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Abstract

This paper presents a finite element solver for the simulation of steady
non-Newtonian flow problems, using a regularized Bingham model, with
adaptive mesh refinement capabilities.

The solver is based on a stabilized formulation derived from the vari-
ational multiscale (VMS) framework. This choice allows the introduction
of an a posteriori error indicator based on the small scale part of the solu-
tion, which is used to drive a mesh refinement procedure based on element
subdivision.

This approach applied to the solution of a series of benchmark exam-
ples, which allow us to validate the formulation and assess its capabilities
to model 2D and 3D non-Newtonian flows.
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1 Introduction

The choice of a computational mesh is a crucial aspect of practical finite element
analysis. The use of unstructured meshes allows us to obtain a higher level of
detail for parts of the domain where the solution changes rapidly, or around
regions of interest. At the same time, a coarser resolution can be used where
the solution is smooth to reduce the computational requirements. Clearly, the
use of a single static mesh limits the advantages of the approach for evolving
solutions, and requires the analyst to adequately design the mesh, guided by an
intuition on the expected behavior. Indeed a good choice is often not possible a
priori, especially when studying complex geometries. This represents a partic-
ularly problematic issue in the case of viscoplastic fluids, where adequate mesh
resolution is crucial to properly describe the flow and, in particular, to capture
the transition between yielded and unyielded regions.

For complex problems or in cases where it is difficult to draw from previous
experience, dynamically adapting the mesh may be the only viable method
to reduce computational time. For this reason, a variety of adaptive mesh



refinement (AMR) techniques have been developed over the years to adjust the
computational mesh in response to the obtained solution (see for example [1]
or [2]).

An AMR technique typically involves two components: an indicator that
can be used to identify regions where the obtained solution has a large error
and a refinement strategy to locally modify mesh resolution in response to a
large detected error. Both aspects of the problem are addressed in turn in the
current paper to provide a picture of our proposed technique.

An extensive literature exists on error estimation techniques, starting from
the pioneering work of Babuska and Rheinboldt [3]. One of the most widespread
options is the use of a posteriori error estimation techniques to quantify the
error in the solution (as for example [4, 5, 2, 6, 7]). The general idea in such
approaches is to use the computed solution to assess its own accuracy.

The use of AMR techniques for viscoplastic flows remains comparatively un-
explored. In the specific case of Bingham fluids, previous studies have applied
adaptive remeshing techniques to plane and axisymmetric flows [8, 9, 10]. The
same approach has been extended to three-dimensional free surface flows [11],
described using a shallow water approximation. In these cases, refinement is
driven by an indicator based on the dissipative energy in the solution, which
is larger in areas with high velocity gradients, and the mesh is completely re-
generated using a size distribution obtained from the values of the indicator.
Another application of AMR techniques for viscoplastic materials can be found
in forging processes [12]. In this reference, mesh refinement was used to preserve
mesh quality in the simulation of metal casting.

In the current paper we explore the use of an error indicator motivated
by variational multiscale (VMS) stabilization techniques [13, 14], which pro-
vide the basis for the underlying finite element formulation. The forerunner of
the technique employed here was originally presented for convection-diffusion
problems [15] and more recently has been extended to the Navier-Stokes equa-
tions [16, 17] and used to solve incompressible Newtonian flow problems. The
key idea for the proposed error indicator is actually rather simple: VMS solvers
are based on the construction of a model for the fine scale variables (representing
the part of the solution that is not resolved by the mesh) in terms of the large
scale ones (the part that can be described using the finite element mesh). Since
the small scale model is designed to provide consistent solutions, it should tend
to zero as the mesh is refined. Thus, the small scale can be used to construct
an error indicator: if, for a given element or patch of elements, the magnitude
of the small scale solution is large, the mesh is likely to be relatively coarse for
that region of the model. This provides an indicator that can be used to identify
areas in need of a refinement.

Such approach is closely related to the solver technology being employed.
Crucially, it can be derived naturally from any VMS formulation once it has
been defined for the problem at hand. As such, it can be applied to the case
of nonlinear rheologic behavior, which is the focus in the current work, by
extending the mentioned Newtonian version of the method. To our knowledge
the approach we describe has not been applied before in this context.

Once we are able to identify areas with large error within the domain, we
can modify the computational mesh to increase the overall accuracy. Many
different grid modification strategies have been proposed since the late eight-
ies [18, 19, 20], involving for example local mesh modifications [21], movement



of mesh nodes through the solution of an auxiliary elasticity problem [22], mesh
morphing techniques [23] or edge stretching [24]. Many of such techniques re-
quire the user to specify a nodal or edge-based refinement target, which involves
obtaining a measure of the error (or its indicator) at the nodes or edges of the
mesh to be improved.

On the contrary the technique we employ here is based on a elemental (rather
than nodal) refinement strategy [16, 25]. The approach followed is thus that
the error indicator signals the list of elements to be refined. Such elements are
subdivided and their neighbor modified so that mesh conformity is preserved.
The approach thus represents a good match for the chosen error indicator, which
can be evaluated on each element independently. The proposed procedure was
originally developed for refinement in a distributed memory context [16] and
allows MPI-parallel refinement.

The present paper is organized as follows: In Section 2, the VMS finite ele-
ment formulation used for the solution of the stationary Bingham flow problem
is introduced. Section 3 describes the mesh refinement algorithm and the error
indicator used to identify the regions that will be refined. We present the results
of the simulation of several two and three-dimensional Bingham flow test cases
in Section 4, which allow us to evaluate the capabilities of the present approach.
Finally, some concluding remarks are given in Section 5.

2 Non-Newtonian flow solver

2.1 Governing equations

The problems considered in the present work can be described using the sta-
tionary form of the Navier-Stokes equations. Given a domain  C R? (with
d = 2,3) containing a fluid with density p and external forces f acting on it, the
relationship between the fluid stresses o and the velocities u is given by

pu-Vu—-V.o=f in Q (1)
V-u=0 in €. (2)

Egs. (1) and (2) are combined with conditions over the boundary of the domain
Q, which is defined as 92 = I'p UT'y, where I'p and I'y represent the Dirichlet
and Neumann parts of the boundary, respectively. Such boundary conditions
can be expressed as

u=ug onI'p (3)
o-n=t on 'y, (4)

where ug is the imposed velocity on the Dirichlet boundary I'p, n is the outwards
unit normal on the Neumann boundary Iy and t is the imposed traction.

The stress tensor in Eq. (1) can be decomposed into a volumetric part, which
depends on the pressure p, and the deviatoric stress tensor, 7, as

o=-—pl+Tt (5)

where I is the second order identity tensor.
A constitutive model is required to close the formulation, giving an expres-
sion for the deviatoric stresses 7. The behavior of a broad class of fluids can be



described using a generalized Newtonian law with apparent viscosity 7, given
by
T =278 (6)

where the apparent viscosity is, in general, variable and depends on the charac-
teristics of the flow, and S is the strain rate tensor, defined as

S = Vou= % (Vu + (vu)T) . (7)

Since stress and strain rate are tensorial quantities, we introduce the follow-
ing invariants to measure their magnitude

1
¥ =+v28S:S T = ST T (8)

which allow us to use the constitutive relation of Eq. (6) in a multi-dimensional
setting.

In the present work we use a regularized Bingham model to describe the flow.
A Bingham fluid [26, 27] is a material that resists shear stresses lower than a
threshold value, known as the yield stress 7y, and flows with a constant viscosity
p, called plastic viscosity, when larger shear stresses are applied. This behavior
can be represented using the notation of Eq. (6) if the apparent viscosity is
defined as

1N — 00 ifT <19

9)

n=u,,+$ if 7> 7.
Y

Unfortunately, the discontinuous nature of the Bingham model introduces
numerical difficulties, as the apparent viscosity 7 is infinite for strain rates lower
than the yield stress. Two possible approaches have been explored in the litera-
ture to address this issue. The first is to reformulate the problem as a variational
inequality [28, 29, 30] and to use either operator splitting methods [31, 32, 33, 34]
or an augmented Lagrangian approach [35, 36] to solve the problem. The second
is the introduction of a regularized constitutive relation [37, 38, 39, 40, 41]. We
use the latter technique, replacing Eq. (9) with a regularized expression that is
better suited to numerical simulation. We have adopted the expression proposed
by Papanastasiou [39], given by

=y + ; (1—em), (10)

where m is a regularization coefficient with dimensions of time. The relationship
between the two laws is shown in Fig. 1, where it can be seen that the regularized
law of Eq. (10), represented by the dotted lines, tends to the ideal model of
Eq. (9) as the value of the regularization coefficient m is increased.

It must be remarked that the use of a regularized model introduces an error in
the solution, which may be significant in determining, for example, if a particular
problem is stable (the solution is static) or yields, developing a flowing solution.
This was quantified in [42], which addresses the Papanastasiou regularization,
among others. This effect is magnified for small values of the regularization
coefficient m and is at odds with the fact that large values of m result in a
problem that is harder to solve numerically. As such, one must be careful in
choosing a value for m to avoid compromising the obtained solution.
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Figure 1: Bingham model.

2.2 Weak formulation

We use the standard Galerkin approach to obtain a variational form of our
problem, multiplying Eqgs. (1) and (2) by test functions w, ¢ and integrating
over the simulation domain 2. If we integrate by parts the terms corresponding
to stresses, we can incorporate the Neumann boundary condition of Eq. (4) in
the expression, obtaining

/wpu~VudQ +/2nVSw:VSudQ—/V-wde:/wfdQ+ wt dl’
Q Q Q Q Tn

(11)
/ gV - udf2 =0. (12)
Q

To ensure that the problem given by Egs. (11) and (12) is well-posed, we
need to specify appropriate function spaces for the unknowns u, p and test
functions w, g to guarantee that all integrals are bounded. In the case of
velocities, we require that both the functions and their spatial derivatives are
square-integrable, that is, u € Vp C [H*(Q2)]?. Furthermore, we require that all
functions in Vp verify the Dirichlet boundary conditions of the problem, given
by Eq. (3). A similar requirement is made on the momentum test functions
w, which have to be zero on the Dirichlet boundary I'p. This is denoted as
w € Vp C [HY(Q)]4. In the case of the pressure and the continuity equation test
function g, it is enough to ensure that they are square-integrable in the domain,
which is denoted by p,q € Q C L2(Q).

The finite element solution of the problem defined by Egs. (11) and (12)
is known to suffer from stability issues that, in particular, preclude the use of
equal-order interpolations for velocity and pressure. To solve this problem we
introduce a VMS formulation [13, 14].

Denoting the finite element discretization of the problem domain as 2, =
U, Qe, where €. represents the subdomain corresponding to element e, we in-
troduce the discrete solution of the problem uy € Vj,pp € Qp, where V;, C Vp
and Q C Q are the discrete spaces defined by the finite element interpolation.
The VMS approach is based on decomposing the problem variables into a large



scale part, identified with the finite element solution, and a small scale part
u=u,+u  p=py+p (13)

where the small scale variables u, p represent the part of the continuous solution
that is not resolved by the finite element approximation.

The scale separation of Eq. (13) can be introduced in Egs. (11) and (12) to
obtain the VMS formulation of the problem. Using test functions belonging to
the discrete spaces wy, € Vo C Vg and ¢qp, € @}, we obtain

/whpuh-VuthJr/QnVSwh:VSuth

Q Q

f/v-whpthfZ/ puy, - Vwy, 1 dQ
Q o Ja.

72/ V~(2nvswh)ﬁd972/ VowhﬁdQ:/whfdQJr wptdl
e Y e Qe Q2 I'n

(14)
/Qth~u: Z/Q VgnudQ. (15)

In deriving Egs. (14) and (15) from Egs. (11) and (12), we have integrated
by parts on elemental subdomains €2, for several terms involving the small scale
variables 1 and p. This allows us to obtain an expression that depends on small
scale values but not on small scale spatial derivatives. Note that, to do so,
we have neglected terms involving elemental boundary integrals. This can be
understood as considering that the small scale functions vanish on the elemental
boundaries (see for example [43] for a detailed derivation).

A model for the small scale part of the solution is required to close the
formulation. A possibility is to use algebraic sub-grid scales (ASGS), defined
in [44]. In ASGS, the small scales are considered proportional to the residual
of the strong form of the momentum and continuity equations, when they are
evaluated using the discrete solution. This results in the following expression
for the small scales:

a=7R" (up,pn) =71 (f = pup, - Vu,, + V- 29V, — Vpy) (16)
p=7R (up) =7 (=V - u), (17)

where R™ (up,pr) and R€(up) correspond to the residual forms of Egs. (1)
and (2) evaluated using the finite element solution uy, pp, and 71 and 75 are
scalar stabilization parameters. The value of 71 and 72 is chosen following [45,
46], that is, we take the parameters originally designed for the Newtonian version
of the method [44] and replace the Newtonian viscosity by the apparent viscosity
7. This can be seen as equivalent to neglecting the dependence of 1 on the
velocity to design the stabilization parameters. Following this approach, the
stabilization parameters are defined in terms of a characteristic element length

h as )
2p|lun | 4n\ - pllunl b
n=(h+hg ry = 210 (18)
where || - || is used to denote the standard Euclidean vector norm.



An alternative choice for the small scales is the use of orthogonal sub-grid
scales (OSS) [43, 47, 48, 49, 46]. In the OSS formulation, only the part of the
large scale residuals that is orthogonal to the finite element space is used to
model the small scale variables. This can be expressed as

a

P

71 (£ = pup - Vuy + V- 20V°uy, — Vp, — «™) (19)
7o (=V -up —79), (20)

where 7™ (uy, pr) and 7€ (uy) are the Lo projections of the residuals onto the
finite element space, that is, the solution of the auxiliary projection problem

/ wp, " dQ :/ Wy, (f —puy - Vu, + V- 277V5uh - Vph) dQ2 (21)
Q Q

/qthdQ:—/th~uth. (22)
Q Q

It is worth mentioning that the viscous term V - 2nV*u; that appears in
Egs. (16) and (19), as well as in the momentum projection in Eq. (21), is zero
on element interiors when evaluated using linear finite elements, since it involves
second derivatives of piecewise linear functions. Since all examples in the present
work use linear elements, this term will be neglected in the following.

Introducing the OSS small scale model into the variational form of the prob-
lem, given by Eqs. (14) and (15), the following weak formulation is obtained

/ pwp upVuy, dQ) + / 2nVeiwy, : Viu, dQ — [ V- wy pp, dQ2
Q

+Z/ pup,Vwp Ty (puh Vuy, + Vph dQ Z V- -wpTo (—V -up — HC) dQ
Qe

whfdQ+/ whtdr+2/ pu, Vwy,r (f — II™) dQ

(23)

Q

/ th.u+Z/ Vanmi (pup,Vuy + Vpr) dQ = Z/ Vapm (f —II™) dQ.
Q — Ja. — Ja.

(24)

Similarly, the ASGS formulation can be recovered by dropping all terms
involving II"™ and II¢ in Egs. (23) and (24).

As a final remark, note that VMS represents a general framework to write
stabilized weak formulations. In this sense, the final weak problems engendered
by both the ASGS and OSS can be seen as encompassing other well-known
stabilization techniques such as SUPG/PSPG [50] or Galerkin-Least Squares
(GLS) [51].

2.3 DMatrix formulation

We use standard linear finite element functions to interpolate the large scale
velocity and pressure solutions. Introducing this interpolation in Eqs. (23)



and (24) and using the shape functions of each node as test functions wy,, pj, in
succession, we obtain the following system of equations

C+K+Skgk G+S¢q| |U . F+ Sy (25)
D+Sp L Pl | S¢ |’

where U and P represent the vectors of nodal values for velocity and pressure,
respectively. The blocks that appear in the system matrix and the right hand
side vector of Eq. (25) are obtained by the finite element assembly of the different
integrals that appear in the stabilized equations. If a and b represent node
indices, i,j correspond to the spatial directions and N, is the finite element
function associated with node a, the Galerkin terms in Eqgs. (23) and (24) give
rise to the the following block matrices

N,
cg?’z/ N, puhk@ 5;; dQ2 K“b:/ B’ C, B, dQ
! 0 Oxy, Qe

e

AN, ON,
G = 2N, dQ D‘?‘b:/ N,—2dQ
1 Qe axz b 7 Qe 8.1:_] (26)

Fg:/ N, f;dQ+ [ Nyt dr,
Qe I'n

where 6;; corresponds to the Kronecker delta. To define the viscous matrix K,
we used the strain rate matrix B and the constitutive matrix C,, which in 2D
are given by

0Ny 0 2 0 0
B, = 0 OyNq C,=n(0 2 0 (27)
OyNg Oz Ng | 0 1
and in 3D can be defined as
O, N, 0 0 2 0 0 0 0O
0 Oy N, 0 0 2 00 00
_ 0 0 0. N, |00 2 0 00
Ba=ton, an. 0 | 70001 00 &
0 0:Nq 0yNg 0 00 0 10
0. N, 0 0x Ny | 0 00 0 01

where we introduced the notation 0(.yN, = ON,/9(-) for compactness.
Analogously, the discretization of the terms arising from the VMS stabiliza-



tion allows us to write

ON, ON; ON, ON,
stt= [ (i) m (omiyy ) owans [ Gemgrao
e QE 1/ ]

ON, ON,
SG;lb:/ (puhka )7‘1 bdQ
Qe Lk 8xz

ON, AN,
Sp = —2) dQ
S o G

(29)
ON, ON,
LY = | ——r—=—2d0
Ae 6xk Tl 8Ik
Na Nq
SM?Z/ puhkL 1 (fz—H;n) dQ — J TQHCdQ
Q. afﬂk Q. (91'1

a __ 8Nll m
Sc —/Q Bxkﬁ(fk ;") dQ.

e

The system of Eq. (25) contains multiple non-linear terms: besides the con-
vective term, terms involving either the apparent viscosity 7, the stabilization
parameters 71, 7o and, for OSS, the projections, all have a non-linear dependency
on velocity. The problem is linearized using a fixed-point iteration.

In the case of OSS stabilization, an associated problem is solved to calculate
the projections. This problem corresponds to the discrete form of Egs. (21)
and (22), and can be defined as

M, 0 II,, _ Ry (30)

0 Me I~ Re |’
where IT); and IIo represent the vectors of nodal values for the momentum
and mass projections, respectively, and the different terms in the matrix and

right hand side vector can be obtained by the finite element assembly of local
contributions given by

. " ou i 0
MM ijb = / NaNb(sij df2 R]VIZ' = / Na (fl — PUnk 6‘;; a a];h> a0
Qe '

e

M = [ N,N,dQ Ro :/ N, (-%“*”’) .
Qe Qe Ty

(31)

Note that both non-zero matrix blocks on the left hand side of Eq. (30)

have the structure of a mass matrix. In practice, they are approximated by a

diagonal mass matrix, which allows us to obtain the projections through the
solution of a diagonal linear system.

3 Mesh refinement strategy

3.1 Error estimation

The mesh refinement strategy is driven by an error indicator, which identifies
regions of the simulation domain where the mesh resolution has to be increased.
We use an error indicator based on the scale separation introduced by VMS
models, following the ideas of Hauke et al. in [15]. This approach, originally



presented for the convection-diffusion problem, has been extended to the Navier-
Stokes equations in [16] and [17].

The main idea behind this approach is to use the magnitude of the small
scale velocity model, which, in our case, is given by either Eq. (16) for ASGS
or Eq. (19) for OSS as the error indicator. Since the small scale velocity is
ultimately proportional to the residual form of the original momentum equation
(or its projection onto the mesh), its magnitude can be interpreted as a measure
of the error in the solution. With this in mind, we define our indicator of the
error within element e as

(17 =l = [ a-wde (32)

e

Introducing the definition of the small scale velocity in Eq. (32), this expres-
sion can be particularized for the considered stabilized formulations as

2 m
(1A555)? = / 2 |R™|? dQ (33)

(1955 = [ 7R 1) dos (34

e

The indicator thus obtained is derived from the small scale model used in the
stabilization and, on the element level, is proportional to the local residual,
weighted by the square of the stabilization parameter 71. In the OSS variant,
the indicator of Eq. (34) involves the difference between the local residual and
the projected residual. This idea of comparing local and smooth fields for the
same quantity can be related to the error estimator of Zienkiewicz and Zhu [52].

By measuring I. on all elements, we obtain a distribution of the error indi-
cator across the domain. We identify the elements where the estimate is larger
than a prescribed tolerance, which are then split according to the algorithm
described in the following section.

3.2 Refinement algorithm

Once the elements that have larger error have been identified, we use a mesh re-
finement algorithm to improve mesh resolution. We have adopted the algorithm
presented in [16], which can be used to improve the resolution of an existing tri-
angular or tetrahedral mesh. This refinement strategy was originally developed
to be easily applicable in a distributed memory environment and is designed to
require a minimal amount of information that is not local to the elements to be
refined.

Given a triangular mesh, the idea of the procedure is to refine the iden-
tified elements by introducing new nodes on the mid-points of its edges and
quadrisecting each original triangle. Neighboring elements are then divided to
maintain mesh consistency: these that have one refined edge are bisected along
that edge, while elements that have two refined edges are divide into three new
triangles. The same procedure can be applied to tetrahedral meshes, with fully
refined elements being divided into eight new tetrahedra and adjacent elements
refined accordingly. The main steps of the refinement procedure are illustrated
by Figure 2 for a 2D case and can be described as follows
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(d)

Figure 2: Refinement procedure: (a) identify elements to refine; (b) divide
edges and insert new nodes; (c) remove all elements with split edges; (d) create
new elements to recover a conforming mesh.

1. Tterate over mesh elements, evaluating the error indicator given by Eq. (33)
for ASGS or that of Eq. (34) for OSS.

2. If the error indicator is larger than a predefined tolerance in a given ele-
ment, mark it and its edges as needing refinement. This step is represented
by Fig. 2(a).

3. A new node is created in the mid-point of all the edges that have been
identified as needing refinement, as shown in Fig. 2(b). All nodal data and,
in particular; initial guesses for velocity and pressure, are interpolated
from the nodes that define the original edge.

4. All elements with refined edges are deleted (see Fig. 2(c)). Note that
this includes elements where the error indicator was not larger than the
tolerance.

5. New elements are created using predefined patterns, depending on which
and how many edges of the original element were split. This step is repre-
sented in Fig. 2(d). While this step is relatively straightforward in the 2D
case, it is more involved for 3D problems, where the number of possible
edge splitting patterns is much larger. We direct the interested reader to
the original reference on this algorithm [16] for details. Note that, in some
cases, 3D refinement involves the creation of an extra node on the center
of the original tetrahedron.

Note that the refinement procedure preserves the quality of fully refined
elements, since the new elements have the same angles as the original one.
Unfortunately, this is not the case for elements where only some of the edges
are refined, and mesh quality can be significantly degraded if this type of partial
refinement is performed repeatedly over the same patch of elements.

There are multiple techniques that can alleviate such issue. Mesh quality
could be trivially preserved by only allowing complete refinement (quadrisection)

11



of elements, but maintaining conformance under such requirement would imply
refining the entire domain. It is possible to relax this by introducing non-
conforming meshes with hanging nodes, but this typically requires constraining
successive refinements so that two neighboring elements do not not differ by
more than one refinement level.

Alternatively, one could use a different algorithm for marking and refining el-
ements (see for example [53, 54]) that can limit the mesh degradation produced
by successive refinement. While such alternatives are viable and well docu-
mented in the literature, they require comparatively more information about its
neighbors. Given that this is not always easily available in a distributed memory
environment, which was the main consideration when designing the employed
algorithm [16], they will not be used here.

In the present paper, we follow a different strategy: we allow repeated par-
tial refinement, but apply local improvement strategies after each refinement
iteration to improve the quality of the final mesh. For the 2D examples pre-
sented in Section 4 we use the algorithm described in [55], which is based on
reconnecting the nodes of adjacent elements. For the 3D cases, we use the pro-
cedure presented in [56], which consists in taking clusters of adjacent elements
and changing the local topology, adding or deleting nodes and reconnecting
elements to improve mesh quality.

4 Numerical results

The formulation presented in the previous pages has been implemented within
the Kratos Multiphysics framework for finite element solvers [57]. We use this
implementation to simulate several benchmark problems with the intention of
evaluating the capabilities of the adaptive refinement techniques. The same fi-
nite element formulation, without mesh refinement, has been used by the authors
in combination with the Particle Finite Element Method (PFEM) to simulate
non-Newtonian flows [58, 59, 60]. The choice of parameters, including both
the regularization parameter m and problem-specific values, such as load incre-
ments, is based on the previous experience of the authors on these or similar
problems (see [45]). The linear systems of equations that appear in the solution
procedure have been solved using the AMGCL algebraic multigrid solver [61].

4.1 Poiseuille flow

The first test case is a simple Poiseuille flow under an imposed pressure gradient.
We define a 6 x 1 m plane channel, shown in Fig. 3, and prescribe a pressure
variation Ap = —2 x 103 Pa between its right and left extremes. A no-slip
condition is imposed along the remaining sides of the channel. The fluid density
is p = 1 Kg/m? while the plastic viscosity is u, = 10 Pa-s and the regularization
coefficient is set to m = 103s.

We consider two cases: a Bingham flow with yield stress 79 = 100 Pa and a
Newtonian case, recovered by taking a viscosity n = u, in Eq. (6).

We start the simulation using the unstructured mesh shown in Fig. 4, con-
taining 66 nodes and 92 triangular elements. The problem is solved iteratively:
the solution of the flow problem is followed by the mesh refinement algorithm,

12



and this procedure is repeated until the error indicator is smaller than a fixed
tolerance for all elements in the mesh.

We simulate a series of cases with absolute indicator tolerances in the range
1073-10"%m?2s~! to study the sensitivity of the proposed approach to the tol-
erance for the value of the error indicator, testing both the ASGS and OSS
approaches. The number of elements obtained in each case is shown in Fig 5,
while the velocity profiles on the central transversal section of the domain, which
corresponds to section A-A’ in Fig. 3, are shown in Fig. 6 for the Newtonian
fluid test and in Fig. 7 for the Bingham flow. In both cases, the obtained results
are compared to the analytic solution of the Poiseuille flow, which is given by

left external
presure

right external

presure w

y no-slip condition

no-slip condition

<
H=1m

A

Figure 3: Poiseuille flow — geometry and boundary conditions.

Figure 4: Poiseuille flow — initial mesh.

Eq. (35) (see for example [62]).
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Figure 5: Poiseuille low — number of elements at the end of the simulation for
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Figure 6: Newtonian Poiseuille flow — streamwise velocity profiles for different
error indicator tolerances.
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Figure 7: Bingham Poiseuille flow — streamwise velocity profiles for different
error indicator tolerances.
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In the Newtonian case, the solution reduces to a parabolic profile while, in
the Bingham case, the flow has two yielded regions close to the wall, where shear
stresses are concentrated, and a central region that moves rigidly. This central
region has a constant streamwise velocity and can be solved with small error
using relatively coarse meshes. As a result, refinement is concentrated close to
the walls in the Bingham case and the overall number of elements is lower, as
can be observed in Fig. 5(b). This is confirmed by Fig. 8, which shows a detail
of the final mesh obtained using the lowest tolerance and the OSS formulation
for both Newtonian and Bingham fluids. As can be seen in the figure, the
spatial distribution of the refinement is different in both cases, uniform for
the Newtonian fluid and concentrated close to the walls, corresponding to the
yielded regions, in the Bingham case.

As can be seen in Fig. 5(a), the OSS formulation results in roughly five times
less elements than the ASGS one for a given tolerance. In the same figure, we
can also observe that, for small tolerances, refinement may fail to start. This can
be seen in in Fig. 5(b) for the ASGS simulation with a tolerance of 1073 m?s~1
and for the OSS cases with tolerances 1073 m2s~! and 10~*m?s~!, where no
new elements are added. These cases produce a solution that is close to zero
everywhere, where the yielded regions fail to appear.

In Fig. 6 we can observe a good agreement with the analytic solution for the
Newtonian case, but the number of elements required is quite large, as can be
seen in Fig. 5(a). To understand the results, we calculate the efficiency of our
chosen indicators. The efficiency € of an error indicator is the ratio between the
estimator and the real error, which in our case is given by:

I 1/2
e=—"—— with [lu—w|, = (/ (u—uy) - (u—uy) dQ)
[u —upllg, e
(36)

where u is the exact solution, given by Eq. (35), and uy is the approximate
finite element solution. We are also interested in comparing the global value of
the indicator to the global error, computed from the sums of the square of the
values on each element as

e

1/2 1/2
- (zfs) B, - (z nu—uhna) . @)

The distribution of the efficiency index on a given solution step for the
different cases is shown in Fig. 9. It can be observed that, except for the
Newtonian ASGS case, the efficiency is far from the ideal value of 1. In spite
of this, the efficiency index tends to be larger in the areas that are in need of
refinement, as for example close to the borders in the Bingham cases, where the
gradients of the solution are larger.
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Figure 8: Poiseuille flow — refined meshes in the OSS case with error indicator

tolerance 10~ m?2s~1.

16



EPSILON

(a) Newtonian fluid (ASGS).

ersion
02168
Jooet
0170z
o/14s01
oreisa
0007279
0072963
004647
002631

15375005

(b) Bingham fluid (ASGS).

EPSILON

1ot
ln725

Tz

s orsiz
> € R - e
0sesa

oam7s

020318
0.14863
6701005

(¢) Newtonian fluid (OSS).

EPSILON

~ o

0.1067

0.091453
0076211
0.060969
0.045727
0.080485
0015243

1325006

(d) Bingham fluid (OSS).

Figure 9: Poiseuille flow — distribution of the efficiency index ¢ for the different
test cases.

The evolution of the global value of the indicator and the error, evaluated
according to Eq. (37), for the cases with an indicator tolerance of 1076 m?2s~!
is presented in Fig. 10. As can be observed in the plots, the error indicator has
the same behavior as the true error, but its value is not directly related to the
magnitude of the true error. This can explain how the general behavior of the
refinement algorithm is correct, even when the efficiency index for a given case
is not necessarily close to one.

4.2 Plane extrusion

We simulated the plane extrusion of a Bingham fluid through a die with a 3
to 1 reduction of the cross-section. This problem was presented in [63] and
revisited in [45], where it was solved using a fixed fluid mesh and the ASGS
formulation presented in Section 2 and in [46, 64], where it was simulated using
OSS stabilization.

The simulation domain can be seen in Fig. 11, where we use the symmetry of
the problem to simulate only one half of the domain. A slip boundary condition
is imposed on the wall and only the wall-normal component of the velocity is
restricted. The flow is driven by a ram pressure applied on the left side of the
domain, which generates a pressure gradient. The fluid parameters are reported
in Table 1.

As argued in [63], using the present settings, with smooth walls and a very
small plastic viscosity, the problem is analog to a perfect plasticity problem.
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Figure 10: Poiseuille flow — global indicator values and errors for the different
test cases.
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Figure 11: Plane extrusion — geometry and boundary conditions.

Parameter Value
Fluid density p = 100 Kg/m?
Yield stress 70 = 1000 Pa
Fluid viscosity pp =10"6Pa-s
Regularization coefficient m = 1000s

Table 1: Plane extrusion — flow parameters for the problem.

An exact solution for the plasticity problem, obtained using slip line theory, is
reported by Lubliner in [65]. This solution predicts the formation of slip lines
once the applied pressure reaches
4 m
p=—= (1 n f) 7o ~ 3427 Pa. (38)
3 2

The simulation is performed using both the ASGS and OSS variants of our
formulation. An increasing normal pressure is applied on the left end of the
domain in increments of 2 Pa per step, starting from 0 to a maximum value of
Pmaz = D000 Pa. After each step, the mesh refinement algorithm is used to im-
prove the mesh resolution, using an absolute tolerance for the error indicator of
10~9m2s~!. In light of the results of the previous example, we set an additional
control, limiting the minimum area of refined elements to 10~*m? to prevent
excessive refinement in localized regions. The domain is initially discretized
with an unstructured mesh composed of 102 nodes and 152 linear triangles.

The evolution of the strain rate and the refined mesh for different values
of the ram pressure in the OSS case is shown in Fig. 12. As the ram pressure
increases, a yielded region characterized by high strain rates develops, matching
the slip line mechanism. The finite element mesh is refined accordingly, following
the high strain rates.

Fig. 13 shows the evolution of mesh size as the simulation evolves. The
number of elements required to solve the problem is uniform for low values of
the ram pressure until the yielded zone develops. At this point, the number
of elements increases rapidly as the material starts to flow. The new elements
are concentrated on the yielded regions, as can be observed in Fig. 12, and
the refinement process continues as the yielded region expands. The mesh at
the end of the simulation, corresponding to an external pressure of 5000 Pa, is
composed by approximately 14500 nodes and 28700 elements for the OSS test
and 15100 nodes and 30100 elements for the ASGS case.

The velocity of the fluid on the left boundary (measured on point A in
Fig. 11) is related to the ram pressure in Fig. 14. The value of yield pressure
expected from perfect plasticity, given by Eq. (38), is indicated in Fig. 14 using a
dotted line. We can observe that velocity is very low until the pressure reaches
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Figure 12: Plane extrusion, OSS case — detail of the evolution of the strain rate

(left) and computational mesh (right) for increasing values of the applied ram
pressure.
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Figure 14: Plane extrusion — applied pressure vs. inlet velocity.

roughly 3460 Pa, when the material starts to flow, accelerating rapidly. This
change corresponds to the formation of a yielded zone just before the extrusion
section, which can be observed in Fig. 12. This is found to be in agreement with
the expected behavior, although the material starts flowing at higher pressures
than predicted using perfect plasticity theory. While plasticity theory predicts
yielding for p = 3427 Pa, the simulated solution predicts yielding for pressures
in the range of p = 3450 — 3460 Pa. In this sense, we recall that this plasticity
solution does not correspond exactly to our problem, as it does not account for
the presence of a convective term in the equations nor for the fact that we are
using a reqularized constitutive equation instead of a purely plastic behavior.

To evaluate the effect of the refinement procedure, we compare the results
obtained using adaptive mesh refinement to those obtained using a uniform
mesh size. With the same numerical settings, we simulate the problem using
two uniform triangular meshes. The first is designed to contain about 28000
elements, a number close to that of the finest mesh used during the refinement
procedure, and predicts yielding on the p = 3540 — 3550 Pa range. The second
mesh is designed so that all elements have a size similar to that of the small-
est element produced by the refinement procedure and contains about 700000
elements and predicts yielding for p = 3460 — 3470 Pa range, much closer to
the dynamically refined result. The velocity—pressure relation for each of these
cases is also plotted in Fig. 14. Comparing the solution obtained using adap-
tive mesh refinement to that produced by a comparable number of uniform size
elements, we can observe that adaptive mesh refinement has a positive effect in
the quality of the solution, producing a yielding pressure that is closer to that
obtained using a much finer mesh.
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Figure 15: 2D cavity flow — vertical position of the vortex center, compared to
the results of [66].

4.3 Cavity flow

Next we consider the flow in a 2D cavity filled with a Bingham fluid. The
problem is set up following Mitsoulis and Zisis [66]. Defining a square domain
0= (0,H) x (0, H), we impose a horizontal velocity u, = 1m/s on the y = H
side and zero velocity on the remaining contour nodes. Our model is configured
as a leaky cavity, that is, the top left and top right corner nodes have a fixed
horizontal velocity. This condition is re-imposed after each refinement step, so
that the wall node immediately next to the corner always has zero velocity, even
if this node did not exist in previous iterations.

The fluid density is set to p = 1 Kg/m? and the dynamic viscosity for the
yielded region to p, = 1Pa-s. We simulate multiple cases with different yield
stresses, which correspond to a range of values of the Bingham number, defined
as

Bo— 08 (39)
i Uz

The regularization coefficient is set to m = 300s. Again, we start from a
relatively coarse uniform mesh composed of 2900 nodes and 5600 triangular ele-
ments and we solve the problem iteratively, with a mesh refinement phase after
each solution. The absolute tolerance for the error indicator is set to 1076 m2s~!
and a maximum of 10 refinement steps are allowed over the same original ele-
ment. For the range of Bingham numbers considered, this problem results on
a single recirculating vortex in the interior of the cavity, which develops closer
to the top wall as the Bingham number increases. The vertical position of the
vortex center for the different cases is compared to the results reported by [66]
in Fig. 15. The results are in agreement with the reference, although we obtain
a slightly higher position for the center in the higher Bingham numbers. The
final distribution of yielded and unyielded regions and the corresponding veloc-
ity streamlines are shown in Fig. 16 for the OSS simulations. The number of
elements obtained after each refinement is shown in Fig. 17 for the ASGS cases
and in Fig. 18 for the OSS cases. In this case, we observe that the ASGS indi-
cator results on a significantly larger number of elements for a given tolerance.

Although the cavity flow is essentially a 2D problem for the range of values
we are testing, we also simulated a 3D case in order to validate our approach
for tetrahedra. The geometry of the problem is shown in Fig. 19 and follows the

22



(a) Bn=2. (b) Bn = 20. (¢) Bn = 200.
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Figure 16: 2D cavity flow — velocity streamlines and distribution of yielded
(light) and unyielded (dark) regions for the OSS simulations.
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Figure 17: 2D cavity flow — evolution of the number of elements for the ASGS
simulations.
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Figure 19: 3D cavity flow — geometry and velocity boundary conditions.

definition of Elias et al. in [67]. The domain is a cube of side H = 1m, where
velocity is fixed to (u,,0,0) on the top side. Taking y to be the vertical axis,
the velocity is set to zero on the bottom and on the sides of the cube normal to
the flow. On the two remaining sides, parallel to the flow on the top, only the
normal (z) component of velocity is restricted.

For the 3D case, we use a Reynolds number Re = 1 and a Bingham number
Bn = 5. All fluid parameters are defined as in the 2D case, fixing the top
velocity to u, = 1m/s and the yield stress is 70 = 5Pa. The regularization
coefficient is set to m = 1000 s.

Given the over-refinement observed for the ASGS case, the 3D simulation
has been performed using only OSS. The flow is simulated in 10 solution steps,
refining after each solution. Starting from a uniform tetrahedral mesh with 30
divisions along each edge, containing approximately 51000 nodes and 277000
elements, a final mesh with 113000 nodes and 612000 elements is obtained. The
final distribution of yielded and unyielded regions and velocity streamlines is
shown in Fig. 20. The vortex center in this case is placed at a vertical position
y/H = 0.848, in agreement with the 2D results shown in Fig. 15.

4.4 Flow through a sudden expansion

As a final 3D test case, we simulate the flow through a square sudden expan-
sion using OSS. This problem is studied in [68, 69] for Herschel-Bulkley fluids
and represents a three-dimensional version of the more common planar or ax-
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Figure 20: 3D cavity flow — velocity streamlines and distribution of yielded
(light) and unyielded (dark) regions.

isymmetric expansions (see for example [70, 71, 72]). The cross section of the
problem is shown in Fig. 21 We model the flow through two different geometries,
corresponding to expansions with width ratios W/H = 2 and W/H = 4.

5H 15H
om| boii i 2w
symmetry
solid wall |
solid wall

Figure 21: Sudden expansion — geometry.

Taking into account the symmetries of the problem, only one fourth of the
expansion is simulated, resulting in the computational domains shown in Fig. 22.
No-slip boundary conditions are used to model the solid walls, while a no-
penetration condition is set for the symmetry planes. The flow is driven by
a pressure gradient imposed between the inflow and the outlet sections of the
domain.

The problem is solved for Reynolds and Bingham numbers equal to one,
calculated using H as the reference length and a reference velocity Uy defined

in [68] as
1 Ap
=—|H|—|— H 4
Yo Hp ( ‘Ax TO) ’ (40)

where Ap/Awx is the imposed pressure gradient.

We apply the external pressure in 10 incremental load steps, refining after
each iteration. Once the loading process is finished, we simulate 5 extra steps
under full load to ensure that the final solution does not require additional re-
finement. The distribution of yielded and unyielded regions on different sections
can be observed in Fig. 23 for the W/H = 2 expansion and in Fig. 24 for the
W/H = 4 case.

Both cases exhibit a qualitatively similar behavior, in agreement with the
results obtained in the references. Far from the expansion, a yielded region
appears close to the walls due to the shear produced by wall friction, while a
core of unyielded material remains in the center. Close to the expansion, high
velocity gradients develop as the flow adapts to the change in cross-section and
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Figure 22: Sudden expansion — simulation domains.
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Figure 23: Sudden expansion,
W/H = 2 - yielded (dark) and un-
yielded (light) regions.
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Figure 24: Sudden expansion,
W/H = 4 — yielded (dark) and un-
yielded (light) regions.
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Figure 25: Sudden expansion — evolution of the number of elements during the
simulation.
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the central core has yielded completely. On the corner of the expansion a region
of stationary unyielded material appears, unaffected by the main flow.

As in the previous cases, the simulation is initialized with a uniform tetrahe-
dral mesh, composed of approximately 5000 nodes and 22000 elements for the
W/H = 2 case or 10000 nodes and 53000 elements for the W/H = 4 case. The
evolution of the number of elements during the solution is shown in Fig. 25.
The number of elements grows as the applied pressure gradient increases and
stabilizes once the loading process finishes, resulting in a final grid of 106000
nodes and 596000 elements for the W/H = 2 case and 123000 nodes and 694000
elements for the W/H = 4 expansion.

The initial and final meshes for the two expansion cases are shown in Fig. 26
for the W/H = 2 test and Fig. 27 for the W/H = 4 case. It can be observed
that refined areas coincide with yielded regions, where higher velocity gradients
are generally found: close to the solid walls and just after the expansion section.

5 Concluding remarks
We have presented a VMS finite element formulation for non-Newtonian flow
problems. Using an error indicator based on the scale separation introduced

by VMS methods, we have combined this formulation with a mesh refinement
procedure to obtain a solver with adaptive mesh refinement. The chosen mesh
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refinement strategy, based on edge splitting, works on triangular and tetrahedral
meshes, which has allowed us to simulate both 2D and 3D problems.

We have used this approach to solve multiple benchmark examples found in
the literature, starting from uniform, relatively coarse meshes and letting the
refinement procedure increase mesh resolution on regions of interest. Results
suggest that the use of adaptive mesh refinement helps obtain good quality
solutions starting from meshes without sufficient resolution. This validation
procedure has also allowed us to identify some issues with the proposed error
indicator, in particular when evaluating its efficiency in Section 4.1. While the
indicator tends to be larger in areas with a larger error, its value is not directly
related to the magnitude of the error, and the ratio between the two quantities
appears to be problem-dependent. This introduces a difficulty in choosing the
tolerances for the error indicator, since the magnitude of the estimator can not
be immediately deduced from quantities of interest. Most notably, it can not
be understood as a maximum admissible local error.

In practice, this introduces potential over- or under-refinement issues, since
the indicator tolerance is difficult to set a priori. We have observed this in
Section 4.3, where, for a fixed tolerance, the use of the ASGS indicator results in
significantly more elements than the OSS one for the same simulation, although
this has little effect on the accuracy of the obtained solution. A first step to
mitigate this issue has been to introduce controls for the minimum element size
allowed, ensuring that the refinement procedure will always stop.

In view of these issues, an obvious venue for improvement would be to test the
same refinement approach with other indicators. Since the refinement procedure
itself is independent of the choice of indicator, this should be a straightforward
modification. In addition, the refinement procedure could be extended to more
complex geometries, such as quadrilateral and hexahedral elements, by intro-
ducing splitting patterns for these geometries. Similarly, by introducing more
nodes on each split edge, the scheme could be used with higher order elements.

We note that, although we have limited our tests to Bingham flow problems,
the presented formulation is directly applicable to other fluids with yield, and
in particular would be straightforward to use for the more general Herschel—-
Bulkley model. Another venue for future work is the application of the present
solver to time-dependent problems. The OSS formulation used here is extended
to (fixed mesh) dynamic problems in [46] and the refinement procedure was used
in the setting of evolving turbulent flows in [16]. However, as noted in this last
reference, expanding the adaptive refinement procedure to allow the possibility
of coarsening the mesh in response to small values of the error indicator would
be a welcome addition in this context. This would allow us to mowve the refined
areas in accordance with the evolution of the flow, optimizing the number of
elements used throughout the simulation.

Finally, the use of a regularized formulation raises some questions that de-
serve further investigation. While necessary to eliminate the singularity on the
Bingham law and accelerate the convergence of the method to a solution, reg-
ularization does introduce an error on the solution, independent of the mesh
and of our error indicator. Gaining a better understanding of this fact could
open the door to an improved approach, where the value of the regularization
parameter m is adjusted as part of the adaptive procedure.
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