in €, there are the mentioned
exchange, flow, and underflow areas.
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Re=2e4

Interface iterations and nonlinear iterations needed in total
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Nonlinear iterations allowed per interface iteration

Re=2e4

Nonlinear iterations needed in total

® 00
® 00
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1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20

Nonlinear iterations allowed per interface iteration

Figure 7: Example 2: This figure shows for grid level 2 with K = 107°, 4, = 100 and
v¢ = 300 the total number of iterations needed (upper part) and the total number
of nonlinear iterations (lower part) needed, respectively, over the number of fixed-
point iterations allowed for the Naiver—Stokes system at each interface-iteration.
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K = 1073, full interface iterations K = 1073, no interface iterations

Pressure
0.00197

0.0016
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K = 1077, full interface iterations K = 10~7,no interface iterations
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K = 1073, Stokes-Darcy system K = 1077, Stokes-Darcy system
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Figure 8: Example 2: Numerical solution of the Navier—Stokes-Darcy system (upper four
plots) and the Stokes-Darcy system (lower two plots) for v = 1074, K ¢
{1073,1077} on grid level 3. The lines represent the velocity field u; and Vi,
respectively, mean flow is from left to right. All plots are colored according to the
pressure field, scaled such that the minimum value is zero.

41



5 Conclusion and outlook

This thesis discussed the Navier—Stokes—Darcy problem as an extension of the Stokes—Darcy
problem. In particular it compared the Gauss—Seidel method to the Jacobi method for
performing the subdomain iterations which arise from the Neumann—Neumann method or the
Robin—Robin method. Also it has been investigated which restrictions of nonlinear iterations
per interface iterations result in the lowest overall costs needed for convergence.

When using the Gauss—Seidel method in comparison to the Jacobi method, it turns out that
the Gauss—Seidel method needs only half the number of the iterations. However it cannot
be parallelized. Parallelization of the Jacobi method would reduce the needed time by at
most 50%. Altogether this means that the Gauss—Seidel method is the better choice in this
case, as it is as fast as the parallelized Jacobi method but behaves better in terms of needed
iterations and computational costs.

Using the Gauss—Seidel method, the Neumann—Neumann coupling might not be the right
choice for small numbers of hydraulic permeability K, because Theorem requires strong
block-diagonal dominance in order to guarantee convergence of the method for each starting
vector and the entries of the Darcy part of the system matrix linearly depend on K. The
Robin—Robin method however has another term in the entries of the Darcy part of the system
matrix, which does not depend on K but linearly on v, 1. Hence an appropriate choice of Yp
might recover strong block-diagonal dominance.

As in the Navier—Stokes—Darcy problem also the nonlinearity of the Navier—Stokes system
has to be resolved, one could ask whether a restriction of nonlinear iterations per interface
iteration might give faster convergence. If one chooses to measure the costs by evaluating
the number of nonlinear and interface iterations needed, the examples show that for small
Reynolds numbers a restriction to one nonlinear iteration per interface iteration and for large
Reynolds numbers a restriction to three nonlinear iterations per interface iteration gives
optimal convergence. However it still needs to be investigated how exactly these restrictions
of nonlinear iterations depend on the Reynolds numbers. If one chooses to measure the costs
by just counting the number of nonlinear iterations, this observation cannot be made and
a restriction to one nonlinear iteration per interface iteration gives optimal convergence in
all cases. How to actually measure the costs depends on the problem. If a factorization of
the Darcy system can be stored and reused, counting the nonlinear iterations only is more
meaningful. If this cannot be done, one might consider to measure the costs by counting
both, the nonlinear iterations and the interface iterations.

Altogether, the Stokes—Darcy problem considered in [5] has successfully been extended to
the Navier—Stokes—Darcy problem. The numerical results of the riverbed example coincide
qualitatively with results from [7] [6].

Further investigations could consider, e.g., different iterative solvers for the nonlinear equation
in order to get (faster) convergence, especially for large Reynolds numbers. Also the optimal
choice of vy and 7y, needs to be discussed. Since in the examples a direct solver is used for all
subproblems, one could ask if an iterative solver is more efficient, possibly with a restricted
number of iterations. When solving the subproblems, preconditioning might be of interest as
well.
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