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NUMERICAL ANALYSIS OF A STABILIZED FINITE ELEMENT
APPROXIMATION FOR THE THREE-FIELD LINEARIZED VISCOELASTIC
FLUID PROBLEM USING ARBITRARY INTERPOLATIONS

E. CAsTILLO! AND R. CODINA?

Abstract. In this paper we present the numerical analysis of a three-field stabilized finite element
formulation recently proposed to approximate viscoelastic flows. The three-field viscoelastic fluid
flow problem may suffer from two types of numerical instabilities: on the one hand we have the
two inf-sup conditions related to the mixed nature problem and, on the other, the convective na-
ture of the momentum and constitutive equations may produce global and local oscillations in the
numerical approximation. Both can be overcome by resorting from the standard Galerkin method
to a stabilized formulation. The one presented here is based on the subgrid scale concept, in which
unresolvable scales of the continuous solution are approximately accounted for. In particular, the
approach developed herein is based on the decomposition into their finite element component and a
subscale, which is approximated properly to yield a stable formulation. The analyzed problem cor-
responds to a linearized version of the Navier-Stokes/Oldroyd-B case where the advection velocity
of the momentum equation and the non-linear terms in the constitutive equation are treated using
a fixed point strategy for the velocity and the velocity gradient. The proposed method permits the
resolution of the problem using arbitrary interpolations for all the unknowns. We describe some im-
portant ingredients related to the design of the formulation and present the results of its numerical
analysis. It is shown that the formulation is stable and optimally convergent for small Weissenberg

numbers, independently of the interpolation used.
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1. INTRODUCTION

The numerical approximation of viscoelastic fluid flows is a current line of research due to the wide range

of industrial applications where these materials are found [15]. The mathematical structure of the equations
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that define the problem presents different types of numerical instabilities and difficulties in which intensive
research has been done in recent years (see for example [1,25,37] for a review about this topic).

When using finite elements, the numerical approximation of the flow of viscoelastic fluids presents basically
two types of instabilities. The first is associated with the two compatibility or inf-sup conditions that restrict
the possible choices of interpolation spaces. The second is related to the convective terms in both the
momentum and the hyperbolic constitutive equation, in both cases nonlinear.

Referring to the compatibility conditions, many authors have studied the problem, considering first sim-
plified model problems such as the three-field Stokes problem [9, 18, 35] or the three-field Navier-Stokes
problem [3,12], which have the same interpolation requirements as the viscoelastic case. For these simplified
problems the classical compatibility condition between velocity and pressure [10] is not sufficient, and an ad-
ditional condition that relates the interpolation of the velocity with that of the elastic stress must be added.
The convective terms have been treated using the extension of classical methods used for the Navier-Stokes
problem, such as the SUPG method [34], the Galerkin/Least-Squares (GLS) method [23] or approaches based
on the Variational Multiscale (VMS) concept (see [13,31], among others).

Concerning the mathematical analysis, the existence of a slow steady viscoelastic flow solution has been
proved by Renardy in [36]. For the time-dependent case, existence of solutions locally in time, and for small
data globally in time, have been proved by Guillopé and Saut [26]. These analysis have been performed
in Hilbert spaces. The extension to Banach spaces and a complete review of uniqueness, regularity, well-
posedness and stability results can be found in the work of Fernandez-Cara et al. [25]. The existence of global
weak solutions for general initial conditions using a co-rotational Oldroyd model has been proved by Lions
and Masmoudi in [33].

In the context of the finite element approximation, for the steady state case one of the first works where
the existence of approximate solutions and error analysis were presented is that of Baranger and Sandri in [2].
The authors used a discontinuous interpolation (Lesaint-Raviart method) to treat the viscoelastic stresses.
Later, Sandri in [40] showed by using a fixed point method that the discrete approximate problem using a
P1(continuous)-P2(continuous)- P1(continuous) interpolation for stress, velocity and pressure, respectively,
and the SUPG method to treat the convective term in the constitutive equation, has an unique solution
for which error bounds were given, supposing that the continuous problem admits sufficiently smooth and
small solutions. Picasso and Rappaz [35] analyzed a stationary non-linear Stokes problem (Stokes/Oldroyd-
B model without convective term), and they proved a priori and a posteriori error estimates for the finite
element approximation for small Weissenberg numbers using a GLS method and an Elastic Viscous Split
Stress (EVSS) scheme. The extension to the time-dependent case was treated in [8] for the same non-linear
Stokes problem, proving global existence in time in Banach spaces provided the data are small enough. For
a Stokes/Oldroyd-B linearized problem, Bonito and Burman presented in |7] optimal a priori error estimates
using the Interior-Penalty method. In this work the authors showed that adding some type of artificial
viscosity in the constitutive equation, the problem can be solved for a large range of Weissenberg numbers. A
similar problem was studied by Ervin et al. in [21] for the steady state case, but using the Johnson-Segalman
linearized constitutive model, proving existence and uniqueness of the continuous problem and of a finite
element approximation under small data assumption. Ervin and Miles in [22] analyzed the Oldroyd-B time-

dependent case both in the semi-discrete and in the fully discrete cases using the SUPG method, proving
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existence and deriving a priori error estimates for the numerical approximation, assuming a Taylor-Hood pair
approximation for the velocity and pressure and a continuous approximation for the viscoelastic stresses.

The stabilized finite element formulation analyzed in this work has its roots in the VMS framework
introduced by Hughes et al. [28| for the scalar convection-diffusion-reaction problem, and extended later to
the vectorial Stokes problem in [16], where the space of the sub-grid scales is taken orthogonal to the finite
element space. As we shall see, this is an important ingredient in the design of the formulation analyzed
herein. The starting point of a VMS approach is to split the unknowns of the problem in two scales, the
finite element one and the unresolvable one, called sub-grid scale or simply subscale in what follows. The
latter needs to be approximated in a simple manner in terms of the former, so as to capture its main effect
and yield a stable formulation for the finite element unknown, keeping therefore the number of degrees of
freedom of the Galerkin method.

One of the most common viscoelastic constitutive models used in the rheological community is the Oldroyd-
B model. When this model is approximated numerically, the most challenging problem associated to it is
the High Weissenberg Number Problem (HWNP), a phenomenon related to the inability of the numerical
algorithms to converge to a solution when the Weissenberg (or Deborah) number is high (see for example
[29, 38] and the references therein). Some numerical tools have been proved to increase the limits of the
numerical formulations to solve more elastic fluids. The log-conformation formulation presented by Fattal and
Kupferman [24] is a common possibility to deal with the exponential growth of stresses when the Weissenberg
number is increased. Continuation methods are another numerical tool used to increase the Weissenberg
number limits that can be reached by a standard formulation, as one can see in the work of Howell [27]. For
the treatment of local oscillations, discontinuity-capturing techniques have proved to produce good results
in [7,13].

The objective of this paper is to analyze numerically a stabilized finite element formulation presented in
previous works and tested numerically with very good accuracy and robustness properties, both in stationary
[13] and time dependent cases [11,14]. The analysis is standard and follows a classical approach to prove
stability and convergence, first using a mesh-dependent or working norm, and then extending the results to
natural norms, that is to say, to the norms of the spaces where the continuous problem is posed. As it is
common to other analyses, the Weissenberg number needs to be small enough.

The paper is organized as follows. In the following section we present the problem to be solved and its
Galerkin finite element approximation, explaining the sources of numerical instability. Then, in Section 3 we
present our stabilized finite element formulation. In Section 4, we present the numerical analysis performed,

and finally, conclusions and remarks are given in Section 5.

2. PROBLEM STATEMENT AND GALERKIN FINITE ELEMENT DISCRETIZATION

2.1. Boundary value problem

The stationary linearized viscoelastic fluid flow problem is defined by the following equations. First we

have the conservation equations for momentum and mass

pa-Vu—-V -T+Vp=Ff inQ (1)
V.ou=0 inQ (2)
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where a is the advection velocity vector, ) represents the computational domain of R? occupied by the
fluid, d = 2 or 3 being the space dimensions, p denotes the density of the fluid, p : 2 — R the pressure,
u : Q0 — R? the velocity field, f : @ — R? the force vector and T : Q@ — R? @ R? the deviatoric extra

stress tensor, which can be defined in terms of a viscous and a viscoelastic or elastic contribution as
T =28uV°u+o (3)

where, p represents the total viscosity, 5 € (0,1) is a real parameter to define the amount of viscous or solvent
viscosity ps = B and elastic or polymeric viscosity pp = (1 — 8) g in the fluid, and V3w is the symmetrical

part of the gradient of u, given by
s 1 T
Viu = §[Vu—|— (Vu)']

In (1)-(2) and in what follows we use classical tensor notation; in particular, the dot stands for the contraction
of the nearest indexes of the tensors being multiplied.

We will consider that both the density p and the total viscosity p are constants. For viscoelastic fluids,
the problem is incomplete without the definition of a constitutive equation for the elastic part of the extra
stress tensor (o). A large variety of approaches exist to define it (see [4,5] for a description). In this work,

we use the classical Oldroyd-B constitutive model to describe the fluid, which is defined as

ia—(l—ﬂ)vsu—&-%(a~Vo-—a-Va—(Va)T-a'):0 in Q (4)
where A is the relaxation time. This equation can be viewed as a convection-reaction equation.

Equations (1)-(4) are a mixed elliptic-hyperbolic system which additionally needs boundary conditions
both in the velocity and in the stress fields to close the problem. In principle the elastic stresses can be fixed
only on the inflow part of the boundary I'iy = {x € 9Q | (u - n) (z) < 0}, where n is the outward unit normal
vector to 0f2. For simplicity in the exposition, we shall consider the simplest boundary condition © = 0 on
0N for the velocity.

Calling U = [u,p, o], F = [f,0,0] and defining

—2BuV -Viu+pa-Vu—-V -0+ Vp
LU) = V-ou (5)
ﬁa’—(l—ﬁ)vsu—&—ﬁ (a~V0'—a'-Va—(Va)T-0'>
we may write (1), (2) and (4) as L(U) = F.

This linearized problem can be viewed as a viscoelastic Oseen problem that represents a linearization of the
stationary Navier-Stokes/Oldroyd-B problem, case in which a can be considered the velocity field evaluated
in a previous iteration. It also appears as one of the steps of some multilevel or multi-grid methods (see for
example [32] in the context of viscoelastic flows). This is why it is often used as a first step towards the
analysis of the full nonlinear problem, both to obtain a priori and posteriori error estimates. With respect
to the advection velocity, we will take it in CY (Q), weakly divergence free and with bounded derivatives (see

assumption H1 in the following section).
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2.2. Variational form of the problem

Let us introduce some notation in order to write the weak form of the problem. The space of square
integrable functions in a domain w is denoted by L? (w), and the space of functions whose distributional
derivatives of order up to m > 0 (integer) belong to L?(w) by H™ (w). The space H{ (w) consists of
functions in H! (w) vanishing on dw. The topological dual of H} (Q2) is denoted by H~! (), the duality
pairing by (-,-), and the L? inner product in Q (for scalars, vectors and tensors) is denoted by (-,-). The
integral of the product of two functions in a domain w is denoted as (-, -),,. The subscript w is omitted when
w = 2. The norm in a space X is written as |-||y, with the subscript omitted when X = L?(2). When
X = L? (w) we denote the norm by ||| ..

Let Y := {T |7 e (L2(Q)™, 7 =75, a- VT € (12 (Q))dXd} LV = (HY(Q)? and Q == L2 (Q) /R,
which are the spaces where we may seek the elastic stress, the velocity and the pressure, respectively. The
weak form of the problem is obtained by testing (5) against an arbitrary test function V' = [v, ¢, 7] with

appropriate regularity. It can be written as: find U = [u,p,0] € X :=V x Q x Y such that

28 (Viu, Vo) + (pa - Vu,v) + (o, V) — (p,V - v) = (f,v) (6)
(¢, V-u)=0 (7)

1 . A
E(U,T)—((l—ﬁ)v u,T)—l—ﬂ(a-Va'—o"Va—(Va)T-ay‘r) =0 (8)

for all V = [v,q, 7] € X, where it is assumed that f is such that (f,v) is well defined.

In a compact form, problem (6)-(8) can be written as

B(U,V) = (f,v) 9)

for all V € X, where
) . ) 1
B(U,V) =28u(V*u, V) + (pa - Vu,v) + (o, V°v) — (p,V-v) + (¢, V - u) + o (o,7)

-(1-p) (VSU,T)—i—%(a~V0'—0'-Va—(Va)T~a',T) (10)

To guarantee the well-posedness of problem (9), A must be small enough and the advection velocity must
satisfy H1 below. Note that this assumption is consistent with those used in previous works [21,25,39], and
it is obviously inherited by the discrete problem:

Hl a€V,V-a=0,|alp«gq <M <0, [[Va gy < My < oo

2.3. Stability of the Galerkin finite element discretization

Let us consider a finite element partition P, = {K} of the domain Q of diameter h. For simplicity, we
will consider quasi-uniform refinements, and thus all the element diameters can be bounded above and below
by constants multiplying h. Under the above considerations, we can construct conforming finite elements
spaces, Vi, C V, Q5 C Q and Y5, C Y in the usual manner. In practice, the zero mean for the pressure space

can be replaced by prescribing the pressure at an arbitrary point, and the symmetry of the stress tensor
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can be forced by choosing the degrees of freedom corresponding to the upper diagonal of this tensor. The
condition that the convective derivative of the stress be square integrable will follow from H1 and choosing
the stresses continuous, for example. The advection velocity a will be approximated by aj € Vp,; to simplify
the exposition, we will consider that this approximation also satisfies H1 (the zero divergence condition could
be avoided by the usual modification of the convective term in its skew-symmetric form).

If X, = Vi x Qp x Yy, and Uy, = [up, pr, on], the Galerkin finite element approximation consists in
finding U}, € X}, such that

BUn, Vi) =(f,vn) (11)

for all Vi), = [vp, qn, Th] € Xh.

At the moment, we have posed no restrictions on the choice of the finite element spaces. However, there
are restriction that must be satisfied. For example, using the fact that aj is divergence free, it is readily
checked that

B (U1 = 8w (1= B)psrn)) = 26 (1= ) Vsl + 5[] = - (2 Ve + (Van)” - 0,000

Assuming AVay, to be small enough, this expression provides only control on ||e||* for all 8 € (0,1). To
control the other two fields one has then to make use of the two inf-sup conditions that restrict the possible
interpolations:

inf sup (Qh’v—vh) > (12)
n€nv,ev, [vnlly, llanllg,
to control py, and

S
inf  sup _ (n, Vior) > O, (13)
va€Vir, e, | Thlly, [vnlly,

to control V3uy, where C7 and Cs are positive constants. It is therefore required that the finite element
spaces satisfy (12)-(13). These two conditions pose stringent requirements on the choice of the finite element
spaces (see for example [34] for the 2D case and [6] for the 3D case). Our intention in this paper is to analyze
a stabilized finite element formulation that avoids the need for such conditions and, in particular, allows one
to use equal interpolation for all the unknowns, including the possibility to use discontinuous interpolations.

Let us introduce some notation. Summation over all the elements of P, will be indicated as ) ,. The
collection of all edges (faces, for d = 3) will be denoted by &, = {E} and, as for the elements, summation
over all these edges will be indicated as ) 5. Suppose now that elements K; and K5 share an edge E, and
let ny and ny be the normals to F exterior to K; and K, respectively. For a scalar function g, possibly
discontinuous across F, we define its jump as [ng] 5 := n1glorx,nE + N2glok.nE, and for a vector or tensor
v, [n-v]g =n1-9ok,nE + N2 - V|ok,ne. When E C 0Q and n is the external normal, these definitions
reduce to [ng], :=ng|g and [n - v]; ;= n-v|g. Generic positive constants will be denoted by C, possibly
with subscripts and with different values in different appearances. The symbol < will be used for < up to

constants.

3. STABILIZED FINITE ELEMENT METHOD

In this section we summarize the stabilized formulation analyzed. This formulation was proposed in [13]

and tested numerically in [11,13,14], but the numerical analysis was not performed yet. As a novelty of this
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work, we will introduce an additional stabilizing term for the subscales on the element boundaries that the
original work does not include, which allows us to consider discontinuous pressure and stress interpolations.

The method consist in replacing (11) by the following problem: find U}, € X, such that
Bstab (Un, Vin) = B(Un, Vi) + B* (Un, Vi) = (f, vn) (14)
for all V), € X}, where B* represent the stabilizing part of the model, defined as
B (Un, Vi) = St (Un, Vi) + Sy (Un, Vi) + 55 (Un, V)

where the three additional terms that define B* (U}, V) are associated to the stabilization terms of each

equation and are defined as
St (U, V) = Zau (pan, - Vun), P (pay, - Vop,)) +Zau = (Vpn), P (Vaw))

—B)ZauUDu (V-on), Py (V- 7h)) g

+ L aw (1m0 = (1= 7a) + 200m - Vo] [ = 00) = 28pm - Tun ) (15)
S Uh, Vh Zap V uh) pl (V . Uh)>K y (16)
S Uh, Vh ZO{U <PL UL (Vs'vh — i (a,h N1 +711- (Vah)T + Vay - Th>>> (17)

2u K

In the last expression, R, represents the residual of the constitutive equation without the stress, given by

A
’RU:(I—B)VSuh—ﬂ (ah~Vo-h—o'h~Vah—(Vah)T~ah)

In the numerical analysis below we will also use the notation
on-Va,+ (Vap) o, =65 +6;  and o), - (Var)" +Vay, -0, =65 — 63

where 65 = o, - Vian+Viay, -0y and 61" = o - V*¥®ay, — V*®ay, - o,. In these expressions, V**ay, represents

the skew-symmetric part of the velocity gradient, given by
as 1 T
\% azi[Va—(Va) ]

In (15)-(17), P;- represents the projection L2-orthogonal to the velocity space without boundary condi-
tions, sz- the projection L2-orthogonal to the pressure space and P;- the projection L2-orthogonal to the
stress space. For example P, = I — P,, where P, is the L? projection onto the velocity finite element
space without boundary conditions. We w1ll also need to use the L2-projection onto the velocity space with
boundary conditions, Vj,, that we will denote by P, . The last term in Sf is an approximation to the

subscales on the element boundaries and allows us to consider discontinuous interpolations for the pressure
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and the stress. The design of the stabilization terms without the boundary term was presented in [13] for
the stationary three-field viscoelastic case. For the design of the boundary term we refer to [18], where a
three-field Stokes problem was analyzed in detail. The extension to the Oldroyd-B viscoelastic case is trivial.

The stabilization parameters «;, ¢ = u or ¢ = p or ¢ = o, are computed within each element K as

-1
Q= (01:2 + 02P|Zh|> (18)
h2
— 19
Qp Lo (19)
1 A lay| A -1
o= — — - 2
o (032M+C42M A +C5M\Vah\ (20)

A possible justification for these parameters is the Fourier analysis presented in [18] for the three-field
Stokes problem or in [17] for the transient Navier-Stokes problem. The constants ¢;, i = 1,2,3,4,5, are
algorithmic parameters. As a reference, the values used in the numerical experiments in [11,13,14] for linear
elements were ¢; = 4.0 or 12.0 , ¢ = 2.0, ¢c3 = 4.0 and ¢4 = ¢5 = 0.25 or 1.0. For higher order elements
these values should be modified in terms of the interpolation order used (more details can be found in the

numerical references where the method was tested).

2p

The boundary stabilization parameter in Si- can be defined as ap,; = as in [18,20], where §p is an
algorithmic parameter that can be taken as g = 0.1.

The method presented is a mix of an orthogonal term-by-term formulation for the momentum and con-
tinuity equations and a residual-based formulation for the constitutive equation. The term-by-term part
is not just a simplification of a standard residual based one. For smooth solutions, both have an optimal
convergence rate in h. However, in problems where the solution has strong gradients, we have found the
term-by-term formulation more robust than the residual-based one, which can be explained using numerical
analysis as we will show below. The method we analyze permits a term-by-term control of the orthogonal
projections of the pressure gradient, the convective term of the momentum equation and the divergence of

the elastic stress which is not possible using the residual-based formulation.

4. NUMERICAL ANALYSIS

The numerical analysis performed in this section follows a more or less standard approach. First we prove
stability in the form of inf-sup condition in a mesh dependent norm that depends on the stabilized formulation
used. Next we prove convergence in the same norm. Stability and convergence in natural norms, that is
to say, the norms where the continuous problem is posed, are then proved. Finally, we obtain an L2-error

estimate for the velocity using a duality argument.

4.1. Preliminaries

As it has been mentioned in Section 3, we will consider for the sake of conciseness quasi-uniform finite
element partitions. Therefore, we assume that there is a constant ¢y, independent of the mesh size h (the

maximum of all the element diameters), such that

IVorll i < cineh™ [lunllx
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for all finite element functions vy, defined on K € P, which can be either scalars, vectors or tensors. Similarly,
the trace inequality

loll3ic < ew (B0 00 + R IV )
is assumed to hold for functions v € H' (K), K € P,. The last term can be dropped if v is a polynomial
on the element domain K. Thus, if ¢, is a piecewise discontinuous polynomial and 1, a continuous one, it
follows that

_ Cur
Y llrenlly < 2eah™ Y llonl Z lonlls < 5 h7 D Il (21)
E K K

We will also make use of Korn’s inequality, which holds for the conforming approximation that we consider:
[vnll3 () < cIVP0n]*,  with v, =0 on 00

Let W, be a finite element space of degree k,. For any function v € H*v+! (Q) and for ¢ =0, 1, we define

the interpolation errors ¢; (v) from the interpolation estimates

inf > [0 = onll ey < CRE D ollren ) = Zm =& (v)
K K

VR EWhR

where k! = min (k,, k]). We will denote by 9, the best approximation of v in Wj,. Clearly, we may take
g0 (v) = hey (v).

We will need a condition on the interpolating spaces that holds in the case of equal order interpolations
(see [19]), and that can be written as follows:

H2 Given ay, v, € Vi, qn € On, Th € Y and zy, := pay, - Vv, + Vg, — V - Ty, there holds

Izall < em (I1Puo (za)ll + [P (zn)])) (22)

for a constant ¢, > 0.
According to this condition, the component of P, (z;) that corresponds to the boundary of  can be
bounded in terms of the right-hand-side of Eq. (22). To prove this, one can use the macro-element technique

employed in [19].

4.2. Stability and convergence in a mesh-dependent norm

The norm in which the results will be first presented is

IValliy =260 (1 -8 ZIIVSthIK+*ZIITh\IKJrZ% lpan - Vo + Van =V - 74 %
K

o i (Pah-Vvh)HK+<1—5)Z%|\PuL (V- mlli + Do o [P (Van)
K K K

+Zap IV -5 +Zag

2

A
)sth—l—ﬂ(ah V'Th—Th)

K
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+(1=8) Y apg llnan —n-7u]l5% (23)
E

although later on we will transform our results to natural norms under the assumption of small elasticity and
large viscosity. Note that the term multiplied by «,, is unnecessary, since it is already contained in the first
right hand side term. However, we will keep it to see the effect of the subscale associated to the pressure.
It can also be helpful for some non-conforming elements (not considered in this work) for which the discrete
Korn inequality does not hold (see e.g. [30]).

If 8 is very small (or 8 = 0) the control on velocity gradient can be obtained from the term multiplied by
a,. However, to simplify a little the analysis we will consider 8 > 0, and the stability provided by the first
term relevant enough.

Note that the stabilization term Si- allows us to have a term-by-term control of the orthogonal projections
of the convective term, the pressure gradient and the divergence of the elastic stress tensor. This fact may
be an explanation of why we have found the term-by-term stabilization more robust than the residual based
one in the presence of high gradients.

Our first result states the formulation we consider is stable in the working norm (23):

Theorem 1 (Stability). Suppose that H2 holds. For \ small enough, there is a constant C > 0 such that

B U,V
inf sup Stab( h h) Z C
UneXnv,cx, HUhHW HVhHW

provided &g is taken small enough and the constants ¢;, i = 1,2,3,4,5 in (18)-(20) are large enough.

Proof. Given Uy, € X}, consider Upy = ((1 — B) un, (1 — 8) pp, o). Using only Schwarz’s inequality we

obtain

1
Baab (U, Up1) > 28 (1 — B) p || V3un|® + o > (1 =2\ Vaully) lonl%
K

1 A s 2
~ 5 2 (1 (0o ) 1Tl ) ol + (1= 5 S 13 (7w
K K H K

+ (1= 8 au|PE (pan - Vag)|[3 + (1= 8) S au ||PE (Vpn)| 5
K K

2

A
Pt <— (1—B) Viuy + o (ay, - Vo, — &;;*))

K

=B o |[PEV o)+ D
K K

(1 —5)2% linpn —n-on ] - 1 —mz‘g’—j I128um - Vun 11

Using now (21) we obtain
2
Baar (Un,Un) > 28 (1= B) Y (1= 2880cw) [Vounlie + (1= 8) D a || P (pan - V)|
K K

2 1 A os
S8 C a7 w5 S (1 ~ 2A[Vaul — hary |V ahni) ol
K K
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+au (1= 9) C [P (V) [+ =53 au[PE(V-on)|[3
K

2
+ oy

A
Py (‘(1 — B) Viuy, + ﬂ(ah'vgh —&Z*))

-5y ‘5"5 linpn—n-onlls (24)

K E

An important restriction inherited from the continuous case is that the stability of the elastic stresses can
be ensured only for small Weissenberg numbers. In the above expression the factor of the term ||o]|* must
be strictly positive to guarantee stability. In this factor we have two negative components, the first 2\ | Vay||
comes from the Galerkin method, and the second 4)\agﬁ [V2a||* from the stabilized formulation. All the

analysis carried out assumes that
A s 2
1 -2X||Vay| x — 4Aag—2ﬂ Vian||x > C >0

The basic idea to prove Theorem 1 is to obtain control on the components on the finite element space for
the terms whose orthogonal component appears in the above expression. The key point is that this control
comes from the Galerkin terms of Bgtap, in (14).

Let us start considering V1 = oy, (1 — B) (Pyo (pan - Vur, + Vp, — V- 0,),0,0). Recalling that P, g
is defined based on elementwise integrals, P, ¢ (pay, - Vuy, + Vp, — V- o) is well defined. We will use the
abbreviation v1 = P, (pan - Vup + Vp, — V - 0},). Using Young’s inequality, inverse estimates and (21),

we obtain

Bgstab (Un, V1) = B(Un, Vi) + B* (Up, Vi)

> B* (Up, Vi) + (1 - B) (1 fffff ) 3" |Puo (pan - Vg, + Vo, =V -on)|%
K

2
2 Ciny H s 2
009 S IVl

(=8 5 Y S W n —m) — 26pm - V]I
E

262
5 Cir €
> B (U, Vi) + (1= 5) (1—51—4—2)2% 1Puo (pan -V + Vo = V - )
inv Ctr H s 2
_ 2 +4 e
1920 (522 45 ) Y f IVl
—2(1-8) =3 2 | [npn — 1 o] (25)
26y . A Ph Ohlllg

for any €1, €. On the other hand, the stabilizing part leads to
% 1 s pllan]lk 1L 2
5O Vi) 2 = 1-8) 55 37 (a2 PG ) [P - V[

2 o (cpes | pllanllges | 20 Qo €6 2
— (1= 5) (cinv) %au(hg2+h2+]ﬂﬂ doc tr +ﬁ7 o1 %
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(1= 8) 5 S| (V-
K

2

—2(1—ﬁ)L g

PUL (—(1—B)Vsuh+/\(ah~Vah—(7Z*))

2e6 % 20 K
1 /2 2
—2(1-8)— (= o llos
-8 55, (5) Seoloili
1
—2(1—5)2?5204@]H[[nph—n‘dhﬂﬂé—%z(l— petr g ZfsollVEUhllK (26)
E

for any €;, i = 3,4,5,6. Using (26) in (25) we get

Bgtan (Uh7Vh1 Zauc ||’U1HK

T r(S s
) (26) ( inv —|—4ct =+ C;g;) Z i ||V ’uhHK

262

1 2 pHa'LH 2
*(1*5)E;%HP; (V'Uh)HK - (1*5)£;a3% HPul (Pah'VUh)HK

1

2

A
P+ ( (1—B) Viuy + o (ay, - Vo, — &;;*))

K K
= 08 S % (A Va0 ol
2u 2e6 S 21 MK hilK
50h 7 1
—201-8) 2 (ap-ts— _ L )
( B)< U (a Soh? 2e9 255>> Z”[[nph n-oyj HHE (27)
with
a9 _e,. (e M&l 25 Qs 6\ o
Cu = 1 B 4 Ctr Oy <h2 2 + h 6 + h2 Cinv (28)

Let us consider now the test function Ve = o, (1 — 5) (0, P, (V - up) ,0). We will use the abbreviation

g2 = P, (V - up). Proceeding as before we get

Bstab (Un, Vi) > (1= 5) Z%Cp 1P, (V- ) [

K
doh
(=B ZTY au||PE V)| — 2 (1 - Bes > 2 ||[npn —m-an ]l
2 2p = M
Soh 2 _ .
—2207< 8 (280)° = Z%Hv % (29)

K

for any e7, g, with
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The last step is to consider as test function V5 = (0,0, o3), with

X A
o3 :=P, (— (1-=08)Viu, + ﬂ (ah -Vo, —on-Vay, — (Vah)T . a'h))

Using the same tools as in the previous cases we now obtain

1 1 2 ooh 1 2
Bstab (Un, Vi) Z—ETEQHWLH —QEEQ—@ZHHW’”_n'Uh]]”E
1 2 doh 1 2 2¢4; C2
—(1-8)? — WPE(V - —22= —B)(2 s
(1-5) mga 1P (V- o)l = 257 5= (1= B) (280)° ;Hv unlf
. A N P
+Zaa ' (l—B)Vuh—i—ﬁ(ah-Vcrh—ah)
K
Q4 €9 Qg 59 €11 Qg €12
Y gl g PIo)
—I-Zoz[ 910 (2u2+ hszQ—l—CtoMQ)
ao\* [, (Meanll\? S, w1 2 13 AP
K
—Q—Za P — B) Viu +i(a Vo, —6}) PR Pt : (31)
2¢e13 7 P o g h 1% 2e13 2 1 2w M)k
for any ¢;, 1 =9,10,11,12,13, with
€10 Qg E9 Qg o €11 Qg €12
—1—2——2 2¢i,0
Co (2u2+ah2‘m2+ctou2>
Qg ? )‘”a’h”K s 2 as 2\ €13
—2 2 4 —7n +4 (M [Vianl k)™ +2 (M [V*an| k) 5 (32)

It can be checked that the constants ¢;, i = 1,..., 13, can be taken such that
C,>0, C,>0, C,>0
where C,,, Cp, and C,, are given by (28), (30) and (32), respectively.

Let Vi, = Upy + 01V + 05Vipo + 03V 3. 1t is trivially verified that the parameters 6; can be chosen

small enough so as to obtain
Butab (Un, Vi) > 28 (1 - 8 cha Vo |® +—ZCzHah||
- B) Zauca 1Puo (pan - Vun + Vpn — V- on)|*
K
—8) auCu | P (pan - V) ||* + (1 5 Zauc5|| Vo)
K

+ (18> auls||PE (V- o)
K
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+(1=B)>_ Cr |5 (V- uh)”2 +(1=8) D apCs || Py (V- )|
K K

+ Z asCy
K

2

A
P, (—(1—6)Vsuh+M(ah~Vah—&Z*))

2

s A
+%:Oégclo P[,_L(—(l—ﬁ)VUh-f—m(ah'VO'h—O'h))
(Soh 2 1 o k(12
+ZZClll\[[nph—n~ah]]ll +@Z%C’12H/\Pa Cll (33)
E K

with the various constants appearing in this expression given by

I 1 degy 2¢4000 ap 1
Ci=1-042 — — 05— (46, €8) — 0320 .
1 1 BCIIIV h2 (251 + 252 + 255 2 [ ( OBCt 58) 3 Oﬂct 2512

Ay 1
Co =1 =20 Vanl — o5 [Voanllie — 05

9
\ . 2 2u 1 2u 1
— (aJQIu v ah”K> <91 (2 (1-5) 04,;256) +0s ( Ay 2513)>

_ €1 &2 Qp €3 pllanl g 4 200 9 Qo €6\ 2
03 —91 (1 — 5 — thr ( ﬁ* + « T? + Oéuﬁﬁ 6OCtr —|— [0 7 h2 Cinv

wopllanllgh 1

:1 — w

04 010& h2 1 254

e
Cs =1—by
Co =1 — 05 (1 — B) ——
6 = 3 %1

=1-6

07 1263

a, 1 1
Cs =0 [1—c2 oL — —bpcrr—
8 2 < Cinv & h2 257 0Ct 258)

Cy =0, (1_2810 9 <%59+ % 2 +2qr50%512)

2 o 2 T Hupz Gy 2 2% 2
a )’ Allanll €13
—2(2) (4 ) pa(n|ve 242 as =
(52) ( (Mlohie)" s apvane + 200 ahnK)) 2)
1 1
=1-0,2(1- ) — — 02—
C1o 12(1-5) 5. %25,

noo1 1 oy 1
=1-26;2(1 — L ) 6 (1) Res -
C11 6:2(1—p) (auéth 5%, + 2€5> 0 (1—75) . eg — O3 ——

« 1 Qg €9 Oy €11 Qo €12
Cia=0;—2(1—-2— —2( =22 ? 2040
12 32u< 210 <2u g T g Gy T ACO0g T

2
Yo llanll s 2 as 2| €13
-2(52) (4(A i) s vl + 200 ahnK))2>

282
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all positive for A (or the Weissenberg number) small enough and the constants ¢;, i = 1,2,3,4,5 in (18)-(20)
large enough.

Comparing the terms in the right-hand-side of (33) and the definition (23), it is seen that the former
bounds || P, (pan - Vuy + Vp, —V - o) || and ||P+ (pay, - Vuy, + Vpp, — V- o) ||. Assumption H2 allows
us to guarantee that it also bounds ||pay, - Vup + Vpp, — V - o ||. Therefore, for each U}, we have found V',
such that

Bstab (Un, Vi) > C|U L%

In fact, it is seen from (33) that we could have included the term ﬁom | AP, (6’2)”2 in the working norm,
which gives control on the finite element part of o, - V3ay + Viay, - op,.

On the other hand, it is easily checked that ||V, ||, < C||Up||y - Using this fact we have shown that for
each Uj, € X, there exist V', € X, such that Bgiar, (Up, Vi) > C Uy |Vl from where the theorem
follows. U

Once stability is established, a more or less standard procedure leads to convergence. The objective is to

show that the error function of the method is

B0 i=ier () + Vi S ol e + (o) - ) Aanlicc, (o) + o) (@)

This expression allows us to see how the error will deteriorate in terms of the local Reynolds number and
the local Weissenberg number, defined as the factors that multiply €1 x (u) and €9 i (o), respectively.

The first preliminary result we need concerns the consistency of the formulation:

Lemma 1 (Consistency). Let U € X be the solution of the continuous problem and Uy € X}, the finite
element solution. If f € V), and U is reqular enough, so that By, (U, V'y) is well defined, then

Bgtab (U—Uh,Vh) < OE(h)HVhHW (35)

for all Vi, € X, where E (h) is given by (34).

Proof. Obviously, the Galerkin terms do not contribute to the consistency error. In the constitutive
equation the stabilization term is residual based and the consistency is also satisfied by construction, the
same as in the continuity equation. It only remains to show that Si- has a consistency error bounded as
(35) indicates. This easily follows from the fact that the orthogonal projection P+ onto an appropriate finite
element space (without boundary conditions) satisfies || P+ (v)|| < Ceo(v) for any function v. O

The second preliminary lemma provides an interpolation error in terms of the working norm ||-||;, and the

stabilized form Bg,p for the continuous solution U = [u, p, o] € X, assumed to have enough regularity:

Lemma 2 (Interpolation error). Let U € X be the solution of the continuous problem, assumed to be
reqular enough, and Uy, € X}, its best finite element approximation. Then, for A small enough the following

inequalities hold:

Bua (U =T, Vi) < CE (1) [Vally (36)
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HU—UhHw < CE(h) (37)

Proof. Set e, =u—1uy, e, = p— Py, and e, = 0 — 6. The proof of (37) follows from a repeated
application of Schwarz’s inequality and then Young’s inequality for scalars. Boundary terms can be treated

using (21). One gets

HU - thHjV <oy <6+6521 + g—u + 752@ + 22u (1 + ) + 200ce: 3 (1 + Qﬁ?)) hacH
K

pllanllk pllanllgh | oo 2
—|—2,uZozu A K 2MK Vel %
K

1 1 €
+ g 3 (1405 + o + X [Vl 3 + (1B
K

1 o Aanll 2 €3 5 (1 _eg 5
2N Qo (o (2AlGnlk e (1 2—) AV S 93 )
+ 21 2= 2y ( < h V*an|| g + 5 + A [Vian | 5 5 lles %

I ( e+ 200y (1 +2/3€24)> lesli
K

2+ 2 (2 46) ) Nl

2p

for any constants ¢;, i = 1,2, 3 (not to be confused with the interpolation errors). Estimate (37) follows from
the definition of the error function in (34) and assuming A to be small enough (this assumption allows us not
to include the gradient of ay, in the error function).

To prove (36) one needs to apply repeatedly Young’s inequality and use the expression of the stabilization
parameters, as well as classical interpolation estimates. To treat the boundary terms, note that according to

(21) we may write
Sl - nli3ge < € (57163 () 4 kel () = Che3 (v)
K

for both continuous and discontinuous functions v.

The bound one finally obtains is
Bstan (U ~-U,, Vh)

< Vi () (Z (28vAIv sl + = 1Yo+ (1= ) 7l + L2 g )

inv
K

+Z\/§:§
Meanllg

1 . , 1
# o0 @3 (VT ol g Il + 2 g

CV Cinv
H=8) @) P ouge Il

[[ngn — (1 ﬂ)n'fh]]HE)

A
Th + A||Vay, — ||Th )
IThllx +AVanl \/ﬁ” 1%
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# RO VIl + o )Y (o5 % el

%1 (0 (p) + €0 () +2Bper (w) Y Vi

T2 E 5 e = (L= By mt 25pm- Vo

a, 1 !
(= B) R () > YN HA (ah -V1n+7h (Va,) +Vay, - Th) H
1 (6% S )\ '
N Qﬁfo (o) ; \/’E7 <||V vnllg + H2'u (ah -V1n+7h-(Var) +Vay - Th) ‘K)
A
<”C;Lh”KCinv +2/\||Vah||K)

All the terms have been organized to see that they are bounded by CE (h) ||V, from where (36) follows.
U

We are finally in a position to prove convergence. The proof is standard, but we include it for completeness.

Theorem 2 (Convergence). Let U = [u,p, 0] € X be the solution of the continuous problem, and suppose
that the assumptions of Theorem 1 hold. Then there exist a constant C > 0 such that

|U = Uhlly < CE(h)

Proof. Consider the finite element function Uj, — U}, € X}, where as in Lemma 2, U, € X}, is the best
finite element approximation to U. Starting from the inf-sup condition, it follows that there exist Vj, € &,
such that

C Hffh — UhHW Vil < Bstab (f]h — Uy, Vh)
= Byab (Uh ~U, Vh) + Baan (U = U, V)
< CE(h) |[Villy

using Lemma 1 and (36) in Lemma 2, from where
Hi]h - UhH < CE(h)
w
The theorem follows using this bound in the triangle inequality
U —Unllyy < HU - 0&“ + Hﬁh - UhH
w w

and (37) in Lemma 2. O

Clearly, this convergence result is optimal.

4.3. Stability and convergence in natural norms

The next step will be to prove stability and convergence in a natural norm, that is yo say, in the norm of

the space where the continuous problem is posed, and not in the mesh dependent norm (23). Even though
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the results to be presented are the expected ones, the analysis presented up to this point has highlighted the
role played by the stabilization terms of the formulation. Obviously, since the natural norm does not include
any control on the convective terms, stability and convergence in this norm is only meaningful in the case
of small cell Reynolds numbers and small cell Weissenberg numbers. This is the situation considered in the

following.

Theorem 3 (Stability and convergence in natural norms). Suppose that the assumptions of Theorem 1 hold
and the cell Reynolds numbers and cell Weissenberg numbers are small. Then, the solution of the discrete

problem U}, = [up, pp, o) € Xy, can be bounded as

1
Vsl g Q)J’_\/»” h||+7||ph||—\/>”.f||H 1(Q)

Moreover, if the solution of the continuous problem U = [u,p, o] € X is regular enough, the following error
estimate holds:

||U Uh||+*|lp pull < CE(h)

Proof. It is clear that

C
<— .f -1 Vi
ﬁll -1 () IV nllw

where V', = [vp, qn, Th] € X}, is arbitrary. Therefore the inf-sup condition proved in Theorem 1 implies that:

(f,on) < N ||f||H vy VIRl o)

1Unlly < ||f||H

f

that is to say,
. 1
260 (1= B) [ Vounl* + o llonll* + Y ap IV - unllze + > llpan - Vaun + Vi = V- ol
2u K K

B @ ||PE(V o)+ S au | BE(Ion)l[n + S au||PE (pan - V)|
K K K

2

A
)Vuh+—(ah Vahfah)

0
7 (1-5 ZH[[nph*n Uh]]||E+Zao o

K

f ||f||H 1(Q) (38)

Using an inverse inequality we can write:
Y aullpan - Vun + Vorli < Y aull(pan - Vay, + Vpr) = V - onllz + Zau 7 IIUhIIK
K K

In this expression we only have control on pay - Vuy, + Vpy,. However, we do not have explicit bounds over

these two terms (and their errors) separately. Nevertheless, there is the possibility of bounding the pressure



TITLE WILL BE SET BY THE PUBLISHER 19

gradient making use of the control over the viscous term (viscous dominate case), since

2
pPllahn
S e 9Pl < S eV + il + 3y (HALEE ) 0

Note that this expression explodes with the cell Reynolds number Re, := pllap|/x hp=t. We assume

hereafter that this is bounded.

Using the trace inequality we can write

60h 50h do 2

leﬂnph]]IIE (1-5) leﬂnph—n o]l + (1= B) 220 lonl]

Thus, from (38), using Korn’s inequality, the expression of «,, and noting that 0 < 8 < 1, we have
2

h 2 h 2 1 2
llwn 5 @+ IIUhII +—> IVonllze + = D lmonllls S = 1F 1510
O O 1%

To prove the L2-stability for the pressure we rely on the inf-sup condition between the velocity and pressure
spaces that holds for the continuous problem, as in [18]. Details can be found in this reference. This concludes
the proof of the first part of the Theorem.

Let us proceed to prove convergence in natural norms. Theorem 2 implies that

1
pllw—wn o) + m lo = onll” + > aullpan -V (w—up) +V (p—pn) = V- (o —on)lli
K

S -~ (o= oW T+ 3 [m - Y (i) % S E2 ()
M (O

We may use now the same procedure as for proving stability. Assuming the cell Reynolds number to be

small, using (21) and classical inverse estimates, we obtain

h2
— > Ve =)k S aullpan -V (w—up) +V(p—pn) = V- (o —on)|i
PR K
1
JFHHu*uh“iﬂ(Q) + m lo — ol
h 2 h 2 1 2
=S ne-p)lES =Y ln@—p)—n-(e -0z + = lo— o
e e I
and therefore we have that

pllu = Uh||H1(9)+ lo — o’ +*ZHVP pi)llic + = ZII[[np o)l S E2 (h)

The error estimate in Theorem 3 can now be obtained using the same procedure as in [18], which relies once
again on the inf-sup condition between the velocity and the pressure spaces that holds at the continuous
level. O
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To complete the analysis of the problem, let us obtain an L?-error estimate for the velocity field. As usual,
this can be proved using a duality argument and an elliptic regularity condition assuming the forcing term
to be in L?(€). The result we have is the following:

Theorem 4 (L2-error estimate for the velocity). Assume that the hypothesis of Theorem 3 hold and suppose

that the continuous problem satisfies the elliptic regularity condition

VElull gz + — ||f||

1
||0'||H1 ot — ||P||H1 Q

Then )
l|u — up Sh( wl|w — up, o—op| + p— ph>
Vil I Vi la ) + \/ﬁll | fll |

Proof. The key point is to set the appropriate adjoint problem in our case. Let [w,7,S] € X be the

solution of the following problem:

—BuAw —pa-Vw+ (1 - )V -85 —-Vr == (u—up)

12(
-V-w=0

1 A
S Vw o (a~vs+s.(Va)T+Va.s) -0
2u 2u
with w = 0 on 92 and where [ is a characteristic length scale of the problem that has been introduced
to keep the dimensionality, but that will play no role in the final result. Let also {fvh,frh, S’h} be the best
approximation to [w,m,S] in Xj. Testing with [w — up,p — pr, 0 — o], [un, pr, o] being the solution of
the problem, we obtain
K 2_p S
iz e =l = B([u—un,p = pn,o —ou], [w, m, S])

- Bstab ([u — Up,P — Ph,O — Uh] ) [wvﬂ-a S])

;ag<Pj (21M5+v5w21 (a.vs+s~(Va)T+Va~S)),
P (VS (u—up) — % (ah-V(U—O'h)+(0'—0'h) : (Vah)T+Vah~(a—0h))>>
=2 (B (Vo) B (V- (w =)

K

— Z o ( ), PE(V (p—pn)) Z o (P; (pay, - Vw) , P, L (pay, -V (u — uh))>

—Zau L (V-8).PE(1-A) V- (0~ 1))

*%Zmn(piph)*(l*ﬂ)"<070h)+25/lnVs(u*uh)]],[[nﬂfn(S+2ﬁuvsw)]]>E

The second and the third row terms are zero because of the definition of the problem. The last term is

zero because of the weak continuity of the stresses associated to the problem. Therefore only the first and
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the fourth terms need to be bounded. We have that

5 Il = un* = Buan ([ = wn,p = pr.o = 4] [w, 7, S)

- ZOML <P:_ (Vﬂ—) 7P1j_ (v (p 7ph Zau pah V'LU) (pah AV (’U, ’U,h))>
K

—Z%(qu(V-S),PJ((l—B)V-(U—Uh))>K (39)
K
Using the interpolation properties and the shift assumption it follows that

lw = wall g1y S hllwlgz) < b~

12 |
|5 = 80| S 1 1SH (@) S 135 llu = wal

~ M
I = 7nll S Rllmll ) S bz llw = uall
From these expressions we obtain

Bstab([u_uhvp_ph7o'_ah]u[w77r>s])
= Bitab ([u—uhm—ph,a—dh]a {w — Wy, T — T, S — S’h])
—Zau<Pj' (v(ﬁ_ﬁ-h))’P;_ (v(p_ph))>K

—Zau (pan -V (w —wy)), Py (pan -V (u — up)))

=Y au(PE(V-(S-54)) PEU=8) V- (0 —an))

. (40)

The following bounds can be easily obtained using inverse estimates and the stability of the adjoint

problem:
- " 1
Zau<Pj<V<w—wh>>,Pj<v<p—ph>>>Kszauﬁ||u—uhuq||p—ph||f<
K
Zau (pay, -V (w —vy)), P (pan -V (u—up))),
<Z 2l _
S 2 culpllanlly)” 7 [l — wnllg llw = wnll g
K
WAPE(V- (S-S5 PL((1- (o —
2o (P (V-(5-81)).PH =BV (@=on))
" 1
<=0 ol fu— il 1 ool
K
Finally we need a bound for

Bgtan ([u—ump—ph,d—tfh], ’w—ﬁ?hm—ﬁh,S—ShD
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in (40). It can be bounded in terms of similar bounds as above, again using inverse and error estimates on
the boundary, the stability of the adjoint problem and the expression of the stabilization parameters. We
omit the details. When all these bounds are combined in (40) and finally used in (39) we obtain

1 2 [ pllanllg b 1
o = shﬁ|m—uw<¢mm—umen+§j(lj(¢mm—ume0+|w—aw
K

Vi
(Ml L
o (M) hm+ﬁm;m>

and the theorem follows. Note that the bound obtained explodes with the cell Reynolds and the cell Weis-

senberg numbers. O

5. CONCLUSIONS

In this paper we have presented the numerical analysis of a finite element approximation of the linearized
viscoelastic flow problem. The formulation in the nonlinear case was presented in the stationary case in [13].
This analysis has confirmed what it was already known from the numerical experiments, namely, that the
method provides stable solutions that converge to the exact solutions at an optimal rate of convergence. In
particular, we have shown this using a mesh dependent norm especially tailored for the stabilized problem
and also the norm of the space where the continuous problem is posed. What is relevant from the analysis
presented is that it clearly displays how the estimates obtained deteriorate as the cell Reynolds number and
the cell Weissenberg number increase. The former decreases when the mesh size is reduced, but the having
a bound on the latter imposes the relaxation time to be very small, which is an indication of the existence of

the so called high Weissenberg number problem.
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