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ERROR ESTIMATES FOR FINITE ELEMENT APPROXIMATIONS OF
NONLINEAR PARABOLIC PROBLEMS IN NONCONVEX
POLYGONAL DOMAINS

TAMAL PRAMANICK! AND SHANTIRAM MAHATA

ABSTRACT. In this exposition, we consider the nonlinear parabolic problem
with homogeneous Dirichlet boundary condition in a plane nonconvex polygo-
nal domain. Due to the reentrant corner on the boundary, the singularity occurs
in the finite element solutions near the reentrant corner (cf. Grisvard [1]). As
a result, the rate of convergence which is optimal order in a convex polygonal
domain is reduced for the case of nonconvex polygonal domain. We analyze
the convergence properties in the L?-norm for both the spatially semidiscrete
and fully discrete methods.

1. INTRODUCTION

In this paper we focus our attention to the nonlinear parabolic initial-boundary
value problems in domains with nonsmooth boundaries. Consider the nonlinear
parabolic problem, for u = u(zx, t),

u— V- (a(u)Vu) = f(u) in Q, teJ
(1.1) u = 0 on 0¥, t € J,
with u(-,0) = v in Q,
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where J = (0,7], T > 0, be a finite interval in time and 2 be a nonconvex
polygonal domain in R?, with boundary 99). Also, define the smooth functions
a and f on R such that

(1.2) 0<p<alu) <M, |d)|+]|f(u)]<B, forueck.

We assume that the above problem admits a unique solution.

Parabolic partial differential equations (PDEs) in nonconvex polygonal do-
mains appear in many applications such as heat conduction in chip design, envi-
ronment modeling, porous media flow, modeling of complex technical engines
and many others (cf. [2,3]). There has been several considerable research to
solve nonlinear parabolic PDEs using finite element method (FEM) in convex
domains, see [4,5]. In [6, 7], Chatzipantelidis et al. have been made an effort
to investigate the FEM for problems in nonconvex polygonal domains which
are mainly focused on linear models. The regularity of the solution of elliptic
problems in a nonconvex domain 2 can be found in [8,9].

For simplicity, we assume that w is exactly one interior angle which is reen-
trant such that 7 < w < 27. We set § = 7/w, and hence 1/2 < f < 1. In
particular, for the case of L-shaped domain, w = 37/2 and § = 2/3. Assume that
O is the associated vertex at the origin and (r, #) denotes the polar coordinates
describing the domain near O, with 0 < # < w. The singularity in the solution
will arise at the corner O with a leading term near O of the form

k(f)r’sin(50),

where x(f) # 0 in general, even when f is smooth. For further details on the
singular functions and the singular solutions, we refer to [1, 6,7]. We show
that the order of convergence in the L?-norm for both the spatially semidiscrete
and fully discrete method is reduced from O(h?) (the order of convergence for
the convex domain) to O(h?*?), due to the presence of singularity in the solu-
tion of (1.1) at the reentrant corner. All notations used throughout this paper
are followed from [10]. To the best of authors’ knowledge there are no litera-
ture available concerning FEM for nonlinear parabolic problems in nonconvex
domains.

The paper is organized as follows. In the next section we define the finite
element space corresponding to the triangulation of the domain (2 and describe
the elliptic projection which is used in the error estimates. Section 3 is devoted
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to a priori error estimates for the spatially semidiscrete scheme. In Section 4,
we derive a priori error estimates for the fully discrete backward Euler method.
Finally, some concluding remarks are presented in Section 5.

2. FINITE ELEMENT SOLUTION

In order to introduce the finite element space, let 7, = {K} be the family
of quasiuniform triangulations of 2 with maxc7, diam(K) < h. The triangu-
lations are quasiuniform in the sense that there is some constant ¢ > 0 such
that minyc7, diam(K) > ch. The finite element discretizations for an L-shaped
domain are depicted in Figures 1 and 2.

Let S, be the finite dimensional space corresponding to the triangulations 7j,
is defined by

Sp=1{x €C : x|k is linear, VK € T, and x|gsq = 0},

where C = C(Q) be the space of continuous functions on 2. Then the ap-
proximation with the finite elements leads to the semidiscrete problem to find
up(t) = up(-,t), belonging to S, for ¢t € .J, such that

(21) (uh,ta X) + (a(uh)vuha VX) = (f(uh)7 X) VX € Sh? te ‘]7
uh(O) = Up,

where v, is an approximation of v in S},. Following [4], it is easy to notice that
the semidiscrete approximation (2.1) has a unique solution which is bounded
fort € J.

To start the spatially semidiscrete error analysis for the semidiscrete problem
(2.1), we first introduce the elliptic projection u;, = a,(t) in S of the exact
solution u defined by

(2.2) (a(u(t))V (in(t) — u(t)),Vx) =0 Yy € Sp, t > 0.

Now we need some estimates for the error in this projection and therefore we
first derive the following lemma.

Lemma 2.1. Assume b = b(z) be a smooth function in Q with 0 < pp < b(z) < M
for x € Q. Consider ¢ € H'™(Q) N HY(Q), and let &, be defined by

(bv(gh - €>7VX> =0 VX € Sh.
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Then

(2.3) IV (& = Ol < CLh7|AE] | g14s for < s <1,
and

(2.4) 1€n — €Il < Coh® || AL 14 for B<s<1.

The constants C and C; depends on p and M and on the family of triangulations
Th. Also Cy depends on an upper bound for Vb.

Proof. For any x € S, we have

1|V (& = II? < bV (En =€), V(En — €))
= (bV(&n =€), V(X —€))
<MV (& = OIIVIX =,

which implies
IV(&n = Il < (M/)[[V(x = Il
Following [6, Lemma 2.5], and with the standard interpolant I,£ of £, we obtain
IV (& = Il < CLA%[|AE][ g1+ for 5 <5 <1,

which proofs (2.3). In order to show (2.4) we use the duality argument. For
this purpose, we consider the problem

(2.5) V- (bV) = —bAY —Vb-Vip=¢p in Q, =0 on 9,
and since, ||| < C||Vy|| for ¢ € HJ, we have

plVYIP < 0V, Vi) = (0,9) < [lellllvll < CllelllVell,

which gives ||V || < C||¢||. Therefore, using the elliptic regularity estimate (see,
e.g. [6, Lemma 2.5], or Bacuta et al. [8]) and for boundedness of Vb together
with equation (2.5), we get

(2.6) [AY|[g-1+s < Cllo+ Vb V|| < Cfle].
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Hence, with x = 1,

(& =& p) = (BV(En =€), VY)
= (bV(&n =€), V(¥ — X))
< M[[V(& = OV =Xl
< (CHO||AE[ -1+ )(CH7 | A | pr-1+4)
< Coh™ || Ag]| -1+

||,

and this completes the proof of the lemma. 0

3. SPATIALLY DISCRETE ERROR ANALYSIS

In this section we have concerned on some error estimates for the spatially
semidiscrete finite element approximation (2.1) of the parabolic problem (1.1).
For this purpose, we split the error term using the so called elliptic projection
defined in (2.2) as a sum of two terms,

(3.1 up —u = (up — ap) + (ap, —u) =0+ p.

Hence, for estimates the error we need to first estimate the terms p and p;,
which is given in the following lemma.

Lemma 3.1. Let p be defined by (3.1) and C(u) is independent of t € J. Then
under consideration the appropriate regularity assumptions on u, we have for t €
J, B <s<1,

eI +2IVp@)ll < Ch*  and  |p@)] + 7V ()] < Clu)h.
Proof. Since Va(u) = a'(u)Vu, the first estimate easily follows from Lemma 2.1
with b(z) = a(u(z,t)).

For the second estimate, differentiating (2.2) we have

(a(u)Vpi, VX) + (a(u);Vp,Vx) =0 Vyx € Sh.
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and f dof= 2702.
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So, for uniformly boundedness of a(u) and a(u);,
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following [4], with x = [,u; and using Lemma 2.1, this yields
7
Vo < §I|th|\2 +C|Vpl* + C(w)h*,

together with the previous estimate of Vp already shown, we have ||Vp,| <
C(u)h”.

Now for the estimate of p;, we use the duality argument as in the proof of
Lemma 2.1. With b = a(u) and ¢ defined as in (2.5), we have

(3.2) (pe:p) = (a(w)Vpy, V) = (a(u)Vpy, V(¥ — X)) — (a(u):Vp, VX).

Since a(u) is bounded by (1.2), hence using (2.2), the second term of the right
hand side of (3.2) gives

a(u)

a(u)

(a(u);Vp, Vx) = (a(u)Vp,Vx) =0,

and therefore, we have

(Iota 90> = (a<u>vpt7 V(w - X))7
choosing x = 1,1, together with (2.6) and with the estimates for Vp;, we obtain
(o1 )] < CIIVpIW AP 145 < Clu)p |||,
which gives, ||p¢|| < C(u)h?®. This completes the proof. d

We are now ready to prove the following estimate in L? for the error between
the solutions of the spatially semidiscrete problem (2.1) and the continuous
problem (1.1).

Theorem 3.1. Let u;, and u be the solutions of (2.1) and (1.1), respectively. Then
under the assumption of (1.2), we have

un(t) —u(t)]] < Cllo, — v|| + Cw)h®® for B<s<1,telJ.

Proof. We first write the error term as in (3.1), and since p is bounded in view
of Lemma 3.1, so it remains to estimate 6. For y € S;, and using (2.2) yields

(05, %) + (a(uyn)VO, V)

= (unt, X) + (a(un) Vup, VX) = (Gngs X) — (a(un) Van, V)

= (f(un), x) = (e = ue, X) = (e, x) = (a(u)Vin, V) + ((a(w) — a(un))Vin, V)
= (f(un), x) = (pr;x) = (w, x) = (a(w)Vu, Vx) + ((a(u) — a(un)) Vi, V),
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and thus

(3.3)
(6:, ) + (a(un) VO, V) = (f(un) = f(u), x) + ((a(u) = a(un))Vin, VX) = (pr; X)-

Now, using (1.2) and (2.2),

wl|Vig||? = p(Vag, Vi) < (a(w) Vi, Vi) = (a(u)Vu, Vi) < M(Vu, Vi),
which leads to || Vay,|| < (M/p)||Vu| = C||Vul|, and this yields
(3.4) IV ()| < C(u).

Therefore with y = 6 in (3.3), together with using (1.2) and (3.4), we have

1d

5 2101 + 1l VOI* < Cllun —ull (Il + IVO]) + [l 1161l

< ulIVOI* + CUION + llpll* + el *),

after integration this leads to

¢

111" < 1160)]1* + C/O (1O1* + lloll* + llpe]l*)ds.
Now, using Gronwall’s lemma we obtain
3.5 lo)11* < Clio)* + C/Ot(\lpll2 +[lpel*)ds,
where C now depends on 7. We have
3.6) 16O < llow — ol + 13a(0) — o1l < flon —v]| + €A,
where C' = C(v). With this and together with Lemma 3.1 we obtain from (3.5)
10)]| < Cllon — vl + C(u)h*?,

and this completes the proof of the theorem. O
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4. FULLY DISCRETE ERROR ANALYSIS

Now we shall turn to the fully discrete scheme for the discretization with re-
spect to time variable of the spatially semidiscrete problem (2.1). We introduce
the backward Euler method and derive some a priori error estimates. Consider
a partitioning of the time interval J = [0, 7] as

J={0lUJUJU---UJy
with subintervals J; = (¢;_1, t;] of size k and time points
O=to<ti < -ty <tn=T,

where £ denote the constant time step. Consider the backward Euler quotient
oU™ = (U™ —U""1) /k, where U™ the approximation in S}, of v, with u™ = u(t,).
Then the backward Euler method is given by

(4.1) (U™, x) + (a(U)VU™,Vx) = (f(U"),x) ¥x € Sh, 1 <n <N,

with U° = Vh -

The existence and uniqueness of the solution of (4.1) are easily follow from
the argument of [4]. Next, we are ready to prove the following estimate in L?
for the error between the solutions of the fully discrete problem (4.1) and the
continuous problem (1.1).

Theorem 4.1. Let U™ and u be the solutions of (4.1) and (1.1), respectively. Then
under the assumption (1.2) we have, for small k,

1U" — u(ty)|| < Cllon —v]l + C(u)(h*” + k),
for0<n<N, <s<l.

Proof With v = u(t,) and U™ = i (t,,), we first split the error term in two parts
0 and p as follows

(4.2) Ut —u" = (U = U™ + (U™ —u™) = 0" + p",

where 4,(t,,) be the elliptic projection of ™ given in (2.2). Since, p" is bounded
in view of Lemma 3.1, we only need to estimate #". For y € S}, using (2.2) and
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the weak form of the continuous problem we have
(96", x) + (a(U™)VO", V)
= (U™ x) = (0U",x) + (a(U™)VU", V) — (a(U")VU", V)
= (fU"),x) = (uf,x) = (OU" = uf', x) = (a(u")VU", V) = ((a(U") = a(u"))VU", Vx)
= (f(U™),x) = (u}',x) = (OU" = uit, x) — (a(u")Vu", V) = ((@(U") = a(u"))VU", V),
and hence
(00", X) + (a(U™)VE", Vx) = (f(U") = f(u"), x) = (Op", x) — (Ou" — ug’, x)

— ((@(U") = a(u"))VU", Vx).

Choosing xy = 6", together with (1.2) and the boundedness of VU™ in (3.4), we
obtain

%5”9"”2 +plver |t < O™ — w1071+ IV ) + (190" | + 0u™ — i 116",
using (4.2) this yields
06" |1* + ulIVer|* < CU™ I + 107 + llo" I* + low” — i |1*) = C(l6"]* + w™),
where w™ = ||0p"||? + ||p"||? + ||0u™ — u}||?. This reduce to

(1= CRlle"[1* < (1" + Chuw",
which gives

167]* < (L + CR)[|0"|1* + Chu,
for small k. Then by repeated applications, for 1 <n < N,

(4.3) [|0"]° < (1+ CR)"|6°)° + Ck D (14 Ck)"uw’ < Cl6°|* + Ck > w’.

j=1 j=1
We need to estimate w’ which includes three terms. Now from Lemma 3.1, we
obtain

1771l < Clu)h?,

1 t
100] = 1= p] =& / pu ds|| < Clu)h?,
t

j—1
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and

10w = wl]| = Ik~ (" — ™" — kul)]

_ H/{;—l/j (s — 151 )uu(s) ds|| < Cw)k.

tji—1

Altogether these estimates, we have
w = 09| + 1717 + 110w — w|* < Clu)(h* + k)?,
with this and the estimate for 6° in (3.6), we obtain from (4.3)
167 < Cllvn — vl + C(u)(h** + k).

Hence the proof is complete. O

5. CONCLUSIONS

In this article, we have presented the finite element method for nonlinear
parabolic problems in nonconvex polygonal domains. A priori error bounds in
the L2-norm has been derived for both spatially semidiscrete and fully discrete
methods. The fully discrete scheme is based on the backward Euler method. The
derivation gives the convergence rate of order O(h%*?) for 3 < s < 1 with respect
to the space discretization and O(k) with respect to the time discretization.
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