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Abstract

In this paper, we develop a posteriori error estimates for Finite Element (FE) approximations
of viscoelastic fluid flows governed by differential constitutive laws of Giesekus and Oldroyd-B
type. We use the general framework developed by Verfiirth for constructing residual based a
posteriori error estimates for nonlinear equations. Numerical experiments using adaptive com-
putations demonstrating the effectiveness of these error estimates are then presented for three
examples. The first two examples are problems with known solutions and the third example is,
a benchmark problem, the channel flow with a cylindrical obstacle problem.
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1 Introduction

In the past two decades, numerical simulations of viscoelastic fluid flows governed by differential
constitutive laws has been a major challenge to scientists. Coupling of the saddle point problem
formed by the momentum and continuity equations, and a differential constitutive law (that is
hyperbolic in character) poses significant numerical challenges. Maintaining the ellipticity of the
saddle point problem over the entire domain has been a major challenge, especially within regions
of high stress transitions. Another major difficulty encountered is dealing with singularities of the
solution in high stress transition regions. Also, in practical applications, discretized viscoelastic flow
problems yield very large linear systems. Solving such systems has also proven to be challenging due
to computer processing speed and memory limitations in computers, making the solution process
a bottleneck in numerical simulations. These three sources of difficulty have limited numerical
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simulations to fluids with limited elastic effects. Numerical simulation of fluids with high elastic
effects has proven to be a challenge; known commonly as the “High Deborah! number” problem (or
the “High Weissenberg number” problem).

Solution schemes aimed at resolving the “High Deborah number” problem have been proposed over
the past years. These include EEME [14], EVSS [22], EVSS-G [26], DEVSS-G [17], AVSS [24], and
DAVSS-G [25]. These schemes have increased the Deborah number for flows that can be simulated
for particular applications.

To combat stress singularities especially in the high stress transition regions, various stabilizing
schemes for discretizing the constitutive equations have been studied. These include the Discon-
tinuous Galerkin (DG) method of Lesaint and Raviart [16], Streamline Upwind (SU) method [13],
and the Streamline Upwind Petrov Galerkin (SUPG) method of Brooks and Hughes [3]. Based on
a “small data” assumption, SUPG and DG have been shown for problems in R? to converge at a
rate of h3/2 [1, 23], where h is the spatial mesh size.

Within the framework of Finite Element (FE) methods, generating optimal or near optimal meshes
is a useful technique for increasing accuracy at a lower computational costs. A posteriori error
estimates have been used with much success as a guiding tool in adaptively generating optimal
or near optimal meshes, and in adaptively computing solutions to problems with boundary layers
(regions of rapid transition of the solution) (see: [7, 8, 9]). Sandri [23] derived a posteriori error
estimates for a fluid obeying the power law. Recent results have also been published on a posteriori
error estimates for some quasi-Newtonian Stokes flows [11] and for a nonlinear three-field problem
arising from Oldroyd-B viscoelastic flows [20]. Owens [19] and Chauviére and Owens [5] have
constructed error indicators for spectral element methods for an Oldroyd-B fluid.

In this paper, we develop a posteriori error estimates for the Giesekus and Oldroyd-B type differen-
tial constitutive laws. We start by defining the problem and its governing equations. An abstract
framework from [27] for constructing a posteriori error estimates for non-linear differential equa-
tions is then presented. After describing some of the FE tools necessary for constructing the error
estimates, viscoelastic fluid flow equations are then cast in this framework. A posteriori error es-
timates are then constructed. In section 5, numerical results are presented which demonstrate the
effectiveness of the procedure.

2 Problem Definition and Notation

Consider an isothermal viscoelastic fluid flowing in a bounded, connected, open domain 2 C
R™, (n = 2,3) with Lipschitz boundary I" = Q2. Let n be the unit outer normal to the boundary,
T.

We adopt the following notation: Let x;, ¢ = 1,...,n, be cartesian coordinates in R"; given a

function u, % is written as u,; and the partial derivative with respect to time % isu;. If pisa

scalar function then Vp defines the gradient of p which is a vector with (Vp); = p,;. If u is a vector

1The Deborah number represents a measure of the ratio of the magnitude of the elastic forces to that of the viscous
forces|[2].



then the gradient of u, Vu, is a second order tensor written as (Vu); j = u;;, the divergence of u is
a scalar given as V-u = u;;, and u-V = u; 5 d . If 7 and o are second order tensors then the matrix
product of 7 and o, 7o is a second order tensor with (70);j = Tirokj, the divergence of 7, V- 7 is a
vector with (V- 7); = 75 ; and 0 : 7 = 0y;7;; is a scalar.

For viscoelastic fluid flows, the pressure p is a scalar function, velocity w is a vector function, while
the total stress 7y, is a second order tensor.

The conservation of momentum equation can be expressed as
pus + plu - V)u =V - Tios + pf, (2.1)
where f is a combination of the body forces on the fluid, and p the density of the fluid.
The total stress tensor, 74, is written as
Ttot = —pl+ 7N + T,

where I is the unit tensor, 7 is the Newtonian component of the stress and 7 is the viscoelastic
stress component.

For a broad class of differential constitutive models written in non-dimensional form, the viscoelastic
stress component may be modeled by the following constitutive law:

A(agz %(w)) +7=2aD(u), (2.2)

where 8a7 denotes an objective derivative defined in (2.3), D(u) = 3(Vu+ (Vu)T) is called the rate
of straln tensor (deformation tensor), and a € (0, 1) and 7 are model parameters.

To complete the formulation we need the conservation of mass equation

dp

SV (pu) = 0.

In this study we make the following two assumptions:

Al: The flow is time independent and creeping.

A2: The fluid is incompressible.

Based on assumption A1, and the decomposition of 74, the balance of momentum equation becomes
=V (—pl+71n+7)=f,
while the conservation of mass equation reduces to

V-u=0.



A general definition of %’—[ describing a wide variety of models is given as

OuT
ot

=71+ (u- V)7 + go(1, V), (2.3)

where
9o (7, Vu) = W(u)T — 7W(u) — a(D(u)T + 7D(u)),

and W (u) = £(Vu—(Vu)T) denotes the vorticity tensor, and a € [—1, 1] is a parameter. The choices
a =1,—1,0 corresponding to the upper, lower and corrotational convected derivatives, respectively.

The Newtonian stress 7y, is defined as
™~ = 2(1 — a)D(u).
Incorporating this definition of 7 into the momentum equation we have
—2(1—-a)V-D(u) =V -7+ Vp=f.
Note: The case v = 0 in (2.2) yields the Oldroyd-B model.

Associated with the model equations we assume the following boundary conditions. For velocity
we let u = ug at the boundary I'. For the stress we specify 7 = 7y at the inflow boundary I'",
where I'" :={z € I', | w-n < 0}. These boundary conditions are motivated by the character
of the governing equations : momentum equation being elliptic while the constitutive equation is
hyperbolic.

In order to simplify the analysis, take ug = 0. Then, as there is no inflow boundary, no boundary
condition is necessary for the stress. Additionally, we restrict our attention to the case A > 0. For
A = 0 the model may be rewritten as a Stokes problem. Thus the problem of interest can be written
as:

Problem (O): Find (u,T,p) such that

T+ AMNu- V)T + /\1(7'7') + Ago(7,Vu) —2aD(u) =0 in Q, (2.4)
«

—21-a)V-D(u)-V-74+Vp=f in Q, (2.5)

V-u=0 in Q, (2.6)

u=0 on TI. (2.7)

3 A Posteriori Error Estimation for Nonlinear Differential Equa-
tions

In this section we present the abstract framework as described in [27] for constructing a posteri-
ori error estimates for non-linear differential equations, followed by a collection of Finite Element
approximation tools.



3.1 Abstract a posteriori error estimates

For ease of exposition we follow the notation used in Verfiirth [27]. Let X and Y be two Banach
spaces with the norms || - ||x and || - ||y respectively. For any element u € X and any real number
R > 0 define

B(u,R) :={ve X | |lu—v||x <R}

Let £(X,Y) denote the Banach space of continuous linear maps from X to Y equipped with the
operator norm || - ||z (x,y). Denote by Isom(X,Y) C £L(X,Y’) the open subset of linear homeomor-
phisms of X onto Y. The dual space of Y, Y* := L(Y,IR) and < -,- > represents the duality pairing
between Y and Y*.

Let F € CY(X,Y™*) be a continuously differentiable function. Denote the linearization of F' about
ug by DF(up).

Theorem 3.1 (Verfiirth [27]) Let ug € X satisfy F(ug) = 0 and assume there exists (non-trivial)
subspaces Xp C X, Y5 C Y™ such that DF (ug) € Isom(Xp,Y}). In addition, assume that DF is
Lipschitz continuous at ug t.e. there is an Ry > 0 such that

|DF(u) — DF(uo)|lz(x,y+) -

T:= sup 00, (3.8)
ueB(uo,Ro) HU - U’OHX
and let Ry, be given by
Ruin = min{Ro, T_lHDF(uo)_lHZ(lYB’XD), 2Y M| DF (uo)|| z(x.v)}- (3.9)
Then for any u € B(ug, Rmin) N Xp we have the estimates
1 _
§||DF(U0)|!L(lx,y*)llF(U)HY* < [|u = uol|x, (3.10)
and
llu = wollx < 2/[DF(uo) M| £y xp) 1 F (W)= (3.11)
|

This theorem provides an abstract framework on which a posteriori error estimates for non-linear dif-
ferential equations can be constructed. An obvious difficulty in using this error estimator is that the

true solution u is not known. Generally, the multipliers HDF(uQ)Hz(lx y+) and [|DF (ug) ™! ey Xp)

can be approximated by HDF(uh)HZ(IXh yr) and HDF(uh)*lHL(y}: X,,), respectively, given an ap-
IR ’

proximate solution up, where X;, C Xp C X and Y, C Y C Yp are appropriate Finite Element
(FE) spaces.

As noted in [27] (Remark 2.2) estimate (3.10) can be modified to obtain local estimates. To demon-
strate this we include the proof of (3.10).



Proof of (3.10).
From Verfiirth [27], let ¢ € Y with ||¢||y = 1, then

1
(F(u),¥) = (DF(ug)(u — uo), %) + </o [DF(ug + t(u — uo)) — DF(uo)](u — uo) dt, ¢> , (3.12)
and thus
|[F(u)]

v+ < IDF(uo)llzex.ylu — uollx
1

4 / IDF (o + (1 — up)) — DF(up)l .yl — wollx dt
0

1
< NIDF(uo)lleexy+llw = uollx + 5 T llu = uollx
< 2[[DF (uo)llz(x,y+)llu — uollx- (3.13)

Now, let S = span{;} C Y, where support(¢;) C A C . Consider ¢ € S. In view of the proof of
(3.10), we have that

|1 F(w)]

s+ < 2||DF(uo)|| £(x,5)|[(w — uo)|allx,
< 2|[DF (uo)||zex,yll(u —uo)|allx- (3.14)

Let F}, € C(X}p,Y)) be an approximation of the function F. Denote the identity operator from Y
to Y as Idy. Then, we have the following result.

Theorem 3.2 (Verfiirth [27]) Let u, € X}, be an approzimate solution of the equation
Fh(uh) = O,

with [|Fp(up)|ly; “small”.  Assume that there is a restriction operator Ry € L(Y,Yh), a finite

dimensional subspace 17;1 = span{y;} C Y, where support(ip;)C A C , and an approzimation
Fh : Xh — Y; OfF at up.

Then,
|F (un)|ly= < ||(Idy — Ra)* Fi(un)||y-
+ |[(Idy — Rp)*[F(un) — Fn(un)]|ly+ (3.15)
+ [IRallzevy) [1F (un) — Fn(un)|ly,:
+ |Rull ey [ Fr(un)llyy:
and
Hﬁh(uh)Hy}; < |IF (un)llgs + [1F (un) = ﬁh(“h)\l?};- (3.16)
n

Combining Theorems 3.1 and 3.2 yields the basis for obtaining a residual based a posteriori error
estimate. The choice of R comes naturally, given that Xj; and Y} are FE spaces(for example a
Clément [6] type interpolation operator). Note that Fj(uy) is a projection of F(uy) elementwise
onto a suitable finite dimensional space. The space 17;1 is typically the space spanned by a set of
bubble functions constructed such that (3.16) holds.



3.2 FE approximation tools

In this section we present a collection of FE tools used in constructing the error bounds. Let Wh4(Q)

represent the usual Sobolev spaces with norm and seminorm || - ||; 40 and | - |; 4., respectively.
Likewise, the LP(Q2) norm is defined as || - ||,.o. In particular, let H' represent the Sobolev space
Wh2(Q) with norm and seminorm || - |[;2.0 and | - | 2.0, respectively. For ease of notation we drop

the domain from the norm and seminorm notations when the domain is obvious.

Let II; ;(€2), j > 1, denote a family of finite element partitions of €2 into simplices(triangles in R?
and tetrahedrons in R?) that satisfy:

1. Any two simplices in IIj, ;(2) are either disjoint or share a face, an edge or a vertex (a geo-
metrically conforming partition).

2. The ratio Z—; < o, for all T € 11, ;(€2), (no degenerate simplices),

where, T, hp, pr and hg denote a simplex, the diameter of T', the diameter of the largest ball that
can be inscribed into T, and the diameter of the face E of T, respectively. These conditions allow
local mesh refinements to be performed while preserving properties 1 and 2.

Define 7, &, and N} as the collection of all the simplices, faces and vertices, respectively, in
the partition IIj, ;(2). Given any T € 7j, denote by &,(T) and Nj,(T) the set of its faces and
vertices respectively. For each T' € 7, and E € &, we define the neighborhoods and the extended
neighborhoods of T" and E respectively as:

wr = U T, wg = U T, (3.17)

En(T)NER(T" )0 Be& (1)
W = U T, Op:= U T, (3.18)
N ()N (T) 0 Ni(B)OW (170

Let Wh4(wr) and Wh4(wg) be suitable Sobolev spaces defined on the extended neighborhoods of
T and F respectively. For k € IN, define

SPli={p : Q=R : glrelP, YV Tell,;(Q)}, (3.19)
SP0 = st ne(@), (3.20)

where, [Py, k > 0, is the space of polynomials of degree at most k.
Let 7, : LY(Q) — S ,1’0 denote the interpolation operator of Clément [6]. Then, the following lemma

holds.

Lemma 3.1 (Verfiirth [27]) There exists constants ¢; and ¢ depending only on the ratio Z—; such
that for T € Tp, E € &y, and 1 < g < oo the following error estimates are valid

H()O _IhSOHk#Z;T < Clth_ngle,q;@T , 0<k<I<2 ypc€ th(@T)’

— ~
e = Znglloss < cahl @llgm, » 1<I<2, @€ WH(ip).



Given a partition of €2, we define the “broken” norms and seminorms on €2 as
1/q 1/q 1/q
- g0 = {ZII'IIZ,];T} g = {Z”'HZ;T} | g : {Z! Iqu} - (3.21)
T T

Let Vp C L(T') and Vg C L*(E) denote fixed polynomial spaces defined on 1" and E respectively.
Let T'and E be the reference simplex and reference face respectively as defined in [27]. Let 15 and

g € Coo(f, IR) be two functions with the properties:
0< 9z <1, max, ;97(Z) =1, ;=0 on 97T, (3.22)
0<yy <1, max, 5@ =1, ¢5=0 on 9T\E. (3.23)
Let T be an arbitrary simplex and E C 07, then there is an invertible affine mapping
Fr = T — T,
such that T is mapped to T, and Eis mapped to E, and
Yri=vProFrl,  Ygi=ygoFpl.

For a simplex T with face E, let P : L°°(E) — L*(T) be the continuation operator defined in [27],
and let p and ¢ be two real numbers such that 113 + é = 1, then the following lemma holds.

Lemma 3.2 (Verfiirth [27]) There are constants ci,...,cy which only depend on the spaces Vz
and Vg, the functions ¢z and g, the number p and the ratio hr/pr, such that the following
inequalities hold for all T € T, E € &, u € Vp, and 0 € Vg:

Jp wbrv

cllullopr < swevy s = lullopr (3.24)
p
ellollpe < suprey, ETE < lollpe, (3.25)
cshpt[drullogr < IV@r)llogr < eahgl[vrullogr, (3.26)
C5h1:1||¢EPU||O,q;T < [V@WePo)llogr < Cﬁh%lH@bEPUHO,q;Tv (3.27)
||¢EPO'HO,q;T < (328)
|
Similarly, by the definition of i,
Yru<u
implying that
Wrullopr < [lullopr- (3.29)

In addition we have the following local inverse inequalities.



Lemma 3.3 ([15]) There exists a positive constant C, depending on the shape regularity constant,
such that for all u € IP(T') and for all T € 11}, ;(£2)

k2 2
lulBor < C=llullBr,  lulfar < Cogllullg (3.30)
hr h2.

4 A Posteriori Error Estimation for Viscoelastic Fluid Flow

Using the theorems and lemmas above, combined with standard tools used in FE methods, one can
now proceed with the construction of a posteriori error estimates for viscoelastic fluid flow governed
by differential constitutive laws. Before we proceed let us define the spaces to be used.

Velocity Space: M := H}(Q)" = {v € H'(Q)" : v = 0 on 0Q},
Stress Space: X := H'(Q)™" = {o;; € H'(Q), 1 <i,j<n : o4 =0}

sym

Pressure Space: @ := L3(Q) = {q € L*(Q) : / q dz = 0}.
Q
Given these spaces we can then define the variational form for problem (2.4)-(2.7) as:

<F([’U,, T,P]), [’U, o, q]) =

/Q(T + ANu- V)T + )\%(TT) + Ago (7, Vu) —2aD(u)) : 0 dA
+ /((2(1—0[)D(u)+7'—p]1)ZV’U—f"U) dA
Q

+ /qV'udA, vV [v,0,q] € [M,%2,Q]. (4.31)
0

Let M, € M, ¥, C ¥ and Q) C @ be the FE spaces corresponding to a partition, IIj () of Q.
Define My, 3j and @y, as:

M, = {veMnCY Q)" vePy(D)", VT ell;(Q)}, (4.32)
Yy = {oeTnCl )™ o e P(T)", VT €ll;(Q)}, (4.33)
Qn = {qeQnC’Q); e P(T), ¥ T eIl ;(2)}, (4.34)

where k and s are properly chosen so as to satisfy the LBB (inf-sup) condition [12]. If M} and @, do
not satisfy the inf-sup condition, then one needs to adopt an appropriate stabilization mechanism
for the modified Stokes part of the governing equations (see [21] for some stabilization techniques).

A discretization of F' using SUPG as the stabilization mechanism for the constitutive equation then



yields F}, as:

(Fu([wn, Thspnl)s [vn, oy anl) = (F([wn, Ths pr); [Vn, ons an))
+ Z /T(Th + )\(uh . V)Th + )\%(ThTh) + )\ga(Th, VUh) — 2« D(uh)) : (5(hT,uh)uh . Vah) dA,
T

V' [vn,0n,qn] € [Mp, X, Qn),  (4.35)

where
chy |T|}/?

S(hr,up) = { Munlozr’ ifuh#OonT7
0, ifup,=0o0nT

with |T'| denoting the area/volume of T" in R".

In [23], Sandri proved solvability of (4.35) for the Oldroyd-B model (y =0) for k=2, =1, s =1,
and established a priori error estimates for the approximation, assuming a smooth, small solution.

Let m, 7 y be a projection of y onto a polynomial space with degree k on the simplex T". Next, we
define F}, as F' in (4.31), with f replaced by its projection my, 7 f, where k, is the polynomial degree
of the velocity space. Then, the following equality is straight forward to verify.

<ﬁh([uh>7_haph])a [U70-7 Q]> =
Z /T(Th + AMup - V)7, + )%(ThTh) + Aga(Th, Vup) — 2aD(up,)) : o dA
T

+ Z /T(—2(1 — o)V -D(up) =V -7+ Vpp — 7, 7f) - v dA
T

+ Z/QV'uh dA + Z/[Th-nE—an+2(1—a)D(uh)-nE]E-vdS,
T /T E 'E

YV [v,0,q] € [M,%,Q], (4.36)

where the notation [f]g represents the jump of f across the face E and ng is the normal vector to
E. If E falls on I' then ng coincides with the exterior normal on I'.

Note that the above definitions of F, F}, and ﬁh depend on the formulation adopted, and the
stabilization mechanism used.

For ease of notation define X =Y := M xXxQ and Xp, =Y}, := Mp XX, xQp. Forx = (u,7,p) €Y
define the norm on Y as

1/2
lzllx = llelly = {11l + 17132+ llpl 2}

Also, for brevity let

Ry ==V -1, =21 =)V -D(up) + Vo — e, v f (4.37)
R =1+ XMup, - V)1, + )\%(ThTh) + Aga(Th, Vup) — 2aD(up) | (4.38)
Re:=V -y, (4.39)
Ry :=[m -ng —ppng +2(1 —a)D(uy) - nglp . (4.40)

10



Before we proceed let us define the restriction operator Ry, : Y — Y}, as
Ru = [Thua, - -, Tpun, Ipmi1, IpTiz, - - - LnTon, 0]

Let the polynomial degrees of the approximating spaces for u, 7 and p be k, [ and s respectively.
Then, the space Y}, is defined as

}N/h = Span{[wT%Qa 0]7 [Q, ¢T0'7 0]7 [Q, g7 wTQL WEPU/;Q’ 0] :
v E [P, (T)]", 0 € [Py (T, q € [Pr—1(T)], w € [Py (E)]", } (4.41)

where P is the continuation operator defined in [27], 0 is the zero vector, 0 is the zero tensor and

mi = max{k, [ —1, s—1}, (4.42)
me =max{k+1—1, k—1, 2l}, (4.43)
ms = max{k — 1, I, s}. (4.44)

Given the spaces and auxillary results above, we now construct the necessary bounds to the terms in
(3.15) and (3.16). First, we construct an upper bound for the term ||(Idy — Rp)* Fp,([up, Th, Pr))| v+
Let [v,0,q] € Y with ||[v,0,q]||ly = 1, then using Lemma 3.1,

|(Idy — Ra)* By ([un, 7, 1))

v = sup /R (o0 — Zyo) dA+Z/R (v—Zpv)dA

[v,0,q9]€Y
l[v,o.qllly =1

+2T:/TQRch+ZE:/ERJ‘(U_IhU)dS)
1/2
<c {Z n%} : (4.45)

where 17 is defined as

nr = { ho||mh 4+ A(un - V)75 + Aga(Th, Vup) + )\%(ThTh) — 20D (up)|[§ 2.7
Wyl =V -7, = 2(1 — @)V - D(up) + Vpp — m,,

1/2
I - unl o + helllm - mi — pane +2(1 — 0)D(w) nellBi ) (4.46)

Next, using Lemma 3.1 we can bound the second term in (3.15) as

|y — Rn)*[F([wn, Thy pa]) = Fn([wn,7ns o))y

sup ‘ Z Z/ — Ty 7 fi) (Vi — Thv;) dA

[v,0,9]€Y T i=1
I[v,o,q]lly =1

< e N = fllozrllv = Thvllogr
T

< c{ Z hol|f — Wku,Tng,z;T}l/z. (4.47)
T

11



Now, let us examine the consistency error. Let [vp, op, qn] € Yy, then,
(F([un 7hy pr)) = Fn([tn, T, pr)), [Vhs onyqn]) = = 6(ha, up) / Ry (up - Vop) dA.  (4.48)
T T

By definition,

\[F([un, Th, Pr]) — Fn([un, Thy pal)|
= sup |(F([un, Thy, P]) — En([uns Thy Ph])s (Vs Oy qnl)]

[vp,on,9p] €Y
[on,on,qn]lly =1

— sup ‘ Z 5(hT, uh)/ R : (uh . VUh) dA
[Vh+oh an)EYR T T
[[on,on,qr]lly =1

Yy

< > 8(h,up)||[Rsllo2er|[un - Vonllozr
T

< e 8(hr,un)||Rollogrl[unlloor || Vonllo2r
T

< ¢ 5(hr, un)l|Rsllo.2er | [unlloo o120 (4.49)
T

Thus,
1/2
2 2
[F'([wn, Thy pR]) = Fnllun, Ty pu))llv;: < € {Z (HUhHoo,T 5(hTaUh)) |RS||0,2;T} . (4.50)
T

The term || Fp(up)||y; in Proposition 3.2 represents the residual of the approximating linear system.
Since we assume the system is solved “exactly” (up to round-off error) we have

[[Fh(un)|ly,;: = 0. (4.51)

Equations (3.16) and (3.14) can be combined to obtain a local lower bound for the error esti-
mate. This is done in two steps. First, we show that we can bound each of the terms in nr by

sup(Fy([un, Ths Ph)), [V6, 06, a]) for [vy, 03, gb] € Y3, with support([vp, ob, gs]) € wr and ||[vy, 3, gs]| |y =
1. Then, we construct an upper bound for the second term on the right hand side of (3.16).

Let ?h]wo, wo € {T, wg, wr }, denote the set of all functions ¢ € Y}, with support in wg. Using
Lemma 3.2 we start with the residual term from the continuity equation.

V-u sdA
cil|Rello2r < sup Jr i
sePr_y (N0} sl
<ﬁh([Uh, Th7ph])7 [Qv Q7 ¢TS]>
cil|Rello2r < sup =
sePy_, (T)\{0} [Yrslo2r
< sup  (Fy([un, T, D)), [V5, 06y a1))- (4.52)

[vh,04-ap] €V |
[1[vp,08,q8]|ly =1

12



Next, the residual from the momentum equation. By combining the lower and upper bound from
(3.24) and (3.26) we have,

R, - YrwdA
c1l|Rmllo2r < sup Jr B
wePo, (M0} |[wlo2r
- Ry, - Yrw dA
c1cy b || R llo2ir < sup Jr

weP,, (10} |V @rw)llo2m

o sup <ﬁh([uh77—haph])7 [T/JTU),Q» O])
wEP, (T)\{0} IV (Yrw)llo,2r

<c sup <ﬁh([uh77_h7ph]), [,Ubao—b)qb])- (453)
[vh,0p,ap] €V I
[[ve,06,q0]|ly =1

The constitutive equation term is then bounded in a similar fashion to the momentum equation

Rs : ¢YprdA
CIHRSHOQ;T < sup %T
r€IP m, (T)\{0} 70,2,
Fy([un, T, p)), [0, 7,0
el Rullosr < sup (Fn([un Hh Ph|]|) [0, o7, 0])
rEIP 1y (T)\{0} Yrr|o2r
- ﬁ u 77— ) 9 Q? T"O
crcy hrl|Rollo2ir < sup Enll rV?@bph]))H[ Yrr,0)
r€lPm, (T)\{0} T7)110,2,T
< sup  (En([un, v, pnl), [Vb, 0, @))- (4.54)

[vp.08,ap) €Y I
[|[v6,00,ab] |1y =1

Lastly, the jump term. We begin by establishing that for t € IP,,,(F) we have
tllee > e e Pl 2w (4.55)

Letting T;, ¢ = 1,2 denote the simplices which share the face F, from the upper bounds in (3.28)
and (3.27) it follows that

—1,—1/2 1 _ —1/2 1 _ ~1/2
[l > ez b [wm Ptlo 2:m, = 367 P s Ptllo 2, + 57 Uy P lwpPtlogr,  (4.56)
1 _,. _ 1 4 - _
> opthy P esPtlload, + gert by e e Ve P o, (4.57)
1
> —sehillvnPtlam, (4.58)

As wg =Ty UT; and Z—; < p, estimate (4.55) follows.
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Now, from (3.25),(3.27) and (4.55),

Ry -y PtdA
co||Ryll2;p < teleS;zg)\{O} Je \|t||Z);E
o {<th([uha7'h,ph])» [YEPt,0,0]) = [, Bm- ¢EPtdA}
ey (BN (0} h ([0 PH|1 25000
< s (Fn([wn, 7, pa)), WEPltaQa 0]) + [ Rmllo2:w [[YEP0,200
tEP .y (B)\{0} ch* [ pP|1 200,
(E([un, s pr)), [0 P, 0,0]) +C5hTHRmH02wEHV(¢EPt)H02wE
ch 19 PH) 20

< sup
t€Pmy (E)\{0}

(4.59)

Combining (4.59) and (4.53) we obtain

hil?||Ry||ai < sup  (Fn([ns Ths phl), [Vos 06 @) (4.60)

[vb,ab,qb]effh\wE
[1[v6,00,05]|ly =1

Now, combining inequalities (4.52),(4.53),(4.54) and (4.60) we get

nr <c sup  (En([un, Thy 1)), [0, 03, G3))- (4.61)
(05,05, ap] €V, lwp
[|[vp,05,q0] |y =1

Next, the second part of (3.16). Using Lemma 3.2 and [vy, 03, @] € ffh, we now construct an upper
bound for the second term on the right hand side of (3.16).

As,
(F([un, mh,pr]) = Fn[tns 7o o)), v, 00, 0]) = / — g1 f) - vp dA, (4.62)
T'Cwrp T
we have
~ |(F ([un, Ty p1]) — Fn([wn, Ty 21))s [0, 0, )|
|| F'([wn, Th, pr]) — Fn([un, Th, pr])| 5 = sup
K [vp,0p,ap] €Y7, ||[Ub’ Ob, Qb] ‘ |Y

[1[vp,08,q8]| |y =1

< Z]/ i, f) vy dA

[vp,0p, qb]GYh
[[ve,00,q0]ly =1

< 0 = mw flloza vl o2

T'Cwr
<t Y hollf = mrg e fllogir |V osl o2
T Cwrp
—1 2 2 1/2
< 3 Blf —m oS B} (4.63)
T Cwrp
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Combining (4.61) and (4.63) with (3.14) and (3.16) yields
_ 1/
nr < e llu = unl gy + 17 = 78R 2 + 1P = Pl 200 }

1/2
+ {3 WS - S B} (4.64)

T'Cwr

Next, we combine the above computations with Theorem 3.1 to establish an a posteriori error
estimate. However, before doing so we comment on the subspaces Xp C X and Y}; C Y*. For
F(u) = 0 denoting the system of equations (2.4)-(2.6), and X =Y = M x ¥ x Q, DF(ug) ¢
Isom(X,Y*). From [10], we have that for Q C R" (n=2,3),9Q € C?,y=0,if f € L" (n <1 < )
has a sufficiently small L"-norm then (2.4)-(2.6) possesses exactly one small strong solution (u, 7, p),

uwe D(4,), TeWhr Q)X peWh(Q),

sym>

where WP4 denotes the usual Sobolev space notation, and

D(A,) :== W™ (Q)" n WOI’T(Q)" N{vel" ()" :V-v=0, v-n=0on 0N},

WL (Q) = {ve WH(Q) | / vdz = 0}.
Q

For
D = (W2 (Q)" N WG (Q)") x WH(Q)as x W (),
and R
Y = LT(Q)" x WH(Q)0 x Wh(Q),
the iterative argument used in [10] to establish existence and uniqueness of the strong solution may
be modified to show that for ug € (W2 (Q)"NWy" (Q)") x W2 (Q)7X7 x WL (Q) sufficiently small,

P Y sym
DF(ug) € Isom(Xp,Y}).

To obtain an a posteriori error estimate we let w in (3.11) denote the approximation (up, s, pp)-
Additionally, we must assume the existence of subspaces Xp C X and Y5 C Y* such that the weak
solution (u,7,p) € Xp, (uh,Th,ph) € Xp, and DF(u,7,p) € Isom(Xp,Y};). (Note that we cannot
use the strong solution space Xp for our choice of Xp as uj, ¢ W2 (9).)

Theorem 4.1 Let [ug, 79, po| be a weak solution of Problem (O) satisfying the hypotheses of Theorem
3.1, and let [up, mh,pn] € Xy be a solution of

(Fr([un, ThyPR])s [Vhs Oy qn]) = 0, Y [Un, Ok, qi] € Vi,

where Fy, is defined in (4.35), which is sufficiently close to [ug, To,po] in the sense of Theorem 3.1
and also satisfies the hypotheses of Theorem 3.2. Then for some constants ci, ..., cs, the following
a posteriori error estimates hold

1/2
{110 = unlf o + liro— i3+ llpo — pal32} <

e { S} + e {3 (lnllerdr ) 1R Baa} ™ + es{ B3I — miur SR}
T T T

(4.65)
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and
2 2 2 /
e < ea{ Il = unl 2y + 1170 = 7alF sy + 1190 = P11 2

1/2
+oe{ 3 Bl - m S B} (4.66)

T'Cwr

where Ry and nr are as defined above.

Remark: The constants ci,...,cs in (4.65),(4.66) are independent of h but depend upon the true
solution [ug, 70, po-

Proof:
Firstly we establish the existence of the derivative of F' and show that it is Lipschitz continuous in
a neighbourhood of [ug, 79, po].

Let DFy € L(X,Y™) be defined by
(DFo([u, 7, pl) [v,0,4]) :=
/Q(T + A((u- V)10 + (uo - V)T + %(7‘7‘0 + 707) + 9a(7, Vug) + ga (70, Vo)) — 2aD(u)) : ocdA

+ /Q qV -udA + /9(2(1 —a)D(u) —pl+71) : VudA, (4.67)
for [v,0,q] €Y.
Now, using the continuous imbedding of H! in L4,

(F([u, 7, p)) = F([uo, 70, po}) — DFo([u — wo, 7 = 70,p — po)), [v, 0, 4])
= /Q)\<(u )T —(u- V)19 — (o - V)T + (up - V)10 + %(77’ — TTo — T0T + T070)
+ 94(7. V) = ga((r, Vo) = ga((0, Vt) + ga(10, Vo) ) : 0 dA

= / A(((U*UO)'V)(T*TO)Jr g(T*To)(T*To)+ga(T—7'o,V(u—uo))) codA
Q

~y
< cA(IIU = uolloall V(T = 70)llo2 + 7 = 7olloall™ = 7ollo2

+ 4|7 = 7olloal [V (u = wo) o2 ) o]

0,4
< e (1w = uollvzllr = 7ol 2 + ZlIr =70l } 5 + 4117 = 7ollvzl [ = wol 1.2 ) o] |12
< AL +5)]|[u, 7, p] = o, 70, pol x Ifv. 0. ]l (4.68)
Thus, as
F(lu, ,p]) — F(luo, 10, — DFy(|lu —uo, 7 — 710, p — *
T [ T [ R

16



we have that F is differentiable about [ug, 70, po].

Next, to observe the Lipschitz continuity of the derivative, let DFj(-) denote the derivative at
[u1, 71, p1].

Then, for [v,0,q] € Y, [u, T, p] € B([uo, 70, pol, Ro),
(DF\([u, 7,p]) — DFo([u, ,p]), [v,0,4])
/ A 9)(n = 70) + (w1 — o) - V)7 + 2 (r(my = 1) + (11— 70)7)
+ 9o (7, V(u1 — up)) + ga((11 — 70), Vo)) : 0 dA
< 2e ML +5)lfur 71, 1] = o, 70, polllx [ 7, 2l Lx [0, 7, ]y (4.70)

HDFl([uv7—7p]) - DFO([U?Tvp])HL(X,Y*)
[, 71, 1] = [wo, 70, pol||x

<2¢(2 +5)||fu,7plx
<2¢(L45)(l[uo.mo.polllx +Bo) =T, (471)

Having verified the hypotheses, the stated results (4.65) and (4.66) now follow from (4.45),(4.47),
(4.50),(4.51), and (4.64).
|

A stabilization of (2.4) using the Discontinuous Galerkin (DG) method modifies the definition of
Fy(-) to

(Fn([wns Thy Pr])s [Vn, ohs an]) == (F([wn:h, i) [vh, ohs an])
- Z/ My, -n(" — 7)oy dA,
T Jor-
V' [vn, o, qn] € [Mp, Xn, Q. (4.72)
where 0T~ represents the inflow boundary of the simplex T defined as
O™ :={2€dT : u(z) n(z)<0}.

Baranger and Sandri in [1] proved the existence of the solution to (4.72) for the Oldroyd-B model
(v = 0), and also established a priori error estimates for the approximation.

For the DG method, the consistency error is then

(F([un, Thypn)) — Fn([un, Th, pn)), [Vn, on, an]) = 2/ Mup -n(t"t =) iopdA. (4.73)
= Jor-
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Thus,

[[F([wn, Thy pa]) — Fn([un, Th prl)|

vy < sup Z /8T My, (7" — 7Y Loy, dA

[vh,on,apl €YY T
[[[vn,on,anllly =1

< sup > [dup - n(7" =) [gr |[on|
[vh,0h,ap1E€EYR T

[|[vn,0n,qn]lly =1

—1/2 —
< sup Y ehy Py (77 or- onlloar
[vp,0h,ap1E€EYR

[1lvn,on,qn]lly =1

. 3 3 1/2
R DL PR ([ W S (4.74)
T

2,07~

Using (4.74) instead of (4.50) we can then modify the result to obtain a similar estimate for the DG
stabilization.

Theorem 4.2 Let [ug, 10, po] be a weak solution of Problem (O) satisfying the hypotheses of Theorem
3.1, and let [up, Th,pr] € Xn be a solution of

<Fh([uhaTh7ph])7 [vh70h7Qh]> = 07 v [Uh70h7Qh] € Yh7

where Fy, is given in (4.35), which is sufficiently close to [ug, Ty, po] in the sense of Theorem 3.1
and also satisfies the hypotheses of Theorem 3.2. Then for some constants cy, ..., cs, the following
a posteriori error estimates hold

1/2
Lol —pala) <

e{ S} e { S h i n @ - PONB Y e SR - m AR}
T T T

{Iw0 = unl} 2 + liro— 7]

(4.75)
and
2 2 2 /
e < ea{lluo = unl 2y + 1170 = 74l 2 + 1190 = Pl 2
1/2
+oe{ Y Bl - m S B} (4.76)
T Cwr

where nr is as defined above.

|

5 Numerical Experiments

In this section, we present numerical experiments based on the a posteriori error estimate (4.65).
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Let N represent the number of degrees of freedom associated with velocity, pressure and stress
combined. For zj, an approximation to z, we denote the H' and L? errors associated with z;, as:

El(a}h) = H.’L‘ — thLQ and Eo(xh) = Hl‘ — thog .

Associated with the approximations to velocity, pressure and stress, we define two total error terms:

Ey = {(El(uh))2 + (Eolpn)” + (EO(Th))Q}l/Z ’

and
1/2

By = {(El(uh))2 + (Eo(pn))? + (El(Th))2}

For Ej the error in the stress is measured in the L? norm, whereas for Fy the error in the stress is
measured in the H! norm. We define the error indicator E, as the right hand side of (4.65) with
the constants ¢; = 1 and ¢ = ¢3 = 0. Note that the second term on the right hand side of (4.65)
can be bounded by the first term, thus the second term can be written as a constant multiple of
the first term. Note also, that the third term on the right hand side of (4.65) is a higher order term
and may in general be ignored. Next, we define two effectivity indices, I.rs, and I.rz, as:

E E
Ieffo = E—O and, Ieffl = E—l

For the numerical computations we used as the approximation spaces for the velocity and pressure
the Taylor-Hood pair; continuous piecewise quadratics and continuous piecewise linears, respectively.
For the polymetric stress tensor the approximation space was comprised of continuous piecewise
linear elements. The approximating nonlinear system of equations was solved by lagging the non-
linearities and then iteratively solving the resulting linear system to steady state. The GMRES and
BiCGSTAB algorithms, with ILU preconditioning, were used to solve the linear systems.

A standard adaptive computational algorithm was used in the computations:

1. Construct an initial coarse mesh IIj, ;, j = 0.
2. Compute the approximate solution on IIj, ;.

3. Compute the global a posteriori error estimate. If the estimate is less than a preset tolerance
exit the computation.

4. Based upon each triangles’ contribution to the global error estimate, determine which triangles
are to be refined.

5. Refine the mesh and set j = j + 1. Return to step 2.

We used a 15-15 rule for determining which triangles were to be refined. For a triangle to be a
candidate for refinement its contribution to the global a posteriori error must have been at least 15%
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of that of the element with the largest contribution. In addition, the maximum number of triangles
designated for refinement at each iteration was limited to 15% of the total number of triangles.
Thus, a triangle was refined if it was one of the 15% “worst” triangles and its contribution to the
global a posteriori error estimate was at least 15% of that of the “very worst” triangle. The local
refinement algorithm used is described in [18].

The first two examples, taken from [11], have singularities just exterior to their domains, near the
points (2,2) and (0,0) respectively. In order to have a known solution for the polymetric stress 7, a
right hand side function is added to (2.4). This function is then calculated so that the solution for 7
is 7 = 2aD(u). For each example computations with A = 0.1, A = 0.5 and A = 1.0 were performed.
In all the computations we have used o = 0.41, corresponding to the value for the MIT Boger fluid
[25].

Example 1.
We take as the computational domain a square with side length 2 units, Q@ = (0,2) x (0,2). The
velocity, polymetric stress, and pressure used are

—(41—x—y)"/3

(41 —x— y)—1/3 J T(z,y) = 2aD(u), plz,y) =z +y.

u(x,y) =

Example 2.
For this example 2 is an L-shaped domain given by @ = (—1,1) x (—=1,1) — (0,1) x (0,1). The
velocity, polymetric stress, and pressure used are

(y=0.1)
[(z—0.1)2+(y—0.1)2]1/2
u(z,y) = . Ti=2aD(),  pla,y)=2-z—y)"%
(0.1—x)
[(z—0.1)2+(y—0.1)2]1/2

The numerical results for Example 1 (A = 0.5) are presented in Tables 5.1 and 5.2, which contain
for each grid used the total degrees of freedom N, the exact errors associated with the velocity,
pressure and polymetric stress(L? and H'), the total error terms Ey, F1, the error indicator E , and
the effectivity indices I.¢s, and I.ss . The adaptive grids generated for Examples 1 and 2 (A = 0.5)
are displayed in Figure 5.1.

From Tables 5.1 and 5.2 we observe that E is a more robust predictor for Ey than it is for Fj
indicated by the fact that I.¢s, is more consistent than I.¢s under the refinement process. (It is
worth noting that E was computed with the values ¢y = ¢3 = 1 and ¢ = 0. More appropriate
choices are currently under investigation.) Presented in Table 5.2 are numerical computations for
Example 1 with A = 0.5 for a uniformly refined mesh. Successive entries in Table 5.2 correspond
to “half-refinements” of the current mesh. By considering alternate entries in Table 5.2 we observe
optimal orders of approximation for the velocity, stress and pressure. Namely, O(h?) in || - |51,
O(h?) in || - ||z2 and O(h?) in || - || 2, respectively.

Remarks:

1. Note that Ey < Ej, so the upper bound (4.65) is also a valid estimator for Ey.
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N | Ei(un) | Eo(rn)  Ei(m) | Eo(pn) Eq E, E Tepry  derp
2946 | 0.13594 | 0.17597 4.46413 | 0.05164 | 0.22828 4.46650 | 1.35073 | 5.91 0.302
3378 | 0.05492 | 0.08871 2.84009 | 0.03016 | 0.10861 2.84078 | 0.54983 | 5.06 0.193
3908 | 0.04232 | 0.04810 2.67561 | 0.01457 | 0.06570 2.67598 | 0.42855 | 6.52 0.160
4506 | 0.01500 | 0.02235 1.46776 | 0.00770 | 0.02800 1.46786 | 0.15169 | 5.41 0.103
5226 | 0.01085 | 0.01131 1.36705 | 0.00338 | 0.01604 1.36709 | 0.11271 | 7.02 0.082
6070 | 0.00394 | 0.00543 0.71784 | 0.00194 | 0.00699 0.71786 | 0.04008 | 5.73 0.055
7102 | 0.00282 | 0.00288 0.67319 | 0.00093 | 0.00414 0.67320 | 0.02925 | 7.05 0.043
8184 | 0.00146 | 0.00173 0.37441 | 0.00069 | 0.00237 0.37441 | 0.01469 | 6.18 0.039
9626 | 0.00113 | 0.00120 0.35306 | 0.00075 | 0.00181 0.35306 | 0.01155 | 6.35 0.032
11230 | 0.00090 | 0.00096 0.24833 | 0.00069 | 0.00149 0.24833 | 0.00901 | 6.03 0.036
13270 | 0.00075 | 0.00079 0.23056 | 0.00059 | 0.00124 0.23057 | 0.00756 | 6.06 0.032
15710 | 0.00062 | 0.00066 0.21090 | 0.00045 | 0.00101 0.21090 | 0.00630 | 6.19 0.029

Table 5.1: Exact and approximate errors, and effectivity indices for Example 1 using adaptive
refinements for A = 0.5

N | Ei(up) | Eo(mn)  Er(mn) | Eo(pn) Ey E, E Leppy  Iepp
2946 | 0.13594 | 0.17597 4.46413 | 0.05164 | 0.22828 4.46650 | 1.35073 | 5.91 0.302
5646 | 0.05492 | 0.08871 2.83993 | 0.03017 | 0.10861 2.84063 | 0.54974 | 5.06 0.193
11286 | 0.04231 | 0.04809 2.67556 | 0.01452 | 0.06568 2.67594 | 0.42842 | 6.52 0.160
22086 | 0.01495 | 0.02231 1.46649 | 0.00770 | 0.02794 1.46658 | 0.15119 | 5.41 0.103
44166 | 0.01079 | 0.01125 1.36589 | 0.00336 | 0.01595 1.36593 | 0.11205 | 7.02 0.082
87366 | 0.00371 | 0.00529 0.71163 | 0.00190 | 0.00674 0.71165 | 0.03801 | 5.63 0.053

Table 5.2: Exact and approximate errors, and effectivity indices for Example 1 using uniform
refinements for A = 0.5.

2. Notice that E; is completely dominated by the error in the polymetric stress(measured in the
H! norm). On the other hand, the magnitude of the components that comprise Ey are all
consistent and none of them dominate the true error as the polymetric stress does in Ej.

We have only presented results for Example 1 with A = 0.5. Our other computations for Examples
1 and 2, with different values of A\ between 0.1 and 1.0, follow the same pattern.

Example 3.

For Example 3 we consider a benchmark problem in viscoelastic fluid flow simulation; channel flow
with a cylindrical obstacle [4]. The ratio of the channel height to the cylinder diameter, H, is taken
to be 4, while the maximum inflow velocity is set at 1.5. The boundary conditions imposed are
as follows. For velocity: a fully developed flow field (parabolic profile) at the inflow and outflow
boundaries, and a non-slip (v = 0) condition along the other boundaries. For polymetric stress:
along the inflow boundary the polymetric stress for a fully developed channel flow field satisfying
the Oldroyd-B constitutive law is prescribed. For pressure: the pressure is fixed at one of the inflow
mesh points to zero.

The numerical computations for Example 3 are summarized in Tables 5.3 and 5.4, and Figures 5.2
and 5.3. The adaptive grids generated are presented in Figure 5.2. For comparison, computations
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Nar  Ear Nur Eyr
4832 4.2811 4832 4.2811
5672 2.7743 9248 2.4274
6828 2.2855 | 18496 1.7297
8178 1.2780 | 36160 0.7476
10100 0.9523 | 72320 0.5346
12600 0.7288 | 142976 0.2183
15488 0.5636 - —
18824  0.4526 — -
22900 0.3624 - -
27840 0.2829 - -
34012 0.2220 — —
41448 0.1843 - -

Table 5.3: Degrees of freedom and approximate errors for the channel flow problem for A = 0.1.
Adaptive refinements (AR) on the left and uniform refinements (UR) on the right.

on uniform meshes are also presented in Tables 5.3 and 5.4. Successive entries under uniform
refinements correspond to “half-refinements” of the current mesh. (Thus, for comparison with
uniform refinements of the initial mesh, alternate entries in the table need to be ignored.) From the
adaptively generated meshes, Figure 5.2, it is clear that the refinement procedure correctly refines
the triangles in the regions of difficulty which are known to exists for this particular flow.

For Example 3, the

Error duction fact Initial Error/Final Error
———— reduction factor :=
Unknown Final Number of Unknowns/Initial Number of Unknowns’

was for the case A = 0.1, 2.70 for adaptive refinements compared with 0.66 for uniform refinements.
For A = 0.5 these factors were 2.66 and 0.54 respectively. The savings obtained in using an adaptive
strategy is clearly significant, especially for problems in viscoelasticity where, to obtain an accurate
approximation, a large number of unknowns is required.
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Nar  Ear Nur Eyr
4832 4.6662 | 4832  4.6662
5768 2.9771 9248 2.7106
6932 2.2408 | 18496 1.8578
8316 1.4124 | 36160 0.9540
10264 1.0594 | 72320 0.5868
12472  0.7792 | 142976 0.2903
15220 0.6349 - -
18692 0.5046 — -
22852 0.4087 — —
27524 0.3211 — —
33660 0.2535 - -
41088 0.2059 — -

Table 5.4: Degrees of freedom and approximate errors for the channel flow problem for A = 0.5.
Adaptive refinements (AR) on the left and uniform refinements (UR) on the right.
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1.8 1.8r
1.6 1.6
14f 1.4f
1.2 12
1t ; it 1
0.8 0.8
0.6 1 0.6} N
0.4 0.4
0.2F 1 0.2f N
O0 0:5 i 1j5 2 00 0j5 i 1j5 2
(a) 3 levels of refinement(Example 1, A = 0.5). (b) 6 levels of refinement(Example 1, A = 0.5).
1 : 1
0.8 1 0.8
0.6 1 0.6
0.4 ; 0.4
0.2 1 0.2
RO
0 TSI, 0
-0.2 TRREE -0.2
0 < 04 X
-0.6 -0.6
-0.8 -0.8
N -0.5 0 05 1 = -05 0 05 1
(c) 3 levels of refinement(Example 2, A = 0.5). (d) 6 levels of refinement(Example 2, A = 0.5).

Figure 5.1: Adaptive meshes generated after three and six levels of refinement for Examples 1 and
2 with A = 0.5.
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Figure 5.2: Adaptive meshes generated for the channel flow problem for A = 0.1 and A = 0.5.
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—+— Uniform Refinements —+— Uniform Refinements
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Figure 5.3: Log-Log plot of estimated error as a function of the degrees of freedom for the channel
flow problem for (a) A = 0.1 and (b) A = 0.5.
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