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Abstract

The log-conformation reformulation, originally proposed by Fattal and Kupferman (2004), allows computing incompressible
viscoelastic problems with high Weissenberg numbers which are impossible to solve with the typical three-field formulation.
By following this approach, in this work we develop a new stabilized finite element formulation based on the logarithmic
reformulation using the Variational Multiscale (VMS) method as stabilization technique, together with a modified log-
conformation formulation. Our approach follows the term-by-term stabilization proposed by Castillo and Codina (2014) for
the standard formulation, which is more effective when there are stress singularities. The formulation can be used when the
relaxation parameter is set to zero, and permits a direct steady numerical resolution. The formulation is validated in the
classical benchmark flow past a cylinder and in the well-known planar contraction 4:1, achieving very accurate, stable and
mesh independent results for highly elastic fluids.
© 2019 Elsevier B.V. Allrights reserved.
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1. Introduction

Viscoelastic fluids are widely employed in a large variety of engineering, medical and natural science applica-
tions, such as safety devices capable of absorbing impacts, some plastics or blood pumps. Moreover, these fluids
display distinct features to those shown by pure viscous fluids, for instance turbulent drag reduction [1] or elastic
turbulence at low Reynolds number [2], among others. For these reasons, the study of numerical tools for the
computation of viscoelastic flows is valuable both from the fundamental and the practical perspectives. The main
characteristic about the behavior of viscoelastic materials is that stresses do not just depend on current deformation
rates, but also on the deformation history. Due to this, time is a crucial element to take into account, because
viscoelastic fluids have different responses depending on the time-scales of the deformation.
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The computation of the flow of these kind of fluids leads to several difficulties, above all when elasticity
becomes dominant, i.e. the dimensionless number known as Weissenberg number is high. This number is defined
by We = Au/L, where A is the characteristic relaxation time of the material u is the characteristic velocity of the
flow, and L is the characteristic length of the domain. In some articles, another dimensionless number is used for
flows with non-constant deformation rate, the Deborah number, De = X\ /t. written in terms of the relaxation time
and the time-scale of observation .. In [3] an extensive discussion is done about the suitable uses of each number.

In addition, the difficulties in numerically simulating high Weissenberg numbers flows are one of the biggest
challenges in computational rheology since the 1970s; it is called the High Weissenberg Number Problem
(HWNP) [4]. It is defined as a numerical phenomenon that causes the iterative computations to breakdown for
relatively low Weissenberg numbers, and normally it is expressed as a lack of convergence in the iterative method
due to the hyperbolic nature of the differential constitutive equations. The breakdown occurs for a critical value of
the Weissenberg number, but it is specific to each particular problem, the spatial discretization and the numerical
algorithm. The numerical instability is brought about by the failure of the proper balance of the deformation rate
and the convection, and it was identified and discussed by Fattal and Kupferman [5]. It is a fundamental instability,
present in all constitutive models and standard numerical methods. Nevertheless, it is demonstrated that constitutive
methods can predict other instabilities of mathematical character [6,7], referred to as constitutive instabilities, which
can be classified in two: the Hadamard instability, associated with the non-linear fast response of constitutive
equations, and the dissipative instability, related to the formulation of the dissipative behavior of viscoelastic models.

The source of the HWNP has thus been identified: on the one hand the loss of positive-definiteness of the con-
formation tensor, an internal variable which should be symmetric positive-definite to be physically admissible [8,9];
on the other hand, the large stress gradients, regions with particular high deformation rate, or near stagnation points
favor the breakdown of the numerical method, as explained in Fattal and Kupferman in [5,9]. They describe the
cause for this phenomena to be caused by the use of inappropriate approximations to represent the stress tensor,
remarking the importance of preserving its positivity. By following these ideas, a new formulation was proposed by
Fattal and Kupferman [9]: the log-conformation representation (denoted by LCR), a reformulation of the traditional
equations of viscoelastic fluids, which eliminates the instability and linearizes the exponential stress profiles near the
stress singularities. Therefore, the formulation seeks to treat the exponential growth of the elastic stresses, allowing
to extend the range of Weissenberg numbers for which a numerical solution can be obtained.

However, alternative schemes have been proposed in other works. For example, Vaithianathan and Collins [10]
presented two matrix decomposition schemes in order to construct the positive definite conformation tensor,
employing the FENE-P model. Balci et al. [11] proposed a square root conformation representation. Afonso
et al. [12], developed several matrix kernel-transformation families which can be applied to the conformation tensor
equation. Nevertheless, although there are a variety of proposals to deal with the lack of positive-definiteness in the
conformation tensor, the logarithm representation is uniquely capable of linearizing the exponential stress profile.

Since the logarithmic formulation was presented, a great number of works have been written following this
novel strategy, applying different methodologies and schemes, in finite volume and finite element (FE) codes.
The next first work published applying the log-conformation reformulation is due to Hulsen et al. [13] using the
DEVSS/DG formulation for the discretization and a first-order upwind scheme in a FE implementation. Later,
Coronado et al. [14] proposed a “simple alternate” form of the log-conformation formulation implemented in
the DEVSS-TG/SUPG FE method, and in comparison with the previous work, fewer code modifications with
respect to the standard formulation were required. An analysis between the two previous publications and two new
implementations was presented by Kane et al. [15], remarking particularly the treatment of the advective term of the
constitutive equation. The final conclusion is that all four formulations are very similar, except the one described
by Coronado et al. [14], that is a little less robust due to the linear interpolation of the convective term. Damanik
et al. [16] defined a fully coupled monolithic FE approach, using the edge-oriented FE stabilization for the convective
term. Saramito [17] and Knechtges [18] recently derived fully implicit versions of the log-conformation formulation
that do not involve an algebraic decomposition of the velocity gradient tensor, and which can be linearized and
solved by the Newton—Raphson method. Afonso et al. [19,20] investigated the performance of the log-conformation
reformulation using the finite volume method framework in both works, although the second is more interesting
because it seeks to predict the rich dynamical transitions in the 4:1 contraction planar benchmark, whereas the
first one solves the flow around a cylinder, a problem without singularities. Comminal et al. [21,22], simulated
incompressible viscoelastic flows and the stream-log-conformation methodology, a combination between the log-
conformation with the stream function flow formulation (see [23]) that is beneficial for the accuracy and stability
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of the numerical algorithm. One of the most recent publications belongs to Pimenta et al. [24], who increased
the robustness and accuracy of the viscoelastic solver in OpenFoam, implementing there the log-conformation
methodology.

Concerning this work, we propose a slightly different formulation to the log-conformation formulation. Our
formulation is non-singular when the Weissenberg number is close to zero, while the original one proposed by
Fattal and Kupferman [9] presents some problems because of the inverse of the relaxation time in the equations.
The same idea was followed by Saramito [17]; both formulations can be reduced to the Navier-Stokes equations
when the Weissenberg number is set to zero. Due to this, continuation methods can be successfully employed
to get the optimal convergence in the validated problems. Also, we have to remark that the steady problem can
be solved directly, while in most of the references the logarithmic formulation shows a strong time-dependency.
As Saramito [17] pointed out, the reason can be that previous methods relied on some finite difference methods
for computing the Jacobian matrix and strong non-linearities were considered non-differentiable (see, for example,
[16]). Let us stress again the theoretical contribution presented in [17], where the main properties of the typical
operators of the formulation are proved.

In this paper, we apply the efficient logarithmic reformulation to solve the viscoelastic problem with the goal of
simulating flows with a high Weissenberg number, using a stabilized formulation based on the Variational Multiscale
(VMS) method. This stabilized formulation has its beginnings in the methods introduced by Hughes et al. [25]
for the scalar convection—diffusion—reaction problem, and later extended to the Navier—Stokes problem by Codina
[26-28], where the space of the sub-grid scales was taken as orthogonal to the FE space. This idea was adapted to
the three-field Navier—Stokes problem in [29] and later to the viscoelastic flow problem in [30]. The mathematical
analysis of the formulation can be found in [31,32]. Other papers can be found concerning the VMS framework
for viscoelastic regimes, such as [33,34], where an Oldroyd-B fluid is considered. By following the same steps, the
purpose of the present paper is the design of stabilized formulations which allow computing viscoelastic problems
with a high Weissenberg number using the logarithmic reformulation, and testing them for numerical examples
where both elastic stress gradients and numerical singularities are the main features.

This work is organized as follows: Section 2 explains in detail the log-conformation reformulation and the
modifications considered; later we report the steps to obtain the strong formulation, the variational equations and
consequently the Galerkin FE discretization. Once the main equations are defined, Section 3 presents the stabilized
FE approach based on the VMS approach; the linearization of the problem is also extensively discussed.

As for the numerical results, they are presented in Section 4. First, in Section 4.1, a study of the & convergence
of the formulations is described for a stationary Oldroyd-B flow, where a manufactured solution is considered.
Secondly, in Section 4.2, the flow past a cylinder is tested for an Oldroyd-B fluid, comparing the solution obtained
for Weissenberg numbers 0.6, 0.7 and 0.9 with other published solutions. The drag force on the cylinder is also
contrasted for higher Weissenberg numbers. Then, the well-known 4:1 planar contraction benchmark is elaborated
in Section 4.3. It is studied for two different Reynolds number values. Finally, we present a three dimensional
example in Section 4.4, with the aim of showing that the formulation works well in 3D cases. Conclusions are
drawn in the last section of the paper, Section 5.

2. The modified log-conformation formulation problem

2.1. Standard formulation for the viscoelastic flow problem

Let us start presenting the standard equations associated to the viscoelastic flow problem. Let us consider a
viscoelastic fluid moving in a domain (2 of R? (d=2 or 3) during the time interval [0, #] and let 3 {2 be the boundary.
Assuming the flow to be incompressible and isothermal, the governing equations are the conservation of momentum
and mass, which can be expressed as follows:

ou

o tow Vu=V-T+Vp=finf.1en), 2.1)

0
V-u=0in 2,1t € (0, 1), 2.2)

where p denotes the constant density, p : {2 x (0, ty) — R is the pressure field, u : 2 x (0, tr) — R? is the velocity
field, f : 2 x (0, ;) — R is the force field and T : 2 x (0, ;) — R? ® R? is the deviatoric extra stress tensor. In
general, T is defined in terms of a viscous and a viscoelastic contribution as

T =2nV'u+o,
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where 7, represents the effective viscosity (or solvent viscosity), Vu is the symmetrical part of the velocity gradient
and o is the viscoelastic or the elastic stress tensor.

Finally, the constitutive equation for the viscoelastic stress tensor must be defined to close the problem. Even if
there is a wide range of different models, we consider the Oldroyd-B model in this work, which is the model of
a Newtonian stress supplemented with an extra-stress that satisfies the upper-convected Maxwell equation, and it
reads as

1
—0c —Vu+ — <—or +u-Vo—0-Vu—(Vu)" -a) =0, in 2,7 € (0, ty), 2.3)

where A is the relaxation time and 7, represents the polymeric viscosity. Each term of the equation has a particular
meaning: V*u is the source, ﬁu-Vc represents the convective term and ﬁ (a -Vu + (VuT)- a) are the rotational
terms. Note that from this point we write the polymeric and the effective viscosity in function of the total viscosity
no. For that, an additional parameter 8 € [0, 1] is introduced, so that n, = 819 and n, = (1 — B)ne.

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

ou
ot
D,U) = 0 ,
A 0o
2n, ot
—V.-0-2n.V-(Vu)+pa-Vu+Vp
N V-u
Lo@; U) = 1 5 , 249
—0—Vu+-—(a-Vo—0-Va— (Vi)' -0)
21, 21,
we may write (2.1)—(2.3) as
Dy(U)+ Lo(u; U) = F. (2.5)

2.2. The log-conformation reformulation

Departing from the standard formulation, the logarithmic reformulation will be exposed, and later applied to the
standard equations. This model has an interpretation in terms of statistical mechanics, which involves a statistical
average of dyadic vector products. First, the conformation tensor is defined, taking into account that it must, by
definition, be symmetric and positive-definite to be physically-admissible, because this internal variable represents
the macromolecular configuration of the polymer chains. It is defined as

Ao
T=—+1I.
Np
Consequently, the stress tensor can be expressed as a function of the conformation tensor as o = n—p(t —1I).

Then, replacing o in the constitutive equation (2.3) with t, we can rewrite the Oldroyd-B model in terms of the
conformation tensor T as

2 \ ot

However, in the paper, we have considered a modification when the conformation tensor is defined, with the aim of
allowing A = 0, i.e., the Newtonian behavior. To this end, we introduce the relaxation-time parameter Ao(X) linearly
dependent with A, which could be defined as Ao = max{kA, Ao min}, kK being a constant and Ao min @ given threshold.
So, if Kk = 1 and Ag min = O, the original change of variables proposed by Fattal and Kupferman [9] is recovered;
however, if k is taken equal to zero, then the three-field Navier—Stokes problem for Newtonian fluids is obtained.
It is worth to remark that in the numerical experiments we have found useful to take k£ small, so that Ay < A; this
has allowed us to obtain converged solutions that we have not been able to get for k = 1.

1 . 1 /ot T
ﬁ(t—l)—Vu—i—— —+u-Vt—1-Vu—Vu)' -7 =0. (2.6)
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Thus, we define
rA)o
Mp

From this point we use X instead of Ao(A) to simplify the notation. The constitutive equation (2.3) can be rewritten
by following the proposed modification as

I.

Lo ovus 2 (2 uy Vu — (V) -1 42V 0 2.7)
—(-H—-Vu+——\|\—+u-Vi—t-Vu—(Vu)' -7 u)=0. .
210 2o \ Ot

The log-conformation reformulation basically consists of a change of variables in terms of the matrix-logarithm
of the conformation tensor, that is to say, the conformation tensor is replaced by a new variable ¥ = log(t). This
can be calculated through eigenvalue computation that rotates the 7 tensor into its main principle axes and can be
expressed as ¥ = R log(A)R” because 7 is a symmetric positive definite tensor (for k < 1) and therefore it can
always be diagonalized. In the expression introduced, A is a diagonal matrix with the eigenvalues of 7, and R is
the orthogonal matrix of the eigenvectors of 7.

To sum up, in order to obtain the new formulation the stress tensor must be replaced by o = Z—p(r —1I), and

in turn, the conformation tensor T must be written as T = exp(¥) in the standard viscoelastic formulation detailed
above, (2.1), (2.2) and (2.3). The new equations of the log-conformation formulation are now expressed as follows:

E;_l: - —770(1)»0_ ’B)V ~exp(¥) — 28n0V - (V'u) + pu -Vu+Vp = f, (2.8)
V.u=0, (2.9)
1 )
Z—M(exp(w) -I)—V'u
% (86);—11('#) +u-Vexp(¥) —exp(¥) - Vu — (Vu)" -exp(¥) + Zqu> =0, (2.10)
0

where the unknowns are the velocity, the pressure, and tensor ¥, which depends directly on the viscoelastic stress
tensor o.

This logarithm reformulation employed reminds of the formulation used by Coronado et al. in [14], although
there the conformation tensor was simply replaced by exp(¥). Another change was introduced in [14] with
respect to the original log-conformation reformulation: the decomposition of the gradient of the velocity into three
different tensors. However, this has not been taken into account in our formulation. In this sense, the modified
log-conformation formulation proposed by Saramito [17] is very similar to our formulation.

Let us introduce some notation, useful in the next subsections. Calling now U = [u, p, ¥] and F = [f, 0, ﬁl ]
and defining

ou
P ot
D,U) = 0 , (2.11)
A dexp(¥)
200 ot

(1= B)

™ V- (exp(¥)) — 2Bn0V - (V'u) + pit - Vu + Vp

V-u

L@;U) = 1 A (2.12)
2 exp(y) — Viu + T (@ -V (exp(¥))
—exp(¥) - Vi — (V)" - exp(¢) + 2V’ u)
we may write (2.8)—(2.10) as
D,(U)+ Lu;U)=F. (2.13)

The notation & in (2.12) is used to distinguish the different arguments in which the velocity appears. These
equations need to be complemented with initial and boundary conditions to close the problem. For the sake of
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simplicity, in the exposition we only consider the simplest boundary condition # = 0 on 92 for all time. Boundary
conditions for the ¢ tensor will be similar to those for the elastic stresses ¢ in the standard formulation: they do
not need to be prescribed, but imposing them can suppose a significant computational save. We will indicate in our
examples where the boundary condition are prescribed.

The problem is completely defined by the initial conditions for the velocity and the new variable ¥, which are
denoted by u = u°, and ¥ = ¢ at time r = 0, with «° and ¥° functions defined on the whole domain £2.

2.3. Variational formulation

In order to write the weak form of the problem, let us introduce some notation. 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) is denoted by H™(w).

The space HO1 (w) is made up of functions in H'(w) vanishing on dw. The topological dual of HOl (w) is denoted
by H~!(£2), the duality pairing being (-, -). The L? inner product in w (for scalars, vectors and tensors) is denoted
by (-, ), and the integral over w of the product of two general functions is written as (-, -),, the subscript being

omitted when @ = 2. The norm in a space X is denoted by || - ||x, except in the case X = L>({2), case in which
the subscript is omitted.
Using this notation, velocity and pressure FE spaces for the continuous problem are Vo = HJ(£2)? and

Q = L?(£2)/R, and the space for the tensor ¥ is denoted by 7" for each fixed time ¢, where an appropriate regularity
is assumed. The weak form of the problem consists in finding U = [u, p,¥] : (0,4) — X =Vyx Q x T,
such that the initial conditions are satisfied and:

(pa—", v) + 10 ZP) xp), 0) + 20800V, V')
at ro

+{pu - Vu,v) — (p,V-v) = (f, v), (2.14)

(g, V-u)=0, (2.15)

d exp(¥) )
—. X

1 s *
Z_M(exp(iﬁ), xX)—(Vu, x)+ 2% ( ot

A
AET™ (u - Vexp(¥), x)

+i (—exp(¥) - Vu — (Vu)" - exp(¥) +2V'u, x) = L<I, xX) (2.16)
2X0 2X0

for all V = [v, ¢, x] € X, where it is assumed that f is such that (f, v) is well defined. In compact form, the
problem can be written as:

D:U),V)+Bw; U, V) = L(V), (2.17)
where
— (2" (o)
(D), V) = (p a7 v) + " ( ” ,x>, (2.18)
1 —
B@;U,V) = M(exmw Vi) + 2(BnoViu, Viv) + (pit - Vu, v) — (p, V - v)
0

1
+ V-ou,q)+ i(eXP(llf), x)— Vu, x)
0

+ 5 (- Vexp() — exp(h) - Vi — (V) - exp() +2V'u, x) (2.19)
0
1
LV) = (. 0) + 3T ). (220

Note that the test function y is, from the physical point of view, a stress, whereas ¥ is the logarithm of the
conformation tensor (and thus, dimensionless). We could also have used a test function for the constitutive equation
of the form Z—”exp(x), where now x would be dimensionless. This would simplify the analysis (some stability
would follow taking x = ¥), but complicate significantly the finite element approximations described below.
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2.4. Linearization of the exponential

Apart from the typical non-linearities associated with the standard viscoelastic problem such as convective or
stretching terms, now we have to consider how to process the exponential function of the tensor . It has been
treated as follows:

exp(¥) = exp(¥ + 8¥) = exp(¥) - exp(3¢),

where §¢ = ¢ — 1/} is considered as the incremental part and 1/} is a known tensor, which will be calculated at
the previous iteration in the linearization scheme. The term exp(5¥) has been linearized in turn through a Taylor
expansion with a truncation error of order (8% ). Therefore the approximation is defined as

exp(8¥) ~ I + 5.

Consequently,
exp(¥) ~ exp(P) - (I +89) = exp(¥) - ¥ +exp(P) - (I — P). 2.21)
So, inserting the approximation into the system (2.8) —(2.10), the system is linearized around 1} as follows
ou (1- - 5
i %va (exp(@) - ¥) = 2810V - (V'u) + pu - Vu + Vp
0
no(1 — B)
=f+= o P SV (—exp(¥) - ¥ + exp(P)). (2.22)
V-u=0, (2.23)
1 o A (dexp(P) )
X exp(VI) ¥ —Vu 2)\()( » +2V'u

-V (exp() - ¥ — exp(h) - ¥ + exp(h))
— (exp(#) - ¥ = exp(i) - ¥ +exp(i)) - Vu
~(V)" - (exp(h) - ¥ — exp() - ¥ + exp(i)) )

d(exp(¥) - ¥) 0 CXP(VIA')>. (2.24)

1 5 S A
=2—M(1—exp('ﬁ)+exp(¢)~'/f)+2—/\o( o1 o

The variational formulation of this problem is straightforward.
2.5. Galerkin finite element discretization

The standard Galerkin approximation for the variational problem, which has been established in (2.17), is
described next. Let 7, = {K} be a FE partition of the domain (2. The diameter of an element K € 7} is denoted
by hg and the diameter of the partition is defined as 4 = max{hg|K € 7,}. From 7, we may construct conforming
FE spaces for the velocity, the pressure and the elastic stress, ¥V, C V, Q, C Q, T, C 7T, respectively. Calling
X} =V, x Q x T, the Galerkin FE approximation of the problem consists in finding U, : (0, tf) —> X, such
that:

(D:/(Up), Vi) + Bup; Up, V) = L(Vy),

for all V, = [vy, qn, X1 € X, and satisfying the appropriate initial conditions.
2.6. Monolithic time discretization
For the time discretization, we have used a monolithic approach, although it would also be possible to employ a

fractional step technique, as in [35]. There are a lot of possibilities for the discretization in time, but we will restrict
ourselves to the classical backward difference (BDF) approximations.
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Consider a partition of the interval [0, #] into m subintervals of constant size 6¢, and let f(z) be a generic
time-dependent function. We will denote as f” the approximation to f(¢*), with t* = nét,n =0,1,2,...,m. A
BDF approximation to the time derivative of the function f order k = 1,2, ..., is given by % f;ﬂ , where & f*!
is defined as

k—1
1 i pn—i
S f"! = ;(f”“ — > aS )

i=0

and where y, and @] are parameters. In particular, since the time evolution is not the main emphasis of this work,
in the numerical examples we have used the simplest BDF1 scheme (in fact, as a means to reach the stationary
solution):

81f”+1 _ fn+1 _ fn _ af
st 8t oot

+ O(81).

m+l

A remark is needed for the time derivative of the exponential. Using approximation (2.21), it is easily shown
. . . . . . . . . . A n .
that the operations “linearization” and “time approximation” commute if we identify ¥ = ¥". Indeed, in both
cases we obtain:

a(exp(¥))
dt

~n+l1

1 An An An
= = [exp@")  p !+ exph N —exp@" ¥

1l )

— exp(¥")] + OGN + 0¥ )2,

3. Design of a stable finite element formulation

3.1. Residual based stabilized finite element method

We present in this section two stabilized finite element formulations for computing viscoelastic flows using the
logarithm constitutive reformulation, in particular applied to the Oldroyd-B constitutive model.

VMS methods consist in the splitting of the unknown U in a component U}, which can be resolved by the FE
space, and the remainder U, that will be called sub-grid scale. The framework is based on the work by Hughes
et al. [25]. In the context of a three field formulation for flow problems, see [36] and [30]. The sub-grid scale needs
to be approximated in a simple manner, with the goal of capturing its effect and yielding a stable formulation. The
final number of degrees of freedom is the same as the Galerkin method. Different approaches can be followed to
approximate the sub-scale and to choose the space where it is defined.

The problem we wish to approximate is (2.13) in differential form and (2.17) in variational form. Suppose for
the moment that £(&; -) is a linear operator (for @ given). After introducing the subscales decomposition and
integrating by parts, the VMS method leads to the problem of finding Uy, : (0, tr) — &), such that

(Di(Up), Vi) + Bup; Up, Vi) + Z(f], L¥up; Vi)k = L(Vy), (3.1
K

for all V, € X}, where L*(@; -) is the formal adjoint operator of L£(&; -) and U is the sub-grid scale, which needs
to be approximated, without considering boundary conditions.
Let us remark that two different schemes can be followed at this point to get the stabilized problem:

(1) Since operator L(&; -) in (2.13) is in fact non-linear because of the exponential of ¥, the VMS strategy needs
to be applied to a certain linearization. The one described previously could be used, but other options are
also possible.

(2) The alternative is to work with the standard form of the problem (2.5) (depending on the elastic stress o),
in which operator Lo(&; -) is linear, design the stabilized FE problem based on the VMS concept (involving
operator L£j(&; -)) and then change variables to obtain a log-conformation formulation.
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Both cases give us different stabilized formulations, although for simplicity only the second one has been considered
in this work. Therefore, the adjoint operator we need to consider is

V.x —2BnoV - (Vv) — pit - Vv — Vg

. V.
Li@; U) = : v . (3.2)

A
— x4+ Vv———(a-Vx+x-(Vi)T +Va - x
2no(1 — B) 2no(1 — B) ( )
Taking P as the L2 projection onto the space of sub-grid scales, the approximation we consider for the sub-grid
scales within each element is

U =aP[F —D,(U,;) — L(uy; Uy, (3.3)

where « is a diagonal matrix e = diag(o14, oz, @31 5x4) With I, the identity on vectors of R?, I,.4 the identity
on second order tensor and the parameters «;, i = 1,2, 3 are computed as

-1
1o olug
c1— +c¢ s
[ hi > hy }
hi
a=—,
Cc10q

o —|:C ;4_0 <;M+;|Vu |)i|_l
T e =) T T\ 20 =B) by el —p) " ’

where h; corresponds to a characteristic element length calculated in the two-dimensional case as the square root
of the element area, and in three-dimensional case as the cubic root of the element volume, whereas A, represents
the characteristic length associated to the element length in the streamline direction. On the other side, |u;| is the
Euclidean norm of the velocity while |Vu,| is calculated by means of the Frobenius norm. The dimensionless
constants ¢;, i = 1,...,4 are algorithmic parameters in the formulation, and the values adopted in this work are
c1 =4.0, c; =2.0, c3 = 4.0, ¢4 = 0.25 for linear elements. Numerical analysis indicates that they have to be of
order one [36], and that ¢4 < 1. Moreover, ¢; = 4.0, ¢, = 2.0 are the optimal values for the approximation of the
one-dimensional convection—diffusion equation. Note that the values for these constants are the same as those used
for the standard formulation [30].

Inserting (3.3) in (3.1), with & given above and using the adjoint operator (3.2), we obtain the following problem:
find Uj, € X, such that

D:Up), Vi) + Bup; Up, Vi) + Si(up; Uy, Vi) + S2(Up, Vi) + S3(up; Uy, Vi)

o]

= L(Vi) + Ri(up; Vi) + Ra(up; V), (3.4)
for all V;, € X}, where
. ~r du, no(1—pB) s
Si(@n; U, Vi) =2011<P[;0? - TV -(exp(¥,,)) — 2BnoV - (Vouy)
K
+ pity - Vit +Vpy |, =V -ty + 2808 - (Vv0) + pity - Vo + V) (3.5)
WLV =Y a(PIV -1,V -vy) (3.6)
K
. =r 1 ; A olexp(¥y) | .
S3(up; Up, Vi) = ZW3<P[m exp(¥;,) — Viuy, + 2—)\0(+¢h +u, - V(exp('/’h)))
K

— exp(¥,) - Vi, — (Vi) - exp(¥,) + 2vsu,1],
1
T (- pX

A
s (- Vot - (Vi) + Vi - x) ) 3.7)
ot =y (¥ (Vi X,

— Vs’l)h
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RiGins Vi) =Y (P £]. =V x + 28107 - (Vi) + pis - Vo, + V) (38)
K

Ryin: Vi) = <ﬁ[ : I] 1 v
3Wps Vi) = a3 b, —————Xn— VvV Un
N\ T =)

A

t (@t - VXu + Xn - (Vi)' + Vi - x,) )K. (3.9)
In these equations, P is the projection restricted to the appropriate components of the FE residual R, = F —
L(up; Uy) onto the space of sub-grid scales. It remains only to define the projection, for which we consider two
possibilities. If we consider P = I (identity), then the method is called Algebraic Sub-Grid Scales (ASGS). In the
case that P = Phl = I — P, (where P, is the L? projection onto the appropriate finite element space), the name of
the method is Orthogonal Sub-Grid Scales (OSS). Independently of the choice of the projection P, method (3.4) is
consistent, since the terms added to the Galerkin ones are proportional to the FE residual Rj,.

3.2. Split-OSS

Method (3.4) is stable for smooth solutions, and displays the appropriate order of convergence, both for P = I
and for P = Phl. As it is indicated in [30], the OSGS method seems in general more accurate, whereas ASGS is
cheaper because projections are not needed and it is more robust.

If we consider the case P = P;-, from (3.4) we can design a simplified method, which consists in neglecting
the cross local inner-product terms, as well as some other terms that do not contribute to stability.

Following the considerations made in [37] for the construction of the Split OSGS stabilization for the traditional
viscoelastic formulation, the modified method we propose for the log-conformation reformulation is: find U, :
0, tr) — X}, satisfying the appropriate initial conditions and such that

(DU, Vi) + By, ¥,; Un, Vi) + Si-uy; Uy, Vi) + S5(Uy, V)
+85(up; Uy, Vi) = L(V)y), (3.10)
for all V,, € X}, where

5t Uy, Vi = Y e B[ - =P enpn)] Vo)

K

+ ;al(P/%[Vph], Va) + XKjal(P[pah V|, pi - Vo) 3.11)

S Vi) = ;az(ﬂﬂv Vv (3.12)
SEGus Un, Vi) = Y o PEIV'm), V')

A? )

T Do = p)

e n .
+ m ;G3<Ph [—exp(¥),) - Va,

— (V)" - exp(y) + 29" unl, Oty - (Vi) + Vi - x)). (3.13)

Method (3.10) is not just a simplification of (3.4). For smooth solutions, both have an optimal convergence rate in
h. However, in problems where the solution has strong gradients, we have found (3.10) more robust, similarly to
what it is explained in [37].

As insignificant differences between the use of S3(uy; Uy, V) in (3.7) or the last modification indicated
Sﬁ-(fth; Uy, V) in (3.13) have been found, in the implementation we have taken (3.7) instead of (3.13). Therefore,
we will refer to S-ASGS when P = [ in (3.7), and S-OSGS for the case P = PhL = I — P,. However note that
in both cases (3.11) and (3.12) have been used instead of (3.5) and (3.6), respectively. Note that the last term in
(3.13) is unnecessary for stability and could be omitted.

> e Pittiun - Viexp)L - Vi)
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3.3. Linearized problem and algorithm

The equations for incompressible viscoelastic flows have a high number of non-linear terms, in particular in the
momentum and the constitutive equation. Obviously, these are maintained with the logarithmic reformulation, and
furthermore, new non-linearities arising from the exponential function appear, as it has been exposed in Section 2.2.

For the convective term of the momentum equation we can use a fixed point scheme or Newton—Raphson’s
scheme. However, for the non-linear terms in the constitutive equation, we have used a Newton—Raphson
linearization always, and it has been decisive to be able to compute some high Weissenberg cases and get the
optimal convergence of the method. At each iteration of each time step, the equations written in Algorithm 1 are
computed.

Let us make the following remarks about the algorithm used:

e The nonlinear term in the momentum equation can be linearized with the fixed point scheme or with
Newton—Raphson’s method, but in the algorithm presented the method used is the second.

e The exponential terms that appear both in the momentum equation and in the constitutive equation have been
linearized using (2.21), taking the tensor ¥ as the one obtained from the previous iteration of the current time
step.

e The computation of the exponential function, the gradient and the divergence of the exponential function of
the variable ¥, at the previous iteration must be calculated at each iteration.

e All non-linear terms belonging to the constitutive equation, both in the Galerkin terms and in the stabilization,
have been linearized using Newton—Raphson’s method.

e Stabilization parameters are computed with the values of the unknowns at the previous iterations.

e The iterative treatment of the orthogonal projection is coupled to the linearization of the total system.
Specifically, the orthogonal projection of any function f has been approximated as P;-(f) ~ fi — P,(f'™"),
the superscript being the iteration counter.

e Note that the ASGS method associated to the constitutive equation is considered when P = I, while the OSS
is applied when P = P;*.

Apart from the linearization carried out in some terms just explained, we have found extremely useful the application
of other techniques that lead to a better convergence. One of them is the under-relaxation scheme, taking as a
relaxation parameter € = 0.5, which has been found effective in most of the cases; the second tool employed is
the continuation method in terms of the relaxation time A, which consists in N, continuation steps of equal size
8\ = A/N,. Note that continuation techniques can be employed because of the modification of the log-conformation
formulation; if the original logarithmic formulation had been taken, they could not be used. Besides, the continuation
loop and the linearization loop are coupled in the algorithm used.

In the equations displayed in the Algorithm 1 variables u] ", p/ ™" ¥/*" corresponding to the (j + 1) time
step are denoted by u;,, p};, @/151 for simplicity. Regarding the temporal terms, the notation introduced in Section 2.6
is employed here.

The equations considered in Algorithm 1 are solved inside of a general algorithm, presented in Algorithm 2,
where all considerations made are taken into account.

4. Numerical results

In this section we will show some numerical examples where the benefits of the stabilized formulations applied
to the logarithmic formulation will be demonstrated. As it is remarked in Section 2.6, most of the results shown
have been obtained solving the steady problem directly, although many references and previous approaches with
the log-conformation were time-dependent.

The first result presented in Section 4.1 is a convergence test that will show the accuracy of the formulation.
It is useful to show that it is optimally convergent for smooth solutions. Secondly, in Section 4.2, the well-known
benchmark flow past a cylinder is tested to compare different quantities, such as the stress tensor around and
downstream of the cylinder or the drag coefficient, with the values published in the literature. In Section 4.3
we present the classical 4:1 planar contraction flow problem for two different Reynolds numbers, Re = 1.0
and Re = 0.0, with the purpose of validating the results with a number of references. Finally, the last example
in Section 4.4 is a three dimensional problem, designed as an extension of the two dimensional 4:1 contraction
benchmark.
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Algorithm 1 Fully discrete and linearized problem at each iteration.

i

. e B - :
Given ";1 , p;l , Wh (i = 1), solve uy, pj and ¥}, from:

Su ol =8) i ; ; i i
(p T vh) + %(exp(w/f; D W Vion) + 280V uly. Viun) + (puy” - V. vp)

. . . . 1 . .
+ (pul, - Vui ' vy) —<p'h,v~vh>+(V~u’h,qh)+2—M(exp(w;1 Hewixw
—(Vul A ‘ik i—1 i i~y i—1 i

h Xn) + 30 st(eXp(¢’1 ) ¥ +uy - Vexp(W ) ¥, X

+ K (u’h . Vexp(dfil_l) - exp(l/r;l_l) . 10}1 . Vu;'l_l — exp(x[fil_l) . Vu};, xh)

Aofo S A
_ m ((Vu’hfl)T . eXp(;/,;;l) . '/,lh + (vulh)T . exp(]/,;;l)7 Xh)

( no(l B)

A . . . .
+m(2vsu’h,xh)) +Za’l 1 V.(exp(,/,’h 1).¢’h), 7V-Xh>K
K

+ X (vhh van), + Za’r‘(pu;—' Vu -+ puy - a pui V)

K K

. ) rar 1 . . o
+ Za’z 1<V “up, V- vh>K + Zag 1<P[m exp(¥y ) - ¥ — Vul,
K

)\ . . o . o .
+K(—(exp<vf hewi) ! Vexpw - ¥ +up - Ven) )
— (exp(@y ) - Wi -Vt —exp@r ) - Vag, — (Vul DT expp ) 9

. . . 1
T -1
—(Vu')" -exp(¥y,” ) + ZVSu’h)], -3 T ﬂ)Xh — Vi,

+m< VX — xn - (VulHT — v“iﬂ')(;,))

= (o + 5 ’”(exp@/r D gt exp(pi), Voo

K

+<pu§f‘~Vu§f% >+K( —exp ) +expih - i )

( exp(y; ) - ¥y —exp<w;*1>)+u§;‘~V(exp(w;*‘>-v/r;;1>,xh)

o (—expry vVl = Ve ¥ )
11— . . .
< ol " ﬁ)V-(BXP(M_I)-IIf’[I+e><p(11f§f1)), _V'Xh>K

210
+2oe
K
; <Ph[ nO(l)k 'B)V (exp(¥),” ]—V'Xh>K
ZK: <Ph[puh Vu’h ]] ,ou}lfl -Vvh>K

+y (

K

(7

i 1 . s ) _
+ Za'{l [Tko a- exp('ﬁ;fl) + exp(w 1/,h ) + ( ’; <exp(1lf;;l) ] '/’1[1
K

) = ug Ve D ¥ = expry D v - Vi
1

— Ve )|, TR

+L( Vx x-(Vuf—‘)T—Vuf—l.x))
2i0(1 = B) P A A




718 L. Moreno, R. Codina, J. Baiges et al. / Computer Methods in Applied Mechanics and Engineering 354 (2019) 706-731

Algorithm 2 General algorithm.

read initial condition ug

set p) =0, 9, =0

set 19=0
for j =0,...,m — 1 do (Temporal loop)
set (= o '
set u2+1’0 = uzn pI{1+1 o pz, j+1 0 —_— 'ﬁ/’l

set the relaxation time to A/1! = mln()d + A/N,, A)
while not converged do
i<—i+1 o o o
compute exponentials: exp(y’/ 171, V- (exp(y/ 1 71)) and V(exp(y/ T 7Y))
compute projections
1 . L
Ph( 770()L ,3)V ' (exp(wj-i,-l,l—l))) Ph(vpj+ll b, Ph(puj+ll 1 Vui+l,z Y
0
and P, (V - u’+1' b
if P= P;- in the constitutive equation then
compute projection
1 e il A
Ph[ﬂ exp(iﬁ{,H" 1)_vsu,+1,z Ly A e (u jHLi-1 V(exp(¢h+l' 1
(exp(wjﬂz h. wj-‘rll 1 exp(vlﬁ—lz 9 exp('/,ﬁrlz h. Vuil-&-l,i—l

_(Vuj+lt 1 exp(wﬂrll 1 )+ 2Vou! jALi— 1)]

end if
Li-1j+li-l i+Liol i
compute stabilization parameters o/ ', 7" and of 7T with U/t
1, 1, 1,
solve equations from Algorithm 1 for &} """, p/*"" and """
update unknowns:
Jj+1i Jj+1i Jj+1i—1
u;, ) <~ eu,, § + (1 — e)u;, .
Jj+Li J+Li JjH1i—
P <~ €P; + (1 —e€)pj,

;I-HI (—€1ﬁ1+ll+(l 6)1ﬁj+11 1
check convergence
end while

set converged values
Jj+l JHLi
uj o =uy L
J+ J+Li
P = P
1+1 Jj+1i

h
end for(End temporal loop)

4.1. Convergence test

This first numerical results belong to the convergence study of the stabilized formulations employed for the
log-conformation problem. The exact solution will be defined by the next set of functions:

e (x, y) = 2xy(x = D*(y = D2y = D),
uy(x, y) = =2xy *(x = Dy = *Q@x = D),
p(x, y) = sin(2rx)sin(2wy),

Oxx (X, y) = 5sin(2w x)sin(27 y),

oyy(x, y) = =5sin(2w x)sin(2my),

0yy(x,y) = sin(2m x)sin(2m y),

where the x and y components of the velocity and the stress tensor have been indicated with a subscript.
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In order to satisfy the constitutive equation (2.10) with the velocity and the tensor ¥, we have to add the forcing
term

1 s
Se =2—M(6Xp(¢) —I)—-V'u

+ % (u -Vexp(W¥) —exp(¥) - Vu — (Vu)T cexp(¥) + ZVSu)
0

to the right-hand-side of the constitutive equation, with # and ¥ being the given manufactured solution. Note that
tensor ¥ is obtained analytically from the stress tensor through the relation defined in Section 2.2.

The computational domain is the unit square, discretized using uniform structured meshes of bilinear (Q)
and biquadratic (Q,) quadrilateral elements. The range of element sizes employed in this study ranges between
h =0.003125 and & = 0.0125 for Q; elements, and between & = 0.00625 and & = 0.025 for Q, elements.

We have considered three different Weissenberg numbers for every mesh, We = 0.0, We = 0.5 and We = 1.0.
These quantities have been calculated with the maximum velocity value as characteristic velocity and the side of
the square as characteristic length, taking into account that the expression of the dimensionless number is We = %

Regarding the optimal convergence rate expected, when the mesh is composed of linear elements, it is 2 in
velocity and 1 in pressure and ¥ for the L? -norm, but using quadratic elements it is 3 in velocity and 2 in pressure
and ¢.

For both formulations, S-OSGS and S-ASGS, results are extremely close, so we have only represented the
S-ASGS results in Fig. 1

4.2. Viscoelastic fluid flow past a cylinder in a channel

In the literature, we can find that this problem has been worked out using both formulations, the log-conformation
one and the standard one. The most relevant results obtained with the standard formulation belong to Fan et al. [38]
and Alves et al. [39]. In both works results are highly accurate, although their schemes failed for a Weissenberg
number around 1. Other authors, who have published results with diverse techniques for the standard formulation,
have obtained similar results regarding the numerical breakdown at relatively moderate Weissenberg numbers with
an Oldroyd-B fluid, such as Caola et al. [40], Owens et al. [41], or Castillo et al. [30]. Nevertheless, the logarithmic
reformulation of the equations allows us to get solutions for higher Weissenberg numbers. We will compare our
results with the solutions found in the literature.

4.2.1. Set up

The geometry of a viscoelastic fluid flow past a confined cylinder in a channel considered in this section is
depicted in Fig. 2. Note that only the half domain has been taken, for symmetry reasons.

Let us describe the boundary conditions of the problem, following the notation included in the sketch of the
geometry. For the velocity, we will impose non-slip conditions on the top wall y = 2R, Iy, and on the cylinder
boundary Iy, while symmetry conditions are prescribed along the axis y = 0, denoted by I'yy,. In our case, these
last conditions are applied imposing the component y of the velocity to be zero. On the other hand, a fully developed
parabolic velocity profile and the associated elastic stress profile are imposed at the inlet [,:

3 2
ux——Q(l Y ), u, =0,

2R\ (2R2
BRI 2 ity
0xx = 2A(1 = BIno 3y ) oxy = (1 = B)no ay ) oyy =0,

where Q is the flow rate and R is the radius of the cylinder. Note that the stress conditions will be defined over the

inflow boundary using the new variable ¥, taking into account the already mentioned relation ¥ = log (no?ff 5
in Section 2.2. Moreover, the horizontal velocity is left free, the vertical one is set to zero and the pressure is
prescribed to zero on the outlet boundary I, The values for the parameters used along all this study are 0 =1,
no =1, B =0.59.

We have solved the benchmark for different Weissenberg numbers We = %, where the characteristic velocity in

this problem is U = %, and the characteristic length is Ly = R. Furthermore, in all our calculations the convective

term of the momentum equation is neglected, as it is customary of this problem.
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Fig. 1. Discrete L>-errors for the manufactured exact solution.
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Fig. 2. Geometry and computational boundaries of the cylinder between two plates.
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Fig. 3. Computational mesh used in flow past a cylinder.

Table 1
Main characteristics of the computational meshes.
Mesh Nodes Elements Pmin
M1 38 469 71980 0.005
M2 84 378 156 959 0.002
M3 179 645 336 106 0.001
Table 2
Comparison of drag force coefficient (P.S.: present study).
We Hulsen M4 [13] Afonso M30 [19] Damanik [16] PS.
0.1 130.363 - 130.366 130.30
0.5 118.936 118.781 118.828 118.82
1.0 118.501 118.662 118.574 118.88
1.2 120.650 120.985 120.919 121.14
14 123.587 124.124 123.936 124.14
1.6 127.172 127.759 127.523 127.66
1.8 131.285 132.024 131.578 131.53
2.0 135.839 136.580 136.039 135.53
2.2 Not solved 141.801 Not solved 139.62
2.4 Not solved 146.730 Not solved 143.66

In order to check the independence of the mesh in the results we have employed three different meshes, with a
similar structure. In Fig. 3 one of them is displayed, where we can observe its unstructured nature, composed of
linear triangles. We have to stand out the refinement of the mesh in the region around the cylinder and downstream,
where the maximum values of the stress are achieved. More details about these are found in Table 1, which contains
the number of nodes, elements and the minimum element size /., for each mesh.

4.2.2. Drag coefficient results

Although convergence for the dimensionless drag coefficient is a good indicator to check a method, in the
literature some discrepancies exist when a moderately high Weissenberg number is considered (We > 0.7).
Moreover, as the drag coefficient is an integrated quantity over a cylinder, accuracy in the whole of the domain
cannot be ensured if this drag coefficient is not adequately reproduced.

Some drag coefficients for different Weissenberg numbers are presented numerically in Table 2 and graphically
in Fig. 4, where our own results (labeled P.S.) are compared to those of other authors, who also have applied the log-
conformation reformulation, such as Hulsen et al. [13], Afonso et al. [19] or Damanik et al. [16]. Particularly, Hulsen
et al. [13] indicate that from a certain Weissenberg value, the solution shows time-dependency and computations do
not break down, although some fluctuations are detected when We = 2.0 is reached. However, in our calculations,
fluctuations have not been detected and a steady flow has been obtained.

The agreement is acceptable with other publications where the logarithmic reformulation has been made, although
from values higher than 1.2 slight discrepancies are detected.

The advantages of using this formulation are notorious: while computations reported in the literature using the
standard formulation break down around a Weissenberg number of 0.9, the logarithmic formulation shows good
stability for higher values. In our case, we have been capable of simulating fluids with Weissenberg number equal
to 2.4.
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Fig. 4. Comparison of drag force coefficient (P.S.: present study).
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Fig. 5. Profile of the first component stress (oyy) along cylinder and downstream for We = 0.7.

4.2.3. Stress convergence

As we have commented above, the drag coefficient study is not enough to prove the accuracy of the formulation.
Therefore, we have displayed the component x of the stress on the cylinder wall and along the downstream center
line with the purpose of contrasting our results with those reported by different authors.

Regarding stress convergence when the mesh is refined, as some authors have remarked (Afonso et al. [19],
Coronado et al. [14]), there are a lot of discrepancies, particularly when the Weissenberg number begins to increase
(We > 0.7). It occurs especially for the maximum peak of stresses situated in the rear wake. Some authors, in spite
of using extremely refined meshes and high order methods, cannot be conclusive about the converged results.

A comparison of the first component of the elastic stress profile along the cylinder and downstream at the center
line of the domain is shown in Figs. 5 and 6; our results are compared with other published results.

For Weissenberg number equal to 0.6, we are in agreement with results found in the literature, particularly
with Hulsen et al. [13] and Damanik et al. [16] (not shown). However, for the figure presented associated with a
Weissenberg number equal to 0.7 (Fig. 5), the discrepancies among authors start mainly in the rear wake, in spite of
mesh convergence. As it has been commented previously, although this case has been computed by a wide number
of authors, high order methods are not conclusive. Regarding our results, these are in agreement with the values
reached in the rear wake by Hulsen et al. [13] and Afonso et al. [19] when the finest mesh is employed, although
the maximum peak over the cylinder is higher than that plotted by Afonso et al. [19]; in turn, these maximum
values are very close to those of the rest of authors compared. Mesh dependency needs to be highlighted for this
Weissenberg number at this point, and it is shown in Fig. 5 (right), where we can see differences between meshes,
especially along the centerline in the wake of the cylinder.



L. Moreno, R. Codina, J. Baiges et al. / Computer Methods in Applied Mechanics and Engineering 354 (2019) 706-731 723

350 - © - Afonso et al. 2009 350 ! i !
- » —Coronado et al. 2007 (M3) -e -éﬁmw ;t ai» 21002% o7 ()
. ves et . - » - Coronado et al. :
3002 ?11; st al. 2001 (M120) 300 Alves et al. 2001 (M120)
—\2
250 250
200 200
8 8
& &
150 150
100 A 100
V( l "\
50 3 50
0 sest” 0
0 1 2 3 4 5 6

Lsym

Hy

Lip vortex

Corner vortex

20H, 20H,

Fig. 7. Geometry of the planar contraction 4:1.

In Fig. 6 the results for Weissenberg 0.9 are displayed. As we have remarked before, this solution does not have
mesh convergence; this phenomenon has already been reported in the literature by some researchers [13,14,19]. To
show this effect clearly, we have plotted in Fig. 6 the values obtained with two different meshes (M1 and M2), so
the lack of convergence is demonstrated, because whenever the mesh is refined the maximum values reached along
the centerline downstream show a significant increment. The authors referenced above relate this to the behavior of
the constitutive model, which models an unlimited extension of the fluid at finite extension rates. For this reason,
numerous discrepancies are found between works published when the stress values along the rear wake are plotted,
for example between Alves et al. [39], Coronado et al. [14], Afonso et al. [19], and our own results. Nevertheless,
the values in points situated around the cylinder are very close in all quoted references.

4.3. Contraction 4:1

The next benchmark presented is the well-known 4:1 planar contraction problem in the two dimensional version.
This is a suitable example because it is more stringent than other benchmarks when highly elastic problems are
studied, due to the singularity which is situated in the corner.

4.3.1. Set up

First of all, we describe the main characteristics of this case. Since the problem is symmetric, we have just
considered half of the domain, as it is shown in Fig. 7. Moreover, the main characteristic lengths have been already
detailed in the figure, taking H, = 4 and H, = 1, together with the corner vortex length definition denoted by X
and the lip vortex X ;. These quantities are useful to compare our results with those of other authors.

Let us describe the boundary conditions associated with this problem. On the solid walls 'y, non-slip conditions
are imposed for the velocity field and on symmetric boundaries ['yy,, the component y of the velocity is set to zero.
Moreover, on the inlet boundary I3, a fully parabolic velocity profile and stress profile are prescribed:

3 2
wo= 22 (1), uy =0,
2H, H?
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Table 3
Characteristic of the meshes of the 4:1 contraction problem.
Mesh Nodes Elements Axmin = AYmin
Ml 10 316 19 770 0.04
M2 12 880 24 712 0.02
M3 20 441 39 242 0.01
M4 28 713 55 693 0.0075
M5 36 513 70 818 0.005

Fig. 8. Mesh used in contraction 4:1 problem.

30 1\’ 30
Oxx =201 = B)no (—3)’> ,  Oxy = —(1 = B)no <_3y> ,  Oyy = 0,
Hj Hj
where Q is the flow rate, set to 1. In this case the characteristic length is H, = 1, which is the length of the inlet
channel, and the characteristic velocity is the mean outflow velocity, u, = 1. Note that the stress conditions will
be imposed to the new variable ¥, easily computed from the defined stress functions; these are required in order
to avoid the need of using a too large computational domain.
For the outlet boundary I, the x-component of the velocity is left free, and the y-component is set to zero. In
addition, the x-component of the normal component of the total Cauchy stress tensor is set to zero. The remaining
parameters are no = 1 and g = 1/9.

With the characteristic values 