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Since a few years, fictitious domain methods have been arising for Computational Fluid
Dynamics. The main idea of these methods consists in immersing the original physical
domain in a geometrically bigger and simply-shaped other one called fictitious domain. As
the spatial discretization is then performed in the fictitious domain, simple structured meshes
can be used.

The aim of this paper is to solve convection-diffusion problems with fictitious domain meth-
ods which can easily simulate free-boundary with possibly deformations of the boundary
without increasing the computational cost. Two fictitious domain approaches performing
either a spread interface or a thin interface are introduced. These two approaches require
neither the modification of the numerical scheme near the immersed interface nor the use
of Lagrange multipliers. Several ways to impose general embedded boundary conditions
(Dirichlet, Robin or Neumann) are presented.

The spread interface approach is computed using a finite element method as a finite volume
method is used for the thin interface approach. The numerical schemes conserve the first-
order accuracy with respect to the discretization step as observed in the numerical results
reported here. The spread interface approach is then combined with a local adaptive mesh
refinement algorithm in order to increase the precision in the vicinity of the immersed
boundary. The results obtained are full of promise, more especially as convection-diffusion
equations are the core of the resolution of Navier-Stokes equations.
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Nomenclature

superscript invoking data of the physical problem

Q original domain

Q : fictitious domain

Q. :  exterior domain

b :  immersed interface

r = 900non

T, :  exterior fictitious boundary
wps @ spread approximated interface
¥ : thin approximated interface
S = E\00

N . penalization coefficient

€ : characteristic parameter used to impose the immersed flux
Subscript

h :  discretization index

I. Introduction

A. Fictitious domain approach

Let Q be an open bounded domain in R? (d = 2,3) with a boundary dQ sufficiently regular. We consider the
resolution of a given problem (P) in  with different kinds of boundary conditions (B.C.). When the shape
of 99 is geometrically not simple, classical methods involving structured or unstructured boundary-fitted
meshes induce a loss of efficiency and rapidity of numerical solvers in comparison with Cartesian meshes.
Moreover in case of moving boundaries, the cost of the mesh generation and re-meshing can be very impor-
tant. In the fictitious domain approach,’2 the original domain Q is embedded in a geometrically bigger and
simply-shaped other one 2, called fictitious domain (cf. Figure 1).

The spatial discretization is now performed in €, independently of the shape of the original domain Q.
The original domain and the computational one are uncoupled. Numerical methods involving structured and
Cartesian meshes can be used. The advantages of these methods are well known : natural tensor formulation,
easy implementation for fast solvers (based for instance on finite volume methods with Cartesian grids) and
for multi-level methods,® good convergence properties...Consequently, the resolution of the new problem in
Q will be fast and simple.

The main issue of fictitious domain method lies in the choice of the problem (P) solved in the fictitious
domain 2 and in the numerical scheme used for the resolution. These two choices have to be linked in order
to handle the original boundary conditions on 9. Indeed, the B.C. on the original boundary 9 must still
be enforced such that the solution u of the extended problem (P) can match the solution @ of the original
problem (75) in the original domain €. Since a few years, fictitious domain methods have arisen in different
fields : computational fluid dynamics,* medical simulation.>® Numerically, there are mainly two approaches

to deal with the embedded boundary conditions on the immersed boundary:

e “Thin” interface approaches : the original boundary is approximated without being enlarged in the
normal direction. The original boundary and the approximated one lie in the same R?~! space. For
example, in this group, we find truncated domains methods (e.g. Ref. 7,8), immersed interface methods
(ILIM.) (e.g. Ref. 9), penalty methods (e.g. Ref. 1,2,10), fictitious domain methods with Lagrange
multipliers (e.g. Ref. 11,12).
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e “Spread” interface approaches : the support of the approximated interface is larger than the original
one. The approximated interface has one dimension more than the original one. For example, the
spread interface is a ring containing the immersed interface. This kind of approach can be found in
Ref. 2,13, in fluid/structure applications with the interface boundary method (I.B.M.) (e.g. Ref. 5,14),
and more recently with the fat boundary method.!®

A lot of papers are dedicated to embedded Dirichlet or Neumann B.C., e.g. Ref. 1,2,9,12,16 and the
references herein. Only few studies are devoted to embedded Fourier B.C. (Ref. 2,13,17,18).
In this work, we use our recent works on fictitious domain methods for elliptic problems!®22 and adapt them
to solve convection-diffusion problems. These fictitious domain approaches deal with Dirichlet, Robin or
Neumann B.C. on an immersed interface without requiring neither the modification of the numerical scheme
near the immersed interface nor the use of Lagrange multipliers. Since the fictitious problem (P) is not a
saddle-point problem, no inf-sup condition must be verified (e.g. Ref. 16). Moreover, only one discretization
grid is used, a structured regular mesh over the fictitious domain. Thus, these fictitious domain approaches
easily simulate free-boundary problems with possibly deformations of the boundary without increasing the
computational cost. We use a boundary non-conforming mesh which conserves the first-order accuracy. A
local mesh refinement can be implemented in the vicinity of the immersed interface in order to improve the
ratio of the obtained precision over the resulting cost (or CPU time).

B. Presentation of the study

For sake of clarity we choose to focus on 2D problems, but the formulations can be extended to 3D
problems without more difficulty. We study the resolution of a convection-diffusion problem (P) in the
original domain 2.

Let us consider the following model problem :
For a €~(L°°(Q))dx‘i, vV E (L>=(Q))4, b e (L>=(2)) and 8?2
f e L?Q), find & € H(Q) such that :

) —div (a.Vi) + div (Vi) +bi = f inQ
B.C. on 9

where B.C. represents several types of boundary conditions :
e a Dirichlet condition : % = up with up € HY/?(9Q)

e a Robin (or Fourier) condition : —(a.Va)n = art + gr, with ap € L°°(8£~)); ar > 0, and
gr € L?(99Q) (with n the outward unit normal vector on 9)
Remark: a Neumann condition, —(a.Va).n = g, is considerate as a particular Robin condition where
ar=0and gr =g.

The tensor of diffusion & = (d;5)1<i,j<q and the reaction coeflicient b verify the classical ellipticity assump-
tions. We suppose that up, ar, ug and gr are constant. The non constant case can be treated without
more difficulty. The non-constant data are then replaced by their extension in wj 53 U € 5 such that the
trace on X of the extensions are equal to the original data on 3.

In a fictitious domain approach, the original domain Q) is embedded inside a fictitious domain € such
that Q = QUX U Q., where ). is the external fictitious domain and ¥ the common interface between Q and
Q. (see Figure 1 and 6(b)). This original interface ¥ is called immersed interface. The fictitious domain €2 is
chosen to be geometrically simple (rectangular for example). If 92NN # B (see Figure 6(b)), the boundary
of 0 is defined by 90 = T U'X, and the boundary of Q by 9Q = I UT.. Otherwise (see Figure 1), I'=0,so
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Figure 1. Example of an original domain Q immersed in a fictitious rectangular domain Q: Q = QU X U Q.

00 =Y and 0N =T..
The aim of this work is to introduce the fictitious problem (P) to be solved all over the fictitious domain
Q in order to get the restriction of the fictitious solution u over the original domain € equal (or at least
similar) to the solution @ of the original problem (P) : u|g =~ @. The restriction of the problem (P) over the
original domain € is chosen to be similar to (75) Appropriate transmissions conditions on ¥, data in the ex-

ternal domain €, and B.C. on 92 have to be determined in order to handle the original embedded B.C. of (P).

In the further sections, two fictitious domain methods to deal with embedded boundary conditions are
presented. These methods are based on respectively a spread and a thin interface approach. The corre-
sponding fictitious domain problems to solve convection-diffusion problems are introduced. The last section
is dedicated to the numerical resolution. A Finite Element as well as a Finite Volume Scheme are imple-
mented. Moreover, for the spread interface approach, an example of the possibility to combine Fictitious
Domain methods and local Adaptive Mesh Refinement methods is reported. Several results illustrate the
accuracy of these Fictitious Domain methods.

II. The fictitious domain method with spread interface

A. Fictitious problem with spread interface (P;)

The fictitious domain method with spread interface has been introduced by Ramiére, Angot and Belliard'®
for elliptic problems. This approach is based on a “spread” approximation (see also Ref. 14) of the immersed
interface ¥. The computational domain ) is uniformly meshed with a family 7, = {K} of disjointed
rectangular cells K such that 0 = Uxe7, K. The approximated spread interface wy, s is defined as wp 5 =
Wh,5\0wWp, 5, where Wy, = U {K,KNYX # 0} (see Figure 2).

KeTy,

Q

e,h

Wy, »

Figure 2. Discretization of the fictitious domain Q with a spread interface approach: ) = Qh Uwhp,xUQe

With an original convection-diffusion problem (73) in Q, the problem (P;s) solved in the fictitious domain
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Q has the following generic form : 0 < 71 being a real parameter precised later, find ug (depending on the
mesh 7;,) € H'(Q) such that

—div (a.VuZ) + div(vuf;) + bug =f inQ

(Ps) original B.C. of (P) onT
suitable B.C. for uf; onI',

2

where a € (L>(Q))%, v e (L®(Q)? be (L™(Q)), and f € L?*(9) such that:

alg, =alg., Vg, =Vlg,, bla, =bla,  fla, = fla,
and a and b satisfy classical ellipticity assumptions in €.
Remark: the B.C. on I'. must be chosen such that the problem P; is well-posed.

For each kind of boundary conditions lying on the immersed boundary ¥, different possibilities to enforce
these conditions using a spread approximation of the immersed interface 3 are introduced in the next sections.
No variant modifies the numerical scheme or introduces local unknowns. We expect that: u’7;|ﬁh ~ g, .

B. Treatment of the original B.C.
1. Embedded Dirichlet B.C.

The Dirichlet B.C. are treated by penalization (e.g. Ref. 10). Let 0 < n << 1 be a real penalty parameter
which is likely to tend to zero. We propose to compare the penalization of the spread interface to
the penalization of the exterior domain. The penalization of the spread interface (resp. the exterior

1 1
domain) consists in setting b= — (b — +oo at n — 0) and f = —up in wp x (resp. ). These approaches
n

h

allow to impose u)! ~ up in why (resp. Qecp). It’s the L2 penalty.?> When the coefficient a is also

1 1
equal to — (a = —Id) in wp 5 (resp. Qe ), we obtain the H! penalty.?® Elsewhere, the coefficients of the
n n

problem (P,) are arbitrary extensions in € of the original coefficients lying on Q (see Ref. 19).

Concerning the B.C. on I, for the spread interface penalization, the Dirichlet B.C. u;, = up must only be
imposed on I'c N Owp, s.. The B.C. on the rest of I'. have no influence on the solution obtained in the physical
domain. To penalize the exterior domain, the B.C. on the whole exterior boundary I'. must be Dirichlet
B.C. Uh|T, = UD.

2. Embedded Robin or Neumann B.C.

We consider the transmission problem between Q and Q. with continuity of the solution on X. For ¢ in

1/; in O

e in
two convection-diffusion subproblems defined on respectively Q and Q. leads to the following problem:
Find u € H*(Q) such that Vi € H(Q)

Q denoting a, v, b or f, we define ¢ = . The addition of the two weak formulations of the

/Q a.Vu.Vy dx/ém(é.Vu).nw ds — /Q(ffu).V1/de+/6(2(\7.nu)wds+/buz/; dx

Q

= v dx— < [(&.Vu).n]gds, ¥ > + < [(v.n)]g uds, o > (1)
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n denotes the outward normal unit vector either on dQ or on ¥ (oriented from 2 to Q.)
[(A.Vu)n]s = (&.Vu)nlf — (&.Vu)n|g = (a..Vu).n|s — (&.Vu).n|g

[(¥.n)]s = ven|s — V.nly

dy, means the Dirac delta measure supported by X

where

In the distribution sense, we obtain the following equation:
—div (A.Vu) + div(vu) + bu = f — [(4.Vu).n]x by + [(v.n)]x u ds (2)
The jump of fluxes (diffusion and convection) across ¥ can be interpreted as source terms carried by 3.

In our case, we want
—(a.Vu)n|g = —(a.Vu).n|ys = aguls + gr

We choose to impose —(&.Vu).n|f; =0 by a, =7 on €, so that
[(a.Vu)n]s = aguls + gr

Moreover, we impose V|q, = v, = 0 in order to let the solution free on the exterior domain Q.. If v, # 0,
as u|y = uly, the resolution of the exterior problem influences the embedded Robin condition.

On 2, then we have:

—div (a.Vuy) + div (Vuy,) + buy = f — [aguy + gr + (Vv.0)” u,] 5 (3)

However, with a Cartesian mesh on €2, the support of ¥ is not exactly defined. We introduce a characteristic
parameter ¢ in order to approximate the measure s, supported by 3 by mollifiers®* on the spread interface
wp,s- The term 4, .. is a discrete Dirac function on the spread interface. Here, this discrete delta function
is roughly approximated by a crenel function in Q (., , = 1 in wp x and 0 elsewhere) whereas a smoothed
approximation using interaction equations is performed in the I.B.M., see e.g. Ref. 5,14.

The principle is the following;:

aR uz +gr+ (v.n) uZ

[ taruy + onc+ ) upy s = [ dx (1)

Wh,x €

where v is an extension of the velocity field v in the spread interface wy, 5; and n denotes either the outward
unit vector on ¥ or its extension on wy, .

Then, the coefficients of the fictitious problem (P;) are easily set extending the coefficients of the original
domain (P) in Qy Uwy, 5 (see Table 1).
Only the B.C. on I'. N Owy, 5; has an effect on the solution obtained in the physical domain. These B.C. must
be homogeneous Neumann B.C. in order to have an external diffusion flux equal to zero. The B.C. on the
rest of I, can be arbitrarily chosen as long as the whole problem (P;) in € is well-posed.

e parameter € can be estimate several ways (see Ref. . is the discretization ste
The p t be estimated by 1 way Ref. 19,22). If h is the discretizati D,
Angot?® showed that e is in O(h). We present here the three approximations of e introduced in Ref. 19:

e A coarse global approzimation of ¢ in Equation (4) holds :

/EdSZ/ww%dX (5)
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% In a first approach, we suppose that € is constant all over wy, .

meas(wp,s)

e= ——2== (6)

meas(X)

* In the second approach, the value of € is given element by element. In the equation (4) the
integration in wy, x is weighted by a coeflicient 7. This coefficient represents the presence rate of
the original domain in each element K crossed by the boundary ¥ (K C wp, x). By construction,

T is constant on each K : .
volume of 2 included in K

TK —

volume of the element K

By this way, the right hand side of (5) is integrated only in the original domain included in wp, 5.
We get :

_ YklTr.-meas(K)]
K= T .meas(X) @)

o A local approximation of e consists in calculating e in each cell K C wp, x:

1
/ ds:/ —dx (8)
Sk K €
with X =YX NK

As Y g is not simply defined, the boundary ¥ is piecewise linear approximated by a segment ¥; i in
each cell K C wy, » (see Figure 3).

K
Z“K
Xk

X

Figure 3. Linear approximation of ¥ in a rectangular cell K C wy, »

Then,

_ meas(K)
€K = m (9)

Here again, the value of € depends on the element K C wy, 5, under consideration.
This approach induces a local piecewise linear reconstruction of the interface in each cell K of the
mesh.

For each embedded B.C. variant, Table 1 gives the parameters of interest using a spread interface approach.
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Parameters in wy, 5 Parameters in €2,

Dirichlet B.C.
Id (L? penalty)
Spread interface penalization a= lId (H! penalty) v =1, a=1d,v=0,
n
1 1
b=—=,f=—-up b=0,f=0
n n
Dirichlet B.C.
Id (L? penalty)
FEaxterior penalization a=a,v=y, a= lId (H! penalty)
n
~ ~ 1 1
b=b f=7F b=1 f=Lup
n n
Robin B.C.
with different approximations of € a=a,v=yv, a=nld,v=0
b=bt L TRy R b=0,f=0
€ € €

Table 1. Parameters in w;, 5 and in (). ; for the spread interface approach

III. The fictitious domain approach with thin interface

A. Fictitious problem with thin interface (P;)

The fictitious domain method with thin interface uses a recent fracture model for elliptic problems with flux
and solution jumps.?’ The fictitious domain model for convection-diffusion problems introduced here handle
jumps of diffusion and convection fluxes as well as jumps of solution through ¥. As in Ref 20, this model
includes algebraic transmission conditions linking both normal diffusion flux —(a.V «).n and the solution u
jumps through the immersed interface ¥. We use an uniform Cartesian mesh 7;, = {K} of the fictitious
domain Q where the disjointed open rectangular control volumes K are such that Q = Ugez, K. As this
Cartesian mesh 7, does not generally fit the immersed interface ¥, an approximated interface Xy lying on
sides of control volumes is defined by ¥j, = 8Qh\F The approx1mated original domain €, can be chosen
for example like Q, = Urer, {K,K N Q # 0} (see figure 4). Other choices are reported in section IV.

Q

e,h

~

Qp X

Figure 4. Example of a thin approximation X; of the immersed boundary -

The fictitious domain € is chosen small in order to have a cheap computational cost. Then, ¥; N 02 may
not be empty (see Figure 4). We note X} = ¥,\09 the part of ¥, strictly immersed inside the fictitious
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domain Q. Let n be the outward unit normal vector on Z}'L oriented from €, to Q.. For a function
€ HY(Qy UQep), let = and 9T be respictively the traces of ¢|q and |, , on each side of ¥j. We
define the arithmetic mean of traces of ¥ as 1/J|Z% = (" +47)/2, and the jump of traces on X¢ oriented by

n as [[1/}]]2;-1 = (7 — 7). The fracture model with immersed transmissions conditions on ¥ for convection-
diffusion problems reads :
Find UZ € HY(Q, U Q. 1) (depending on the mesh 7j, and on a parameter n precised later) such that :

—div (a.Vul') + div(vul) + bul = f  in Q
original B.C. of (P) onTl
(Pr) suitable B.C. for u}! on I,
[(a.Vup).n]y = Wfﬂza —h on i
(a.-Vup).nlg: =p [[“Z]]E; -g on X}

where a, v, b, and the transfer coefficients a, 3 > 0 on £} are measurable and bounded functions verifying
classical ellipticity assumptions. f € L?(2), g and h are given in L*(X}). Moreover,
a|(1h = 5|fzha V|(zh = ‘~’|Qha b|m = b|fzh f|(1h = f|(zh
Remarks: x When « = g = h = 0 and § — oo, the perfect transmission problem is recovered (see Ref.17).
* Here again the choice of the B.C. on I', must defined a well-posed problem (P;).
B. Treatment of the original B.C.
1. Embedded Dirichlet B.C.

We present two manners to deal with a Dirichlet condition.
The first one consists in penalizing the exterior domain at up using a L? orH' penalty?3 (ala,, =

1 1 1
Idor alg, , = -Id, blo,, = p and flo,, = ZUD) such that ,17%“2 ;Z = up. To impose ul! s = D,
we set 3 = — on X! (where 0 < 17 << 1 is a penalty parameter), thus [[UZ]]E}; = 0. The other transfer

coefficients are equal to zero.
In the second approach, a surface penalization on the approximated interface 3} is performed using the

o h|— _ o h+ _ ok
5, T Unly = Unls: = Uy

1 —
transmission equations. We set 5 = — in order to have [[ug]]g;;z = 0 and then uﬁ; i -

In this case, penalizing also « = — and h = ~ up induces umzz ~ up on X}. The exterior domain has no

influence on the solution obtained in the physical domain.
Concerning the B.C. on I, in these two approaches, only the B.C. on I'. N}, are of interest : umpemgh =up.

2. Embedded Robin or Neumann B.C.

We want that —(a.Vuf;).nEh =ag umgh + gr on Xp,.

There are many ways to deal with the transfer coefficients in order to impose a Robin B.C. on ¥i (see
Ref. 18). One of particular interest is the one without control on the exterior domain. In this case,
the elimination of f(a.Vuf‘l).n|+z and u! ;Z in the transmissions equations!'® 2! yields :

Z5,

h
n

h L a g h . o«
—(a.Vuy)n|g = 5 Unls; +g- 3 with = 1
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This formulation enables us to deduce transmission coefficients (see Table 2).

On T'. N X}y, we set the Robin B.C. of the original problem (P). The B.C. on I'.\X}, are free (without effect
on the solution on the physical domain as long as (P;) is well-posed).

Remarks:
* In this case, no penalization parameter 7 is required. The solution of the fictitious problem (P;) depends
only on the mesh 7j,.
1 1

* A Dirichlet B.C. can be considered as a Robin B.C. where agp = — (ag — o0 asn — 0) and gg = —— up.

Moreover, when the interface ¥ is roughly approximated by the mesh into ¥, a correction is required
for a Robin or Neumann condition. A characteristic parameter ¢ is introduced in order to respect the
following equality :

h

o uh*Jr +(v.n)” u
R n 9dRr ( ) nds (10)

/E{OéRﬂJrgRJr(fr.n)a}ds:/

ho €

On X, the discrete data ar and gr must then be divided by e.

We propose two manners to approximate this characteristic parameter € :

[a - [ Lo =

meas(Zp)

e A global correction :

meas(X)

e A local correction :

A

Figure 5. Local parameters in a cell K crossed by the immersed interface ¥

This correction takes account of the relative surfaces considered in each cell K of the mesh crossed
by the immersed interface 3. In 2D, with a piecewise linear approximation ¥; of ¥ composed by a
segment ¥; i in each K crossed by ¥ (see figure 5), we get:

I+ L
eK:Jri:cos@KJrsinGK 0<0k <

meas (X k) (13)

o]

Table 2 recapitulates the parameters of the fictitious problem (P;) on the immersed approximated interface
E}'L and in the exterior domain Q. ;. We remind that the coefficients of (P;) in the approximated original
domain )y, are the same than the original problem (P) ones.
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Parameters on X} = X,\00 ‘

Parameters in €2,
Dirichlet B.C.
Id L? penalty
volumic exterior penalization a=9g=h=0 a= lId H' penalty 0,
K 1
p=- b=—,f=—-up
n n
Dirichlet B.C.
1 1
surface penalization a=—,h=- a=1Id,v=0,
q n
ﬁ =—g= 0 b = f =0
n
Robin B.C.
no exterior control a= QQR, 8= a2—R, a=1Id, v=0,
€ €
_h_9r _f
g 2 €

Table 2. Parameters on Z}L =32, \0Q and in €.} for the thin interface approach

IV. Numerical Resolution

A. Description of the test problem

We solve a 2D boundary value convection-diffusion problem in Q that is a quarter of the unit disk with
symmetry conditions on I' (see Figure 6(a)). The problem (P) under study writes:

~Ni+div(¥a)=f in

(P) Vin =0 onT

uw=up or —Vun=aruU+gr onx

M Yy
X )
1 1
Qe Q
A ~
yd Q Q D
. ) _
s g

S

(a) Original domain (b) Fictitious domain

Figure 6. Immersion of the unit disk in the unit square

The fictitious domain is the unit square € =]0, 1[x]0, 1] (see Figure 6(b)). The domain €2 is meshed uniformly

1 1
with square cells K with a grid step varying from h = 1 to h = 256 This defines the spread interface wp, x
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(see Figure 7(a)) and two thin approximated interfaces : an exterior one (see Figure 7(b)) such that Q c
and a cut one (see Figure 7(c)) which may cross the physical immersed interface 3.

L ! Ll

(a) Spread interface (b) Exterior thin interface (c¢) Cut thin interface
Figure 7. Discretization of 2 and approximated interfaces

B. Numerical schemes

1. A Finite Element (F.E.) method with an Adaptive mesh refinement (A.M.R.) method for the Spread
interface approach

A Q; F.E. SCHEME The spread interface approach is implemented using a Q; F.E. Scheme, where Qy
stands for the space of polynomials of degree of each variable less than or equal to k. For example, Q1 =
span{l,z,y,ry} in R%. The Q; discretization nodes are located on the vertex of the discrete elements.

We set :

ap, by, frn € Qo()
Uk, Vi € 91()

h
n,h*

A Bi-CGSTAB?S algorithm is used to solve the linear system. Moreover a diagonal preconditioner is imple-
mented in order to improve the ill-conditionning due to the penalization coeflicients.

where the subscript i denotes the F.E. approximation of the original variable, and up = u

AN A.M.R. ALGORITHM : THE LocAL DEFECT CORRECTION?? (L.D.C) METHOD Using approximated
interfaces, A.M.R. techniques are necessary to improve the accuracy of the solution near the immersed
interface and by the way in the whole physical domain. Most of these techniques are derived from multi-grid
methods.?8

A L.D.C. method?” is combined with the spread interface approach. This method is a multi-grid method
with a defect restriction in the ascent step. As the immersed interface X is coarsely approximated by the
spread interface wy, x, the refinement area is chosen around the spread interface in order to improve the
accuracy of the solution. At each level, the local refinement zone is composed by all the elements of the
spread interface wy, s, and their neighbors. This choice enables to correct the values of all the nodes located
on the spread interface.

The combination of a fictitious domain method with an A.M.R algorithm is expected be very efficient with
a relatively cheap over-cost.

2. A cell-centered Finite Volume (F.V.) scheme for the Thin interface approach

For each control volume K € 75, a cell-centered discretization point xx € K is chosen. Let £ denote the
family of edges o of control volumes. The set of interior (resp. boundary) edges is denoting by E;nt (resp.
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Eext), that is Eipr = {0 € E; 0 ¢ 0N} (vesp. Eexr = {0 € E; 0 € 0N}). Let Ex be the set of edges o lying on
$i & = {0 € Eint;o C Xy} For each K € 7;, or 0 € £, m(K) and m(o) represents the measure of K or
o. For given quantity 1, the discrete values i and 1, are defined by the mean value of ¢ over K or . For
each K € 7p, the main discrete unknown is denoted by uy ~ uZ(x &) and, for any (K, L) € 7,2 two auxiliary
unknowns (4, k, Ue 1) are introduced on o = K|L € &;ps. Let dg» > 0 be the distance from zx to o and
ng . be the unit normal vector to o outward to K.

The cell-centered F.V. numerical scheme implemented is a generalization for convection-diffusion problems
of the F.V. scheme proposed in Ref. 20,21 for elliptic problems, where the numerical convection flux is
obtained with an upstream scheme. This F.V. scheme allows jumps of diffusion and convection fluxes as well
as jumps of solution on each edge o € &;,,; and it reads in the following synthetic form:

Z m(0) (Fr.o +vioul?) + m(K) b ux = m(K) frx VK €T, (14)
{c€&;cCOK}

where the numerical diffusion flux Fi , reads (for sake of simplicity we consider an isotropic diffusion tensor
a=a(x)Id):

aKua’Ki’MK ifO':K|L€5im§
dK,U
Fro = —aKuUd_iuK if 0 € E.4¢ with a Dirichlet B.C. on ¢ : u, = g
K,o
Aug + gft if 0 € Ecpt with a Robin (or Neumann) B.C. on 0 : — (a.Vu).n = Au + g

and the numerical convection flux Vi , = v Kﬁgugp is obtained with an upstream scheme :
1 _
VKo = —— v .ng,ds
m(@) Jo

and
ifvg s, >0 ug]p =ug

. Uog. K if (u L — Usg. K 0
otherwise — ulP = 7 (uo, - ) #
ur, otherwise

Moreover Vo = K|L € &;,,; transmission conditions on o yields :

e (15)

1 —= _
§(FL,0 _FKJ) :ﬁU,K(uU,L _UU,K) ~Y0,K (16)

FL,a + FK,o’ = aa',K

with continuity of the transmissions coefficients through o (@, x = @1, hox = EG’,L; Box = BQL) except
9,1 Which verifies g, x = — G, -

We can see that the auxiliary unknowns us, 1., 4,k can be eliminated as reported in Ref. 20 and the numer-
ical scheme is then as cheap as the standard scheme without any jump.

On the edges 0 ¢ Ex, we set the discrete transfer coefficients of Equations (15) and (16) in order to
respect the local conservativity and the solution continuity properties :

Fxo=-Fro, and usx =usr, ifo=K|LEZ&Eu\Es (17)

Hence,
_ — 1
Aok =hoxk =G,k =0 and [, =—-——00 Yo¢és
, , n
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Otherwise, Vo € &, the discrete transfer coefficients are equal to the mean value on o of the transfer
coefficients of the fictitious problem (P;) lying on ¥ :

a<7,K = a4, ho,x = ho, EU,K = goN.NK s, ﬁmK = ﬁo Vo € &x

)

where n denotes the outward unit normal vector of Zlﬁ ono:n=d3+ng,

As in the F.E. resolution, the linear system is solved for the family (ux)xe7, by the Bi-CGSTAB?¢ algo-
rithm with a diagonal preconditionner to improve the ill-conditionning due to the penalization coefficients.

C. Numerical results

The F.E. simulations have been computed thanks to the finite element industrial code PYGENE?%:30 of
the Neptune project. This project, co-developed by the CEA and EDF, is dedicated to the simulation of
two-phase flows in Nuclear Power Plants.

A F.V. code using a structured approach had been implemented for the scheme presented here.

The test problem (P) has an analytical solution for a source term correctly term. The error between the
numerical and analytical solutions are calculated with the discrete L?-norm in €.

1. Dirichlet problem
We consider the Dirichlet problem :

—Na+div(vi) = 4 inQ
% = 0 onl
u=up = 0 onX

~ r . . .
with v = §er where r = \/22 + 32 and e, is the radial unit vector.

The analytic solution of this problem is :

The fictitious domain problem (P;) with a spread interface approach is solved in Q with the two Dirich-
let embedded B.C. methods : the spread interface penalization and the exterior penalization (see Table
1). For the fictitious domain problem (P;) with immersed jumps on the approximated thin interface, the
two Dirichlet methods (see Table 2) using either a volumic H' penalty in €. or a surface penalty on ¥,
without exterior control, are computed with both the exterior and the cut approximated interface Xj (see
Figures 7(b) and 7(c)). The following results have been performed with n = 10712 to get the modelling error
negligible compared to the discretization error.

The Figure 8 shows the convergence of the numerical error with respect to the discretization step h.

As excepted since [meas(€2),) — meas(Q)| = O(h) in both the spread and the thin interface approaches, all
the Dirichlet embedded B.C. variants are of first-order for the L2-norm.

For the spread interface approach implemented with a @; F.E. scheme, the penalization of the exterior
domain is more accurate than the penalization of the spread interface. Indeed, by performing the Q; F.E.
scheme (see in section 1), the reaction coefficient is computed by element (b, € Qg). All the nodes belonging
to a penalized element are then penalized. The spread interface penalization induces the penalization at up
of all the spread interface nodes. Hence, nodes inside the original domain Q are penalized. The exterior
penalization imposes u, ~ up on the whole exterior domain and on the exterior nodes of the spread interface.
In the original quarter disk domain, interior penalized nodes are globally farther of the physical interface
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Relatives L2 error norms - Dirichlet B.C. - F.E. Scheme Relative L2 error norms — Dirichlet B.C. — F.V. Scheme
[lu-uhl}/ju]| [lu=uhl}|lull
10° . 10°

: T
(G—OH1 spread interface penalization => order = 1 G—FIH1 exterior penalty — Ext. interface=> order = 0.88
E—F1H1 exterior domain penalization => order = 0.9 pZ ~—\ H1 exterior penalty — Cut interface => order = 0.83
&—=< Surface Penalization - Ext. interface=> order = 0.88
G—© Surface penalization — Cut interface => order= 0.83

T

10°

(b) Thin interface method

T Ao
10° . 10° discretization step
discretization step

(a) Spread interface method
Figure 8. Discretization errors for a Dirichlet B.C. with the two fictitious domain approaches

¥ than the exterior nodes (see Figure 7(a)). However, the accuracy of the different penalization methods
strictly depends on the geometry of the original domain Q.

In the F.V. approach, we can observe that the volumic H' penalty of the exterior domain and the sur-
face penalization on Y5, lead to the same errors. Indeed, performing a H! penalty method on Q. j, the
solution and its gradient are penalized. So v =~ up on the exterior domain €2 ; until the approximated
interface ;. For the two penalization approaches, the cut approximated interface leads to more accurate
results than the exterior one since the cut interface approximates ¥ more precisely than the exterior interface.

For the spread interface approach with an exterior volumic H'! penalization, the Figure 9 shows the
difference between the approximated solution and the analytic one. We can observe the main errors are
located around the spread interface.

> 0008400
<m0z
32704
2.28-03

s.15-03

PRESH

- o083

9903

Lasmz

\ 13m0z

L.sme0z

1702

L.omm0z

I 2.168-02

—— 23502
1 1 2.55-02

2,102

i 2.9m-02

s.a3m-02

| ssmez

IERETE 3.51802
371202
30002

1.00-02

Figure 9. Error distribution for the H! exterior penalization - F.E Scheme - Dirichlet case - 32x32 mesh

An adaptive mesh refinement is then performed in this zone. On each local grid, a Q1 F.E. scheme with an
H! exterior domain penalization method is computed. A three-grid LDC algorithm (two refinement levels) is
applied on each original mesh. The local refinement zone is composed by the elements of the spread interface
wp, sy and their neighbors. This algorithm converges by three V-cycles.

15 of 19

American Institute of Aeronautics and Astronautics



Relative L2 error norms — Dirichlet B.C. - F.D.M. + AM.R.
[lu=uhl|/|lul]
10”

G—-E&H1 exterior penalization => order = 0.9
— Mesh refinement (3 grids) + H1 ext. penalization => order = 0.9

10°
discretization step

Figure 10. Errors with or without A.M.R. for a Dirichlet embedded B.C.- Spread interface approach with H!
exterior penalization - F.E. Scheme

As shown in Figure 10, the errors obtained with a L.D.C. algorithm vary like O(hs) where hy is the dis-
cretization step of the local finest refinement grid (last level of refinement). The error on the original coarse
grid is similar to the error obtained without refinement on a mesh with a discretization step equal to the
local finest grid’s one. The use of a local A.M.R. combined with the fictitious domain method allows to
increase the precision of the solution even if the method remains first-order.

2. Robin problem

We now consider the following Robin problem :

—Ai+div(va) = 16r2 inQ
o1 -
& 0 on T
o
% = u+3 OnE(OLRil,gR:E;)

with v = 2r3e, where r = /22 + 32 and e, is the radial unit vector.
The analytic solution of this problem is :

The fictitious domain problem (Ps) is solved in © with an embedded Robin B.C. in the spread interface

(see Table 1). The results obtained with the three approximations of the characteristic parameter e discussed
in section 2 are reported on Figure 11(a).
For the resolution of the fictitious domain problem (P;), the method to enforce an embedded Robin B.C.
on a thin approximated interface without exterior control (see Table 2) is implemented. In Figure 11(b)
we investigate the effect of the two e corrections introduced in section 2 for the two kinds of approximated
interface (exterior and cut).

In the two fictitious domain methods, a global approximation of the characteristic parameter € (see Egs. (6),
(7) and (12)) leads to an asymptotic stagnation of the error and then the first-order precision is lost. With
a local correction (Egs. (9) and (13)) no stagnation appears and the asymptotically first-order accuracy
is then yielded for the L2-norm error. For the thin interface approach with a cut approximated interface,

the first-order accuracy appears asymptotically for meshes with a discretization step h < 37" Here again,
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Relative L2 error norms — Robin B.C. — F.E. Scheme

Relative error norms — Robin B.C. — F.V. Scheme

[{u=uhli/ul| [lu=uhl}/|{ul]
10° : . ’ : :
G—-6 Global constant correction <>—<> Global correction - Ext. interface
&——= Global weighted correction G—©O Global correction - Cut interface
A—4 Local correction => order=0.9 #— Local correction - Ext. interface => order = 0.9
@—®@ Local correction — Cut interface => order= 0.9 (asymp.)
107" F | 10
107 | ] 107
107 . . 10° . ,
10° 107° 107" 100 107 10* 107" 10
discretization step discretization step

(a) Spread interface method (b) Thin interface method
Figure 11. Discretization errors for a Robin B.C. with the two fictitious domain approaches

the fictitious domain method with a cut approximated interface gives a better precision than an exterior
approximated interface.
For Robin problems, a local correction is thus required to keep the first-order method.

For the fictitious domain method with spread interface, a local A.M.R. algorithm is performed on the
method involving a local epsilon (Eq. (13)). As in the Dirichlet case, we compute a three-grid LDC algorithm,

which converges by three V-cycles.

Relative L2 error norms — Robin B.C. - F.D.M. + A M.R.

[lu=uhi}/|ul|

10° .

A—=4 Local correction => order = 0.9

»——> Mesh refinement (3 grids) + local correction=> order = 0.9

P
P
10 L / ]
10° 1
10’3 L L
10° 10° 107

discretization step

Figure 12. Errors with and without A.M.R. for a Robin embedded B.C. - Spread interface method with a

local correction - F.E. Scheme

We can observe on Figure 12, that the combination of the spread interface fictitious domain method with
an A.M.R. method leads to a discretization error in O(h) with hy the discretization step of the local finest

grid.
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V. Conclusion and Perspectives

Two accurate fictitious domain approaches to solve convection-diffusion problems have been introduced.
They are based either on a spread interface or a thin interface approach and handle general embedded
boundary conditions (Dirichlet, Robin and Neumann). Two numerical schemes are used to compute these
methods : a Q1 F.E. scheme for the spread interface approach and a F.V. scheme with jumps of fluxes and
solutions for the thin interface approach. The main advantage of these methods is their weak costs : the
numerical resolution is computed on a single Cartesian mesh without modifying locally the numerical scheme
or introducing local unknowns. Even if these methods remain of first order, a cheap adaptive multi-level
local mesh refinement algorithm can be easily computed to increase the precision of the solution.

Such fictitious domain methods are full of promise, especially to simulate moving boundaries with a cheap
computational cost as no re-meshing is required. The next step will consist in extending these fictitious do-
main methods to Navier-Stokes equations with moving boundaries problems like two phase flows simulations
or fluid/structure interactions.
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