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Arbitrary Lagrangian-Eulerian (ALE) order modified backward Euler and the second order modified Crank-Nicolson methods
approach are used for the temporal discretization. It is shown that the stability of the semi-discrete
(continuous in time) conservative ALE-SUPG equation is independent of the mesh veloc-
ity, whereas the stability of the fully discrete scheme with the implicit Euler time dis-
cretization is unconditionally stable and is only conditionally stable (time step depends
on mesh velocity) with the Crank-Nicolson method. Numerical results are presented to
support the stability estimates and to show the influence of the SUPG stabilization param-
eter in a time-dependent domain. Further, the proposed numerical scheme is applied to a
boundary/layer problem in a time-dependent domain.

© 2017 Elsevier Inc. All rights reserved.

1. Introduction

Numerical solution of a convection dominated transient convection-diffusion equation in time-dependent domains is
considered in this paper. It is well-known that the standard Galerkin method induces spurious oscillations in the numerical
solution of a convection dominated equation. In addition, the deformation of the domain makes the computations more
complex. To suppress the oscillations in the solution and to enhance the stability of the numerical scheme, stabilization
methods are used for convection dominated problems. The additional stabilization in stabilized numerical schemes mainly
depends on the convection term in the equation. Moreover, the numerical method that we use to handle the domain move-
ment modifies the convection term in the convection-diffusion equation.

In the Eulerian approach, a fixed mesh is used to solve the equations in time-dependent domains, and the moving bound-
aries/interfaces are captured using interface capturing/tracking methods such as Level-set [1], Volume of Fluid [2], Immersed
boundary/Front-tracking method [3,4], etc. Therefore, the convection term is not modified when an Eulerian approach is
used to handle time-dependent domains. Alternatively, the arbitrary Lagrangian-Eulerian (ALE) approach [5,6] is preferred
when the application demands high accuracy and/or sharp moving boundaries/interfaces, for instance, in fluid-structure in-
teraction applications. The moving boundaries/interfaces are resolved by a moving mesh and are tracked explicitly. Hence,
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the ALE approach introduces a convective mesh velocity term into the model equation [7], and it alters the overall convec-
tive field of the problem. Since the mesh velocity need not be identical or even close to the convective velocity in many
practical applications, the model problem can still be convection dominated and can have boundary/interior layers even
after reformulating the model equations into an ALE form. It is of our interest in this paper.

Streamline Upwind Petrov-Galerkin (SUPG) is one of the popular stabilization methods for convection dominated prob-
lems, see for example [8-11] and references therein. Other popular stabilization methods such as Galerkin least-squares [12],
edge stabilization [13], continuous interior penalty [14], local projection stabilization [15], orthogonal subgrid scale [16] have
also been proposed in the literature for convection dominated problems in fixed domains, see [17] for an overview. A com-
parison of the SUPG method with other stabilization methods for a problem in fixed domain can be found in [18,19]. An
adaptive SUPG method for a transient problem in fixed domain has been analyzed in [20].

For the problems in time-dependent domains, the analysis of standard Galerkin finite element discretization with differ-
ent temporal discretizations has been presented in [6,7,21-24]. Further, the orthogonal subgrid scale method with the ALE
approach for the solution of the transient convection-diffusion equation in a time-dependent domain has also been pre-
sented in [25]. However, to the best of the authors’ knowledge, the SUPG discretization has not been studied for transient
equations in time-dependent domains.

In this work, we analyze the SUPG finite element method for a convection dominated transient convection-diffusion
equation in a time-dependent domain. In particular, an inconsistent SUPG discretization for a conservative ALE formula-
tion of the transient equation is considered. The stability estimate for two temporal discretizations methods, (i) first order
backward Euler and, (ii) second order Crank-Nicolson, with the inconsistent SUPG form are derived.

The paper is organized as follows. In Section 2, the transient convection-diffusion equation in a time-dependent domain
and its ALE formulations are given. The spatial discretization using the SUPG finite element method is also presented in
this section. Further, the stability of the semi-discrete problem (continuous in time) is derived in Section 3. Section 4 is
devoted to the stability estimates of the fully discrete problem obtained with backward Euler and Crank-Nicolson time
discretizations. Finally, the numerical studies are presented in Section 5.

2. Model problem and its ALE formulation
2.1. Convection-diffusion-reaction equation

Let T be a given time, and for t € [0, T] we consider a linear time-dependent convection-diffusion-reaction equation

%—eAu-kb-Vu—i-cu:f in (0,T] x 4,
u=0 on [0,T] x 9%, (1)
u(0, x) =ug(x) in Qg,

where Q; c R?, d =2, 3 is a deforming/moving domain with the time-dependent boundary 9. Here, u(t, x) is an unknown
scalar function, € is a constant diffusion coefficient, b(t, x) is a given convective velocity, c(t, x) is a reaction function, f{x) is
a source term and ug(x) is a given initial data. We assume that 2; is bounded for each t < [0, T] with Lipschitz boundary,
and the topology of domain €2; do not change in time. Further, assume that there exist a constant u such that

O<p< (c(t,x)—%Vb(t,x)), Vie©T), xe 2)
In addition, we assume that the given data are sufficiently smooth.

2.2. ALE formulation

We now derive the arbitrary Lagrangian-Eulerian form of the considered model problem (1). Let € be a reference do-
main, and define a family of bijective ALE mappings
A Q> Q. AY) =x(Y.t), te(0,T).

The initial domain €2 or the previous time-step domain (when the deformation of the domain is large) can be considered
as a reference domain 2. Further, for a function v € C°(2;) on the Eulerian frame, we define their corresponding function
7 e C9(2) on the ALE frame by

7:(0.T)xQ >R, Di=vod, with D(t,Y)=uv(t, A()).
Moreover, the time derivative on the ALE frame is defined as

av‘
at ly

We now apply the chain rule to the time derivative of v o A; on the ALE frame to get

v =—(tx)+—’ SV @+8At(y)~vxv=@+w~vxu,
Y Y

) av _ab o
C(0.T) x % — R. ﬁ)y(t,x)_ﬁ(t,\/), Y = A7 (x).

- ot at ot
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where w is the domain velocity. Using this relation in the model problem (1), we get the non-conservative ALE form

a—u —eAu+ (b-w)-Vu+cu=f. 3)
ot ly

Alternatively, we can use the Reynolds transport theorem

d [ 9(ua) _ ou dJa, _ ou
afgtudx_/ﬁim dY_fQ[jAtaty+u 8ti|dy_/9[|:8t
:/ (au+w~Vu+uV~w>dx,
o \ ot

to derive the conservative ALE form of the equation. Here, the Euler expansion formula

.

+uV~W] dx
Y

=L V- 4
3t |y JaV-w (4)
is used. Now, using the Reynolds transport theorem, the conservative ALE form of Eq. (1) can be written as
a(u
W] |y l-emut (b —w)- Vus (e~ V-wyu] =y | (5)
Y
Here, J5, = det(Js,), and the Jacobian matrix of the ALE mapping, J4, is given by
0x;
Ja =75
oy,

The main difference between (1) and (5) is the additional domain velocity w in the ALE form that accounts for the defor-
mation of the domain. Moreover, the ALE mapping between two different time instances ty, t; < [0, T], that is the mapping,
Aty oty © Q¢ — S, is given by,

Atl,tz = -Atz o A;l
2.3. Variational form of the conservative ALE equation

Let H!(Q;) be the usual Sobolev space, and H(} (¢) be a subspace of H'(€2;) in which the functions vanish on the bound-
ary 902;. Further, the solution space for Eq. (5) is defined as

V={veH(Q). v:(0.T]xQ >R, v=00A"". DeHj ()}
Moreover, the [?—inner product, the norm and the semi-norm, (-, -)s, |||lo, ¢ and |-|1, ;, respectively, over €; are denoted by

(u, v); :=/ uvdx, vl = W), Wi, = (V. V), YuveV.
@ '

Now, multiplying Eq. (5) with a test function v € V and integrate over ; to get

/ 9 (ua,)
o ot

Using the fact that %’ =0, and after applying integration by parts to the higher order derivative term, the variational form
of Eq. (5) reads:
For given 2, b, w, ¢, ug and f, find u € V such that forallt € (0, T] and v e V,

f/dY+/ [—eAu+ (b—w)-Vu+(c—V wudc= [ frdx
Y Q Q

%(u, V), + (eVu, Vi) + ((b—w) - Vu, v),+ ((c= V. -wu, v), = (f, V). (6)

The stability analysis for the standard Galerkin finite element discretization (6) has been presented in [6,7,22]. Here, we
analyze the SUPG discretization of the conservative ALE variational form (6).

2.4. SUPG discretization of the ALE equation

It is well-known that the standard Galerkin finite element discretization of convection-diffusion equation induces spu-
rious oscillations in the numerical solution in convection dominated cases. Note that the convective term in the ALE vari-
ational form (6) is proportional to (b —w), and the instabilities and spurious oscillations are not expected when the mesh
velocity is the same as convective velocity (pure Lagrangian form). However, this is not the case in the ALE form, and in
practice, the mesh velocity need not be in the same direction as the convective velocity. Therefore, to circumvent the insta-
bilities and to suppress the spurious oscillations, a stabilization method has to be used in practical applications, in particular,
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for problems with boundary and interior layers. One of the simplest and most popular stabilization method for convection
dominated problems in fixed domains is the SUPG method, and it is considered here.

Let Ty, be the collection of simplices obtained by triangulating the time-dependent domain £2;. We denote the diameter
of the cell K € T, by hy , and the global mesh size in the triangulated domain 2 ; by ht := max{hg,; : K € T;.}. Suppose
Vp c Vis a conforming finite element (finite dimensional) space. Let ¢, := {¢;(x)}, i = 1,2, ..., N, be the finite element basis
functions of V},. The discrete finite element space V} is then defined as

N
Vi=qtn: un(t.%) =D ui(t)gi(x); e Ry CHj (). (7)
i=1

We next define the semi-discrete mesh velocity wy, in space using the semi-discrete ALE mapping

Ape s Q> Q. (8)
Let

£'(Q) = {¥ e H'(Q) : ¥lx e P(K) for all K e &},
where P; is a set of polynomials of degree less than or equal to one on K, be the piecewise linear Lagrangian finite element

space. To move the mesh, it is sufficient to move the vertices, and thus the semi-discrete (continuous in time) mesh velocity
Wy, (t.Y) e £1(2)? in the ALE frame for each t € [0, T) is defined as

M
Wi (t,Y) =Y wi(OPi(Y); wi(0) e R

i=1

Here, w;(t) denotes the mesh velocity of the i node of simplices at time t and ¥;(Y),i=1,2, ..., M, are the basis functions
of £1(£2). We then define the semi-discrete mesh velocity in the Eulerian frame as

Wy (t, X) = Wy 0 A} (X).

Applying now the inconsistent SUPG finite element discretization to the ALE variational form (6), the semi-discrete form in
space of (6) reads:
For given Qq, u,(0,x) = ug(x), b, wy, ¢, and f, find up(t, x) € V}, such that for all ¢t € (0, T] and v, € V},,

d
¢ U Ve + Asupc (Un: Vi)ne —/Q V- (wpup) vy dX=/S; fopdx+ ) ‘SK/Kf (b —wy) - Vv, dK, 9)
h.t h.t 1(677”
where
asypc (U, V) = €(VU, V)i 4+ (b - VU, ) + (cU, V)

+ Y Sk(—€Au+ (b—wp) - Vu+cu, (b—wy) - V). (10)
KeThe

Here, (-,- )p,+ and (.,- )k denotes the L2—inner product in Q¢ and in K e Ty, and Ji is the SUPG (local) stabilization
parameter. Further, u,,(0, x) € V}, is defined as the L%-projection of the initial value uy(x) onto Vj,.

Lemma 1. Coercivity of asypg(-, -)p, ¢ Let the discrete form of the assumptions (2) be satisfied. Further, assume that the SUPG
parameters satisfy

h2
0
b= b, Bk < 5o (1)
||C||K,oo Gcinv
where c;,, is a constant used in inverse inequality. Then, the SUPG bilinear form satisfies
1 2
asupc (U, Up)pe > j|||uh|||f~
where the mesh-dependent norm is defined as
Hulll? = {elulf e+ Y Sclld—wy) - Vullf + wmlullg, ).
KeThe
Proof. Using the assumption (2) in (10), we get
asupc (Un, Up)ne > €|upl3, + mllupllf,+ Y Skl (b —wy) - Vuy|[§
KeThe
(12)

+ Z Ok (—€ Auy + cup, (b —wp) - V).
KeTh,
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Consider the last term in the above equation, apply Cauchy-Schwarz and then Young’s inequalities to get

3" Sk (—€ Auy + cuy, (b—wy) - Vuy)k
KeTh,

1
= 3 [0l At + 8l + 53¢l 1 (b —wh) - Vi |
KeTie

1
< §[€|Uh|%1< + (1l |up |13 + S [ (b — W) - V(5 ¢]

1 2
< <l 1P (13)
Here, the inverse inequality
| Atp|lox = Cinh |uplik. ¥ up €V
is used for the diffusive term. Note that the inverse inequality and the second assumption on &y in (11) can be omitted

when piecewise linear finite elements are used. Finally, using the estimate (13) in (12), the coercivity is proved. O

3. Stability of the semi-discrete (continuous in time) ALE-SUPG problem in space
3.1. Stability of the semi-discrete (continuous in time) conservative ALE-SUPG form

In the conservative semi-discrete form (9), we can not take v, = uy, to derive the stability estimate, since the variational
form (6) is derived using g—’t’ = 0. Nevertheless, a function uj, € V,, can be defined as a linear combination of basis functions
of V}, with time-dependent coefficients, see (7), that is,

up(t, %) = Y U ()i (x).
ieN
Note that the basis functions ¢; do not depend on time in the reference domain, and thus

(t.x) = MO ).
Y ieN

ou,
at

Taking v, = ¢; in (9) and multiplying the equation by u;(t) € R, we get

d
Ui(f)a/Q upd; dX+/Q
h.t

+ 3 o~ eau+ (b -wy) - Vit a0 -wy)- Vug) — [ V- Wy ) w(0)gy d
KeTy, hit

eVu,V (ui(t)o;) dx+/;2 b - Vu, u;(t)e; dx+/ cuy u;(t)¢; dx

ht Qe

- /Q Fui®ds dx+ 3 Se(f, (b—wy) - V(ut)p)x.

KeTh,

Since u;(t) depends only on time, the first term can be rewritten as,

d d du;(t
ui(t)&/g upg; dx = a/ﬂ uhui(t)ﬁbid?‘—/s; i)
h.t h.t

it dx

upe;
t

h,

= i/ uhu,-(t)¢idx—/ up M dx.
dt Qe Qe at Y
Now, summing over i =1,2,..., N, we get
d 2 auh 2
Eﬂuh”o,r— Un - dx + €luylt, + b-Vuy, u, dx — V. (wy up) uy dx
Qe y Qp Qe

+ cl|up|[§ + Z (SK( —eAup + (b—wp) - Vuy, + cuy, (b—wp,) - Vu,,)K
KeTy,

— [ Ty dxt Y 8 (b wy) - Vi

KeTh,

Using the Euler expansion (4), the second term can be written as
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/ dup
Qh.[ at

dJa
uhdx=/—“ y i, d /(hmdy / 2 Ya gy
v 0 Zdt 2 ot

1d
Zdt/ uh .IA( dy — 2[ uhV Wj JA[ dy

_ 1 2 2
_ 2<dt||uh||m _/Q,,., uhV-w,.,dx>.

Further, applying the Cauchy-Schwarz and Young’s inequalities, the right hand side terms become

f 1 1
[(f up)| = ( 72 S fﬁllflléﬁgulluhllﬁ,[

and

> Sk(f, (b—wy) - V)| < > 5K||f||oz<+ > Skll(b—wp) - Vuy|[F .

KeThe KeTh, Keﬂ,[

Using the above relations, we obtain

1d 3 3
2 ai el gl + 5 [V e [V )
1 1
= IR+ gl Pl + 3 Sl A+ 5 3 Belltb—wy) - Va3,
H KeThe KeTh,e
1 1
< MG+ 3 el A+ gl 1

KeTn,

Further, applying integration by parts to the last term on left hand side, that is

1
V- (wy up) up, dx = — wj, - Vu, u dx:—/ uZV - wydx,
Qh.[ Qh.[ Qh.r
we get
d 2
a||uh||0t |||uh|||t < *||f||0t+2 > Sl fllGx-

KeTy,

Finally, integrating the above inequality over time (0, T), we get the stability estimate

1 T
lundBoot 5 [ Wiz = s IZ, + 2 [ 101, de+2 [ 3 aellfi e

KeTh,

which is independent of the mesh velocity wy,.

4. Fully discrete scheme

In this section, we present the stability estimates for a fully discrete conservative ALE-SUPG form. In particular, the first
order modified implicit backward Euler and the second order modified Crank-Nicolson time discretizations are analyzed.

4.1. Discrete ALE-SUPG with Implicit Euler method

Let 0=1t0 <! <... <tN =T be a decomposition of the considered time interval [0, T] into N equal time intervals. Let us
denote the uniform time step by At = t" - t"~1, 1 < n < N. Further, let up be an approximation of u(t", x) in Vj, Hg (2¢n),
where Q¢ is the deforming domain at time t = t". We first discretize the ALE mapping in time using a linear interpolation.
We denote the discrete ALE mapping by A A, and define it for every t e [t", t"1] by

tn+l _T
= A L n Y
A Ane (V)
where Ay, (Y) is the time continuous ALE mapping defined in (8). Since the discrete ALE mapping is defined linearly in
time, we obtain the discrete mesh velocity
Apgnr (V) = Apen (V)
At

Apac(Y) = Ah e (V) +

Wi (Y) =
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as a piecewise constant function in time. Further, we define the mesh velocity on the Eulerian frame as
n+1 _ i+l -1
wpt =W o Ah,m(x).
In the derivation of stability estimates, we use the geometric conservative law (GCL)

f & b; dx — / ¢>,¢>de_/

[n+l

tn+l

/ ¢i(x) ¢J(X) V .wy(t) dxdr,

see [7] for more details. Since the mesh velocity is assumed to be a piecewise constant function in time, the midpoint time
integration rule can be applied to the GCL to get

/ & ¢; dx— / & ¢; dx = At /Q $i(X) Y;(0) V- Wy dx. (14)

Further, to avoid complex notations, we do not explicitly write the ALE mappings inside the integrals, that is, the inner
product (u , v}y m, for m # n denotes

/ upt vy dx = / up v o A em (x) dx.
Q[m m

t!

integrals to be evaluated in the backward Euler method, since it is necessary for the

Remark 1. Note that in order to satisfy the GCL condition (14), an integral with V . w term that arise from (9) needs to be
evaluated exactly in time at t = t"+1/2,

Applying the midpoint time integration rule to the semi-discrete problem (9), the ALE-SUPG backward Euler discrete
form of (9) reads:
For given Qg, u;,(0) =upq. b, w;‘”/z, ¢, and 12 find uf*! €V, in the time interval (t",t"*1) such that for all v € Vj,

1/2
e[ e, e, ]+ a2 ) [ v vy dx
h,tn+1/2

(15)
=/ frPypdx + > SK/ 12 (b —wy) - Vu, dK |,
Q) 12

KeTy 12

where

+172
agpl” (Un, V) = €(Vn, Vo), .0 + (0 Vg, Up)g, ., + (Cln, Un)g, s

+ Y. Sk(—eAuy+ (b—wy) Vuy +cuy, (b—wp) - Vi)

KeT, inv1/2

Lemma 2 (Stability estimate for the conservative ALE-SUPG form with modified implicit Euler method). Let the discrete
version of (2) and the assumption (11) on 8k hold true. Further, assume that &g < %, the solution of the conservative problem
(15) satisfies
n+1 n+1 012 2At n+1/2 2A 5 n+1/2|2
||uh ||0tN+1+ D) leluh |||t"+1/25||uh||0,t0+ m ZHf ||0tn+1/2+ t Z KZHf 5 0.K-

KeTy iz n=0

Proof. Rewrite Eq. (15) to get

!
At Qh.tnﬂ

1 1 1
—/ Vo (wpup™h) vy dx+/ eVupt'Vuy, dx+/ cuptiuy dx
Q) nt172 Q) 12

anﬂ/z

1
iy, dx — 7/ v, dx+/ b Vit v, dx
At Jo, Q

hen+1/2

- 5,(( — AU+ ((b—wy) - Vi) cu™ 1 (b —wy) - Vvh)K

KeTy 12
— /Q 2 der Y S / F2 (b —wy) - Vi, dK.
th+1/2

KeT, 12

Taking v, = uﬁ* 1 and applying integration by parts for the mesh velocity term, we get

1
/ WY (W) dx = f Vit wat) dx= o / V- wy (i )2dx,
Qh m+1/2 Q,, tn+1/2

Qh‘[n+l/2
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Using this relation in the above equation, we get,

At
n+1,,n+1 n,n+1 n+1 n+1 n+1|2
/Q uptiup dx—/ upuptt dx 4+ At asype (U™, U )y eniie — Vwy |up™ | 2dx
h.tn+1

Qh‘r" 2 anﬂ/z

< At / LRSI S WN: / F2 (b - wy) - VUl dK.
Qh.r’”rl/Z K

K€7?”"+1/2
Applying the coercivity of the bilinear form and the Cauchy-Schwarz inequality, we get

At

n+1)2
2 ) Vwp|uptt2dx

h,en+1/2

At
[ G e+ 5 1

< [ upuptdxac
Qe Q

1 At At
< (4 100G e) + VP g A 57 Sell ™21 e G e

KGTh_[nH/Z

2ty Y s At / 112 (b —wy) - VUl dK

K
h,en+1/2 KE’T;L[”‘UZ

Further, using the relation,

tn+l
B = G B = [ [ WV owy dx= A [ Y wg dx
tn Qp 2 ni172
which can be derived from GCL equation (14) with ¥; = ¢; = ug“, we get,
At 2At
Ut |13 e + 7|I|Uﬁ“|llfnmz < upllge+280 Y Skllf™ 2115, + e L2118 e
KeTy mi12

Finally, summing over all time steps, we get the unconditional stability estimate. O
4.2. Discrete ALE-SUPG with Crank-Nicolson method

We next consider the modified Crank-Nicolson method which is basically the Runge-Kutta method of order 2. For an
equation

dlclz(f) = fu®.n), t>0 and u(0)= o,

the modified Crank-Nicolson scheme reads

1
un+l —u" = Atf(M’tn*'%)

2

Applying the modified Crank-Nicolson scheme to (9), the fully discrete form of (9) reads:
For given Qg, u;(0) = up g, b, wZ“/z, ¢, and f**1/2 find ul*! eV, in the time interval (¢",t"*1) such that for all v, €V,

1 12 un+l 4+ un
E[(HZ“’ Ue, . — (U, vh)gm] - <V4 (wz+ / (hzh Uy
Q172

1
cap (B ) S () e T S (M (b - wy) - i)
SUPG R ")Q, i K h7 = Y2

Keﬁ,,[nﬂ/z

(16)

Let us recall the following discrete Gronwall inequality, which will be used in the stability estimate of the conservative
ALE-SUPG form with Crank-Nicolson method.

Lemma 3 (Gronwall lemma, [26]). Let f,An, Bn, Cy be given sequences of non-negative numbers for n > 0 such that the following
inequality holds

n n n
An+ AtY Bi< At yAi+AtY G+ f.
i=0 i=0 i=0
Suppose that Aty; < 1 for all i, and set o; = (1 — Aty;)”!. We then have

n n n
An+AtY Bi<exp|AtY oy || AtY G+ [
i=0 i=0 i=0
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Lemma 4 (Stability estimate for the conservative ALE-SUPG form with Crank-Nicolson method). Let the discrete version of
(2) and the assumption (11) on 8k hold true. Further, assume that

1 -1

L
B + B3

and 8y < 5t then

= (V- Wallw o2 Wz, oot oot + 1V - Wil log v Uy rir o)

W6 + Z ut ]2

N+1 ﬂn +:3n
< (1 + Atﬁg)”ug” 0 + At Z ( —+ At) ||fn+]/2||0 (g2 exp At Z WM
n=1

Here, || - ||oom is the L®—norm in Q.
Proof. Testing Eq. (16) with v, = u;“ +up, and using the relation
1 2, 1 2 1 2
Up, Uy +vp) = =||u =||lup +vpll° = =l
(Up, up +vp) 2|| nll +2||h+ Al 2|| Al
and then the GCL (14) condition, the first term can be written as,

/ W ) dx — / U+ ul) dx
Qh,nﬂ Qh.r"

1
=f|| Uy G s + 5 IIU”“JruhIIOtm— |u hllom—EIIUZII?W—fIIU"“+uhIIOtn+ w13 en
=f||uh“||0[n+1 - ||uh||ofn+ (IIH””+UZII§,M—IIU"“+uﬁllé.tn)— FlIG s + 5 IIU,,”IImn
At
= DI g — 5 3+ 5 (/ Vwy| ! + )P dx)
Q[n+1/2

1
2(||u,’}||ﬁytn + At/ vV wy |up? dx) <||uh+1||0[n+1 At/ Vwy uf 2 dx)
Qrn+]/2 anﬂ/z

= I e — U212 o+ Atf Vo wul uf dx.

Q12

Applying integration by parts to the mesh velocity term, along with the coercivity of the bilinear form and using the Cauchy-
Schwarz inequality to the right hand side terms, we get

Hup 18 s + o III(u"*1 + U + At/ V- wpuptlup dx
Qh.:m/z
At
< ufll§em+ = 4 Vo wy |uptt 4+ uft]? dr+ 2 ||f"+”2||0tn+1,2+At > Sl R
Q) ni12 KeT, 12

IA

AtV w (Gl - ) e I+ SR s A S Sl
172

KeT, 12

At
2

IA

At
Vo w ([ + [up*t?) dx+ [|upl[F e + Wllf"”/zllﬁ,th +At Y Sl IR

Q
hen+1/2 KeT, 12

Using the ALE mapping and its Jacobian, we obtain

At At At
| |uh+1 | |0 i+ o | | |un+1 + uh | | |t”+1/2 =5 | |V - Wh | |O<>,l'"”/2 | UA[;HL (n+1/2 | |oo,[”+1 | |U;+1 | |0’tn+l + 7 | |fn+1/2 | |5,tn+1/z

HAE Y SR + Shv. Willoomiz Wy e loser [TURIIG en-

KeT, inv1/2

Denoting
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1 1
Bl =5 IV -WillsomrelUans wirplloonts Bz = 5 IV -WallmeralUan oo lloc.ens

the above inequality becomes
At
IIUh”IIO gt + —III(U”+1 +upllZie < ABFHURIG o + (1 + AEBD|[up][5 4

IIf"“/ZIIOth/erAt Y Sl R

KeT, ini1/2

Summing over the index n =0, 1, 2, ...N, and using the assumption on dy, we get

N
||UN+1 gtN+1 + = Z |||(un+] +UZ)|||[,,+1/2 < Atf; “IIUN“Ilétm + AtZ(lg1 +.32)||uh||0 o+ (1 + Atﬁz)“uhno 0
n=1
||fn+1/2||0tn+1/z+At > Sl
KeTy ins12
N+1 N+1
< ALY (BT + BDIUR|[5n + (1 + AB)|[uf]3 0 + Atz ( )||f"+1/2||0tw
n=1

Finally, using Gronwall's lemma, we get
”uh-*—]”Ot’NJrl + Z"'(un+1 +uh)|||tn+l/2

0N (15,012 Y2 1212 paa BT + B3
1+A A —+ A e A —_—
< | A+ AB)IupllG 0 + tn§=o<“ + t)||f 15.¢n:12 | €XP tn§=1 T=AtBT + D)

Note that the assumption on the time step in terms of the mesh velocity needs to be satisfied in order to get the stable ALE-
SUPG solution. Hence, the Crank-Nicolson time discretization scheme is conditionally stable for the considered problem. O

5. Numerical results

To support the proposed conservative ALE-SUPG finite element scheme, numerical results are presented in this section.
Two examples, (i) transient scalar equation with € =0.01, b=0 and ¢ =0 in (1), and (ii) transient scalar equation with
€=10"% b= (1,0)T and c=0 in (1), are considered. In both examples, the standard Galerkin solution and the SUPG so-
lution are compared. In order to study the influence of the mesh velocity type convection and reaction terms introduced
by the conservative ALE formulation (5) for different At and dg, the first example is considered with b =0 and c = 0. Fur-
ther, the deformation of the domain in this example is given explicitly, and thus the restriction of the mesh velocity on
the time step in Crank-Nicolson method, see lemma (4), can be studied. The second example is a convection dominated
problem, and it is considered to show the applicability of the ALE-SUPG discretization to convection dominated problems
in time-dependent domains. Further, the piecewise linear and piecewise quadratic finite elements are used for the spatial
discretization in the first and second examples, respectively. Even though the second derivative in the SUPG formulation
becomes zero for the linear finite elements, the influence will be negligible for a very small diffusive coefficient € even in
higher order finite element discretizations. Note that the SUPG method is needed only for problems with small diffusion
coefficient. In computations, the SUPG parameter is chosen as

Sohi ¢

Sk = m if € < hillb — W/,
0

else,

where § is a numerical parameter and hy . is the time-dependent local cell size. Further, the resulting system of algebraic
equation is solved using the direct solver UMFPACK.

5.1. Example 1

We consider the time-dependent equation (1) with € =0.01, b=0, c=0 and ug = 1600 Y;(1-Y;) Y»(1 -Y,). Even
though the convection and the reaction terms are zero in this example, the mesh velocity introduces convection and re-
action type terms through the conservative ALE formulation of the equation, see (5). Moreover, the effects of the mesh
velocity on the numerical solution obtained with different time discretizations can clearly be studied by using this example
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Fig. 1. L?-norm of the standard Galerkin solution obtained for different time-steps. (a): Implicit Euler, and (b): Crank-Nicolson.
since b =0 and ¢ = 0. For this example, let Q¢ := (0, 1)? be the initial (as well as reference) domain. Further, the Eulerian
coordinate x(Y, t) € € is given by
X1 =Y1(2 — cos(20mt))
Xy =Y5(2 — cos(20rt)),

where Y € Qp. Note that the domain expands and contracts periodically with origin intact, but remains square. Now, the
mesh velocity w becomes

_ dl _ i( X )_ 20 x1 sin(20mrt) 20mx; sin(207t)
T dt  dt\2—-cos(20mt)) ~ \ 2—cos(20wt) ° 2 —cos(20mwt) )’

x(Y,t) = A(Y) = {

In computations, the piecewise linear interpolation in time is used to obtain the new position of the domain, i.e., x,(Y, ) €
Q, for T e [t", t"1] is given by
T —t"
At

Hence, the mesh velocity is obtained as
X (Y, 1) = xp (Y, £7)

At ’
The triangulated unit square domain consists of 8192 triangles and using the piecewise linear finite element (P;) on this
mesh results in 4225 degrees of freedoms (DOFs). Further, the computations are performed until the dimensionless time
T=2.

We first present the numerical results obtained with the standard Galerkin discretization. The L—norm of the solu-
tion obtained with different time-steps are presented in Fig. 1. Since both the modified implicit Euler and Crank-Nicolson
schemes are stable, we expect a similar behavior in the computed solutions also. Though the [%2-norm of the solutions ob-
tained with both schemes are decreasing in general, it can be observed that the solution obtained with implicit Euler time
discretization is more diffusive for higher values of At, see Fig. 1 (a). Nevertheless, the monotonicity of implicit Euler so-
lution is not affected by the mesh velocity even for large values of At, which supports the stability estimate derived in
lemma (2), as there is no time step (At) restriction with respect to the mesh velocity. Contrarily, the solution obtained
with the Crank-Nicolson scheme shows high oscillations when the time step is large with respect to mesh velocity, and it
confirms the stability estimates given in lemma (4).

We next present the numerical results obtained with the SUPG discretization. Since b = 0, the SUPG parameter is calcu-
lated using

Xh(Y, T) =

tn+l _T
o

Xn (Y, tn+l) + A

wp (Y, 7T) =

Sohg ¢
3k =1 Iwllw
0 else.

if € < hgt||W| e,

The L2—norm of the standard Galerkin solution is compared with the SUPG solution obtained using the implicit Euler and
Crank-Nicolson schemes in Fig. 2 and Fig. 3, respectively. For different values of &y, the SUPG solution obtained with the
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Fig. 2. [%-norm of the ALE-SUPG solution obtained with the implicit Euler method for different values of §¢. (a): At =0.01, and (b): At = 0.0001.
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Fig. 3. [2-norm of the ALE-SUPG solution obtained with Crank-Nicolson method for different values of §y. (a): At =0.01, and (b): At = 0.0025.

implicit Euler using At =0.01 and At = 0.0001 are depicted in Fig. 2(a) and (b), respectively. Since the standard Galerkin
solution obtained with At = 0.01 is already too diffusive, the effect of §y is not visible in the SUPG solution for the con-
sidered values of §5. However, the effect of §; on the solution can clearly be observed in At = 0.0001 case, see Fig. 2(b).
Further, the SUPG solution approaches the standard Galerkin solution when §, decreases, which is obvious from the SUPG
formulation.

Next, the Crank-Nicolson time discretization with At =0.01 and 0.0025 is chosen to study the effects of 8y on the
solution, see Fig. 3(a) and (b), respectively. Contrary to the implicit Euler case, the standard Galerkin solution obtained with
the Crank-Nicolson time discretization is not too diffusive even in the large time step case, and hence the effects of §, on
the solution can clearly be seen even in At = 0.01 case, see Fig. 3(a). Interestingly, the amplitude of the oscillation in the
L2-norm of the solution reduces when § increases, see Fig. 3(a).

Remark 2. The choice of stabilization parameter §ix in SUPG scheme is of interest to many researchers. There are several
proposals for §i in the literature, see for example [27-29] and the references therein. A comparative study on the choice of
Sk for the convection-diffusion problems in fixed domains can be found in [27]. However, the convective term varies in ALE
formulations, and the optimal choice of §x for problems in time-dependent domains needs further investigation.
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Fig. 5. The observed undershoots in the ALE-SUPG solution of Example 2 for different values of 8. (a): Implicit Euler, and (b): Crank-Nicolson.

Remark 3. The numerical results presented in Figs. 2 and 3 show that the condition g < % used to derive the stability

is not strong. It indicates that the stability estimates could also be derived for scalar problems in time-dependent domains
without this restriction as derived in [10] for fixed domains.

5.2. Example 2

We next consider an example that exemplifies a fluid-structure interaction problem. Define a time-dependent two-
dimensional channel

Qe =1{(-3,9) x (-3,3)}\ &

that excludes a periodically oscillating (up and down) circular disc Qf where the position of the disc, x(Y, t) € 3, and the
reference disc are given by

X1 =Y1

Y. t) = Y):
x(Y,t) = A (Y) {x2=y2+0,55ir1(271t/5),

and Q:={(V1.Y2) eR% Y72 +Y7 <1}

Further, define I'p := {3} x (=3, 3) as the inflow boundary, and the remaining part I'y := dQ2;\I'p as Neumann boundary.
We now solve the convection dominated transient scalar equation (1) with € =10~8, b= (1,0)T and ¢ = 0. Further, we
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Fig. 6. The observed overshoots in the ALE-SUPG solution of Example 2 for different values of 8. (a): Implicit Euler, and (b): Crank-Nicolson.
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Fig. 7. ALE-SUPG solution of Example 2 over the line y = 0 with different values of §,. (a): Implicit Euler, and (b): Crank-Nicolson.

impose zero initial value, the homogeneous Neumann condition on I'y, and inhomogeneous Dirichlet condition

1 on 32,
Up(x1,%) =10 op Ip.

For the considered data, there will be a boundary layer on the upstream side of the oscillating circular disc, and two interior
layers on the downstream side of the disc. Since the solid disc oscillates periodically, the position of the boundary and
interior layers also change in time.

The channel is triangulated using the mesh generator “Triangle” [30,31], and it results in 9416 triangular cells and 19552
DOF with piecewise quadratic polynomial finite element (P,) for the unknown u. The computations are performed until
the dimensionless time T = 10 with the time step At = 0.01. Further, the linear elastic-solid update technique is used to
handle the mesh movement that occurs due to the oscillations of the solid disc. At each time step, we first compute the
displacement of the disc. We then solve the linear elastic equation in 2 to compute the inner points’ displacement by
considering the displacement on 925, .1 as the Dirichlet value. This elastic update technique avoids the remeshing during
the entire computation, see [32] for more details on handling the mesh movement.

Since the solution u must be in the range of [0, 1] for the considered problem, any value of u which is below 0 is called
undershoots and exceeds 1 is called overshoots. The standard Galerkin solution obtained with the implicit Euler method
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Fig. 8. A sequence of ALE-SUPG solution of Example 2 obtained with §o = 0.1 and implicit Euler discretization at different instance t = 0.05, 4, 7, 10.

is presented in Fig. 4. As expected the solution contains spurious oscillations, and have more undershoots and overshoots.
We next perform an array of computations with different values of &y in SUPG discretization with At = 0.01 in both im-
plicit Euler and Crank-Nicolson methods. The observed undershoots and the overshoots in the ALE-SUPG solution obtained
with different values of 8¢ in implicit Euler and Crank-Nicolson methods are plotted in Fig. 5 and 6, respectively. The over-
shoots in the solution obtained with the Crank-Nicolson time discretization using §o = 0.1 and 0.5 are highly oscillatory,
and therefore, a curve fitting plot is used to show the overshoots.

As it can be observed from the plots that the undershoots and overshoots in the solution obtained with the Euler method
is less in comparison to the solution obtained with the Crank-Nicolson method (note that the scaling of figures is different).
For both the Euler and Crank-Nicolson methods, the choice of §; = 0.1 among the considered values suppresses the un-
dershoots and overshoots almost. The oscillations can further be suppressed by varying (increasing) §,. Moreover, the plots
of undershoots and overshoots provide only an indication for the choice of §q to suppress the spurious oscillations in the
numerical solution. However, the smearing effect of 55 on the numerical solution cannot be observed in Figs. 5 and 6. There-
fore, to analyze the smearing effect, the obtained ALE-SUPG solution over the line y = 0 for different values of &y at time
t = 10 are plotted in Fig. 7. Further, the surface plot of the ALE-SUPG solution at different instances are plotted in Figs. 8
and 9 to present the smearing effect. In addition, the contour plots at time t = 10 for standard Galerkin with implicit Euler,
SUPG with implicit Euler and SUPG with Crank-Nicolson discretizations are also depicted in Fig. 10. Even though, the SUPG
discretization suppressed the spurious oscillations in the numerical solution almost, there are very small undershoots and
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Fig. 9. A sequence of ALE-SUPG solution of Example 2 obtained with 8y = 0.1 and Crank-Nicolson method at different instance t = 0.05, 4, 7, 10.

overshoots (the solution exceeds its range [0, 1] at most 10%) for the chosen 3y = 0.1. We could reduce these undershoots
and overshoots by increasing 8o, however, it will smear the solution further.

Remark 4. In this work, the inconsistent SUPG formulation is considered by neglecting the time derivative term in the
stabilized formulation. The derivation of the stability estimates for the consistent SUPG formulation becomes challenging.
Nevertheless, the numerical implementation of consistent SUPG form is not difficult at least for equations in stationary
domains. However, the implementation of the consistent SUPG is not straightforward in time-dependent domains since

du d
3 fKE Sk(b—wy) - Vo dK £ 3 EfK” S(b—wy) - Vv dK,

KeThr KeTy .

when (b —wj) is a function of time. It needs further investigation to handle this term in the analysis as well as in the
implementation.

6. Summary

In this work, a stabilized numerical scheme for a transient scalar equation in the time-dependent domain is proposed.
In particular, a conservative ALE-SUPG finite element method is analyzed for a convection dominated transient equation
in moving domains. The stability estimates of conservative ALE-SUPG finite element method with the backward Euler and
Crank-Nicolson temporal discretizations are derived. It is shown that the stability of the semi-discrete (continuous in time)
ALE-SUPG equation is independent of the mesh velocity, whereas the stability of the fully discrete problem in implicit Euler
case is unconditionally stable and the Crank-Nicolson time discretization is only conditionally stable (time step depends on
the mesh velocity). The proposed conservative ALE-SUPG scheme is demonstrated with appropriate examples. The influence
of the SUPG parameter are studied, and the numerical results confirm the theoretical estimates.
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