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Abstract

A new face-centered finite volume method (FCFV) for Stokes problems involv-
ing sharp interfaces is proposed. Two formulations, based on two strong forms
of the Stokes problem, and using different mixed variables, are presented. Par-
ticular attention is paid to the symmetry of the resulting system of global
equations, and a simple rewriting of the interface boundary condition is pro-
posed to ensure that one of the formulations preserves the symmetry of the
linear system that is usually lost when considering material interfaces. Four
numerical examples are considered to test the implementation numerically by
performing mesh convergence studies, in two and three dimensions. The exam-
ples account for discontinuous viscosity as well as the effect of surface tension.
The results show that one of the formulations is less sensitive to the numer-
ical stabilization used in FCFV methods but does not preserve the symmetry
of the global system, whereas the other formulation is more sensitive to the

EP/T009071/1 stabilization, but preserves the symmetry of the resulting system of equations.

The FCFV method appears as a promising alternative for the simulation of vis-
cous flow involving internal boundaries on conformal meshes. The potential
application of the FCFV method for the purpose of geodynamic modeling is
discussed.
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1 | INTRODUCTION

The face-centered finite volume (FCFV) method was introduced for elliptic problems,! including the Poisson and the
Stokes problems. The method can be seen as a particular case of the hybridisable discontinuous Galerkin (HDG) method,
originally developed by Cockburn and co-workers,>> using the lowest order of approximation for all the variables. As
such, the method inherits a number of desirable properties from HDG methods. In the context of Stokes flow problems
one of the most attractive properties is the ability to use the same approximation space for the velocity and the pressure,
whilst circumventing the so-called Ladyzhenskaya-Babuska-Brezzi (LBB) condition.

The application of the FCFV method to Stokes flows has been considered for the so-called isoviscous case,! that is,
without spatial variations in the viscosity field. Results on the lowest order HDG method have been also reported, com-
paring three different formulations of the Stokes problem, but again only for the isoviscous case.® Work on HDG for
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Stokes flow involving material interfaces is substantially more reduced. For instance, Wang and Khoo’ derived an HDG
formulation for Stokes flows involving sharp discontinuities in the viscosity field. However, the work of Wang and
Khoo’ does not consider the lowest order approximation that leads to the FCFV scheme. The current work presents,
for the first time, the derivation of the FCFV method for Stokes flows involving material interfaces. Two formu-
lations, studied for the isoviscous case,® are developed and compared using numerical examples. Particular atten-
tion is paid to the effect of the interface condition on the symmetry of the global system of equations. This work
shows that a simple rewriting of the interface condition ensures that the resulting system of equations for one
of the FCFV formulations presented remains symmetric, even in the presence of material interfaces. The exam-
ples include test cases that involve viscosity jumps of up to 12 orders of magnitude, which are particularly rele-
vant to geodynamic modeling, as simulations typically involve heterogeneous materials characterized by large spatial
viscosity variations. The optimal convergence properties of the method are demonstrated by means of numerical
experiments. In addition, examples in two and three dimensions are used to demonstrate the performance of the
method when the interface jump condition accounts for the effects of surface tension. Finally, a numerical exper-
iment is performed to study the influence of the stabilization parameter on the accuracy of the considered FCFV
methods.

The remaining of the article is structured as follows. In Section 2 two variants of the Stokes flow problem are
considered and a simple rewriting of the material interface condition is proposed. Section 3 derives two weak FCFV
formulations for the Stokes flow problem with material interfaces and the discrete systems are presented in Section 4.
A set of numerical examples are presented in Section 5, including mesh convergence studies and experiments to illus-
trate the effect of the stabilization parameter. Finally, Section 7 summarizes the conclusions of the work that has been
presented.

2 | GOVERNING EQUATIONS

Let us consider an open bounded domain Q € R™s4, where ng4 is the number of spatial dimensions. The boundary of
the domain, 0Q is partitioned into the disjoint Dirichlet and Neumann boundaries I'p and I'y respectively. In addition,
a material interface I'; is assumed to split the domain into two disjoint subdomains Q; and Q,, with different material
properties.

Two different formulations are considered in this work, namely a formulation based on the gradient of the veloc-
ity tensor and a formulation based on the symmetric gradient of the velocity tensor.® They are briefly recalled in
this section.

2.1 | Formulation in terms of the gradient tensor

The strong form of the Stokes equation in terms of the gradient tensor can be written as

-V-(wWu-pl, )=s in Q) for [=1,2,
V-u=0 in Q;, for [=1,2,
y u=f on I'p, 1)
n(vWu-pl, )=g on Iy,
I-n (2vV'u—pIL, ) E[l =h on I7,

where u is the velocity vector, p is the pressure, v > 0 is the viscosity, s is the volumetric source term, fis the imposed
velocity on the Dirichlet boundary, g is the imposed pseudo-traction on the Neumann boundary and h is the interface
jump condition due to the effect of surface tension. The matrix E = [nT, tlT e, trTlsd—1] contains the outward unit normal
vector n and the tangential vectors &, for k =1, ... ,ngq — 1, such that {n,t,, ... ,&,_,_,} form an orthonormal system
of vectors. The interface jump [[-]] operator is defined as the difference between the values to the left and right of the
interface, namely Q; and Qg, that is

[ell = oL — Gk. (2)
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This formulation is sometimes referred to as the velocity-pressure formulation of the Stokes problem.?

2.2 | Formulation in terms of the symmetric gradient tensor

The strong form of the Stokes equation in terms of symmetric gradient tensor can be written as

-V (2wWu-pl, )=s in Q, for I=1,2,
V-u=0 in Q;, for [=1,2,
y u=f on I'p, 3)
n(2vWu-pl, )=g on Iy,
[-n (2vW'u—pI, )E[l =h on I7,

where g denotes now the imposed traction in the Neumann boundary. This formulation is sometimes referred to as the
Cauchy stress formulation of the Stokes problem.?

It is worth noting that two main differences are observed between the two formulations of the Stokes problem con-
sidered, namely the momentum equation and the Neumann boundary condition. The numerical examples considered
in this work will only feature Dirichlet boundary conditions, and therefore the differences observed between the two
formulations are only due to the difference in the momentum equation.

2.3 | Interface condition

The interface boundary condition in Equations (1) and (3) imposes a net zero stress on the interface.” As it will be
shown, the discretization of the problem with the interface boundary condition written as in Equations (1) and (3) leads
to a nonsymmetric linear system of equations for both formulations of the Stokes problem. Here a simple rewriting,
not usually considered in the literature,>!? is proposed to ensure that, after the spatial discretization is performed, the
resulting linear system of equations, corresponding to the Stokes formulation in terms of the symmetric gradient tensor,
is symmetric.

As the matrix E is orthonormal, the interface condition can be rewritten as

~

[-n (2vV'u - pl, )| = h, (4)

where h 1= th, and the jump operator [[-] is defined as the sum between the values to the left and right of the interface,
namely Q and Qg, that is

[e] = oL + Ok- (5)

3 | FCFVWEAK FORMULATIONS

This section details the FCFV weak forms for the Stokes formulations in terms of the gradient tensor and the symmetric
gradient tensor. In the remaining of the article, the two FCFV methods are referred to as the gradient-based FCFV and
the symmetric gradient-based FCFV, respectively.

3.1 | Gradient-based FCFV weak formulation

3.1.1 | Mixed formulation

The domain is partitioned into n.; disjoint subdomains and the strong form is written in the broken domain after splitting
the momentum equation in two first-order equations, leading to the mixed strong form
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L.+Vu,=0 in Q,, andfor e=1, ... ,n.,
V. (vLe+pe, )=s in Q. andfor e=1, ... ,ne,
V-u,=0 in Q,, andfor e=1, ... ,n.,
u.=f on 0Q.nNnIp,
] n (vLe +pe1n5d) =—g on 0Q, NIy, ©
[ [v(Le + L) +pel |l =k on 9Q.nTy,
[u®n]=0 on I'\IY,
[n(VL+pL,_ )] =0 on [\

L

The last two equations are introduced to enforce the continuity of the velocity and the normal flux across I" \ I';, where I
denotes the so-called mesh skeleton, that is, the set of internal faces (edges in two dimensions).

3.1.2 | Local and global problems

Following the rationale of previous work on FCFV!11-14 and HDG,%!>!7 the problem is split into a set of n.; local problems
with Dirichlet boundary conditions and a global problem to compute the hybrid velocity defined on the mesh skeleton
and the mean value of the pressure in each element.

In the local problems, for e =1, ... ,n.1, the solution (L., u,, p.) is written in terms of the unknown hybrid variable
i, namely

L.+Vu,=0 in Q,
V. (VLe+pely, ) =s in Q,,
: V-u =0 in Q, @)
u.=f on 0Q.NIp,

u,=u on 0Q,\Ip.

L

As only Dirichlet boundary conditions are considered in the local problems, an extra condition is required to ensure that
the pressure is completely determined. In this work the extra condition

1
——(Pe; 1)oq, = Pe, 8
10| (Pe >0Qe Pe (8

is used, where p, denotes the mean pressure on the boundary of element Q, and (p, q)sq, := /asz pqdr.
The global problem is introduced to compute the velocity on the mesh skeleton, #, and the mean value of the pressure
in each element, p,, namely

[u@n] =0 on I'\I7,

[n(VL+plL, )] =0 on [\
n(vL+pl,  )=-g on Iy,
[n[v@+LT)+pL, |l =h on I},

©)

It is worth noting that the first continuity condition in Equation (9) is satisfied automatically because the hybrid variable,
i, is unique on each face and the Dirichlet boundary condition u = 4 is imposed in the local problems.
In addition, the free divergence condition in Equation (7) induces the compatibility condition

(n-u,1)s0\r, + (1 f.1)so,r, =0. (10)
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3.1.3 | Weak form of the local and global problems
The discrete weak formulation of the local problems reads: for e =1, ... ,n.1, find (L!, ul, pl) € [VH(Q,)]"XMa x

[VH(Qe)]=0 x V(L) such that
—(G,LMg, + (V- G,ul)o, = (nG.faq nr, + (NG, 8" Yoo \r,, (11a)
—(Vw,vLY)q, — (V- w,plo_+ (w,n <vL£’ + P?Insd> Yo, = (W, S)a,. (11b)
(Vq7 u?)ﬂe = <q’ n 'f>()QL,ﬂl"D + <q, n- ﬁh>aQE\FD’ (11C)
1

Tar 1 5 1 = Pe> 11d
EoX (Pe> Lo, = p (11d)

for all (G, w, q) € [VH(Q,)]7sa*"sa x [VH(Q,)]"sa X V(). In the above expressions, V*(Q,) denote the space of constant
functions in each element and

0. Pa, :=/pq dQ (p.qe, :=/p‘qd£2, (P, Q)q, :=/P: QdQ (12)

Q Q, Q,

‘e

denote the inner £2(Q,) products for scalar, vector and tensor valued functions, respectively.
After integrating by parts Equation (11b), a second time, and by introducing the trace of the numerical normal flux

. hy oh h
" <vL’e1 L ) _n (VLY + pi1,_,) + 7e(u! —fl on Q. NIp,
= n(vL! +piL, ) + e(ul — @) elsewhere.

13)

the weak form of the local problems is: for e =1, ... n.1, find (L, ul, p!) € [VH(Q,)]7sa*msa X [WH(Q,)]7sa x V()
such that

—(G,LMq, + (V- G, ub)o, = (nG,f)og,r, + (nG, ﬁh)age\rD, (14a)
W,V - [VLIDa, + (W, 7ettl!)on, + (W, Vo = (W, 8)a, + (W, 7ef Yoo.ar, + (W, Teﬁh>oge\rn, (14b)
(Vg.ub)o, = (g, 1 - fog,r, +(g. 7 - ﬁh)aga\rD, (14¢)
1 h
—(ps, 1 = pe, 14d
100, (pe >a§ze Pe (14d)

for all (G, w, @) € [VI(Q)]"saxsa X [VI(Q)]=2 X VH(Q).
In a similar fashion, the following global problem accounting for the transmission conditions, the Neumann boundary
condition and the interface condition, given in Equation (9) is: find i e []A?h(l“ UT'y)]" and p € R

ey

Z {(@, n[vL{1Yoar, + (W, n[v(L) Noq,qr, + (W, pin)oor,
e=1
A~ h A ~h < A ~ 7
+ (W, eltg Yoo \r, — (W, Tl >age\rn} = Z {—(W, 8)oo,nry + (W, h)og ar, } )
e=1
~h
(n u, 1)592\1"1) = —<l’l f, 1)@9801"13 for e=1, ... ,Ne1, (15b)

foralliv € []A?h(l" U I'y)]"sa. In the above expressions, f7h(S) denote the space of constant functions in S C I' U dQ and

G.don, = 3 [b4dr .dvn, = ¥ [b-adr 16)

[,Co0Q, 1 [,C0Q, 1
i i

denote the inner £2(T';) products for scalar and vector valued functions respectively.
To simplify the notation in the next sections, the super-index ", denoting discrete approximations, is omitted.
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3.2 | Symmetric gradient-based FCFV weak formulation

The process to obtain the weak form of the symmetric gradient-based formulation is very similar to the one described
above for the gradient-based FCFV formulation. First, the mixed form for the symmetric gradient-based formulation is
written in the broken domain as

-

Lo+ (Vu,+Vuy) =0 in Q. andfor e=1, ... ,n.,
V. (vLe+pel, )=s in Q. andfor e=1, ... ,ne,
V-u, =0 in Q,, andfor e=1, ... ,n.,

u,=f on 0Q,NIp,

17)
n(vLe+pel. ) =—-g on 0Q,NTy,
[n (VLe + pela )] = h  on 0Q,NTy,
[u®n] =0 on I'\Ty,
[n(vL+pL, )] =0 on I'\Iy.
Without detailing all the intermediate steps, the resulting weak form of the local problems is: fore =1, ... ,n.;, find
(L2, ul, pl) € [V(Qe)P=X7=0 X [V1(Qe)]P=e X VH(Q,) such that
~(G, LMo, + (V- [G+ G ul)o, = (1[G + GT1.f)on,nr, + (1[G + GTL A" Ys0r,, (18a)
w, V. [VL?])QE + (W, Ul ) sq, + (W, VP?)QE =W, s)q, + (W, 7ef )oq,nr, + (W, Teﬁh>age\rl), (18b)
(Va.u)o, = (q.f* M)ao,ar, + (4 - R)o0\T,» (18c¢)
1, n
p— 9 1 = b 18d
10Q,| (pe >OQC Pe ( )

for all (G, w, q) € [VH(Q,)]PXsa x [PH(Q,)]P=a X VH(Q,).
In a similar fashion, the following global problem accounting for the transmission conditions, the Neumann boundary
condition and the interface condition is: find #i" € [fPh(F UT'y)]%e and p € R™

Ngy el

Z {(ﬁ), n[vL!)oo,\r, + (W, pin)oo,r, + (W, Tt oo\r, — (W, Teﬁh%sze\rl)} = Z {—(ﬁ), 8o,y + (W, rl)aszemr,} ,
e=1 e=1
(19a)
@" - n,oorr, = —(F-m,Vaoor, for e=1, .. 0., (19b)
for all # € [¥"(I'U Ty)J=e.
4 | FCFV DISCRETIZATION
To simplify the presentation, let us introduce the following notation for different sets of faces: A, := {1, ... ,n¢_} is the

set of indices for all the faces of element Q.; D, := {j € A, | I';; N T'p # @} is the set of indices for all the faces of element
Q. on the Dirichlet boundary I'p; N, := {j € A, | [',j N 'y # @} is the set of indices for all the faces of element Q, on
the Neumann boundary I'y; B, := A, \ D, = {j € A. | I',j nI'p = @} is the set of indices for all the faces of element €,
not on the Dirichlet boundary I'p; Z. := {j € A, | I',j nI'; # @} is the set of indices for all the faces of element €, on the
interface I';.

4.1 | Gradient-based formulation

Assuming a constant degree of approximation for all the variables in Equation (14), that is for L., u, and p, in each element
and for # in each face (edge in two dimensions), the discrete local problems are
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—1QelLe = )\ [Tejlmy @£+ D ITeyln; @ 1, (20a)
jeD, JEB,
D Tejlzete = |Qelse + ) ITejlzef + D ITejlzet, (20b)
JEA, JED, JEB,
0= Z|FEJ|nj 'fj'-+ Z|FeJlnj-ﬁj, (200)
JeD, JjeB,
pe = Pe> (ZOd)
fore=1, ... ,nq.

It is worth noting that Equation (20c) becomes redundant when using a constant approximation. First, it does not
contain any of the unknowns of the local problem and, second, it coincides with the discrete version of Equation (15b).

The local problem leads to three uncoupled equations that express L,, u, and p, as functions of the global unknowns
u and p,, namely

Lo = —|Q|'Z, — Q7" ) ITejln; @ W, (21a)
jEBe
u =a; ', +a;’ Z el zet), (21b)
jeBe
Pe = Pes (21¢)

where the following auxiliary quantities can be precomputed as they only depend on the data, the stabilization parameter
and the mesh

= ) |Tojl e (22a)
jEAe
Be := Q5. + ) ITejlzef,. (22b)
jGD(’
Ze = Z |F9J|nj ®j]‘ (22C)
]EDQ

Similarly the global problem of Equation (15) becomes

225 el {milvLe] + o + 7w, = 768 + m; VLT 71,0} = T35 il { ~gowe @+ B (0} for i€ B, (230)

D ITejln - 6= = Y [Tjlmy - f; for e=1, ... ,nay, (23b)
JeB, JED,

where y N, is the indicator function of the set NV, that is,

] 1 ifie N,
() = { . (24)

0 otherwise

By inserting the expressions of Equation (21) into Equation (23), the global problem, only in terms of the global

unknowns % and p, is obtained, namely
RKu K a f,
.t =" (25)
Kap Onel P fp

The vector @ contains the value of the hybrid variable on I" U I'y and the vector p contains the values of the mean pressure
on each element €,. The blocks composing the matrix and vector of the global linear system are obtained by assembling
the elemental contributions given by

(Raa)f; := ITeil {ag 2emelTejlLn,, — VIQe| ™ Tyl [0 - ML, + 1 ® Miyrr, ()] — 76T, } (262)
(f(ap)f = |Ceiln, (26b)

51| SUOLILLOD AR 3|1 (dde 3 Ag peuiiench a1 SSPIE YO 88N J0 S3 MU 0y AReIq1T2UIIUO AB]1 UO (SUONIPUGD-PUE-SULBYLIC" B W ARe.q 1 UIIUO//:SAL) SUOTIPUOD P SULL L 83 39S *[£202/90/50] U0 ARiq178U1IUO AB]1M ‘UONRULIOM | AISIBAIUN B8SUBNS Ad 762, BWU/Z0OT OT/I0P/LIc" 3|1 ARe.q1 uI|U0//Sd1Y WO} popeojumoq ‘0 ‘2020.60T



S—I—Wl LEY SEVILLA and DURETZ
F)¢ 1= il { = 2o + Il [Ze + 20 1,0] ) + Ieal { ~gta 0+ Rizn, 0 (26¢)
) ==Y ITejlmy - £, (26d)
JjeD,
for i,j € Be.

With the gradient-based formulation, the occurrence of an interface with discontinuous viscosity requires specific
modifications of both the left and right-hand sides of the discretized momentum equations (Equation (26a) and (26¢)). It
is worth emphasizing that for a pure Dirichlet problem, an extra condition must be imposed in order to remove the inde-
terminacy of the pressure. Following the work of Cockburn et al.,>! the usual strategy of imposing mean zero pressure
on the whole domain, that is,

Z|Qelpe =0 (27)
e=1

is considered here.

4.2 | Symmetric gradient-based formulation

Following the same procedure described above for the gradient-based formulation, the local problem of the symmet-
ric gradient-based formulation leads to three uncoupled equations that express L., u, and p, as functions of the global
unknowns % and p,., namely

L, = —|Q|7Z, — Q7" ) ITejl(n; @ 0 + 6 @ my), (28a)
jEBe
w = a7 o+ ot ) [Tejl ey, (28b)
jEBc
Pe = e, (28¢)

where the following auxiliary quantities can be precomputed as they only depend on the data, the stabilization parameter
and the mesh

= ) |Tejlze, (29a)
JEA,
Be 1= 1Qlse + Y Tejlzef, (29b)
JjeD,
Z,:= ) |Tojl(m ®f +f @ my). (29¢)
JjeD,

Similarly, the global problem leads to a system of equations

Ko Kap) Job_ Jhl (30)
Kﬁp 01'191 P fﬂ
where the vector @ contains the value of the hybrid variable on I U I'y and the vector p contains the values of the mean

pressure on each element Q.. The blocks composing the matrix and vector of the of the global linear system are obtained
by assembling the elemental contributions given by

(ﬁaa)fj i= |Ceil { @z ' tete|Tej|In,, — vIQe| ' Teyl [ - 0L, + 1 @ ;] — 7631, } (31a)

(Kap)® = |Teilm (31b)

(F)¢ 2= Pl {0z e + VIQul ™ miZe} + Mol { ~8un. () + Biza, ) | (31¢)

) ==Y ITejlm - £, (31d)
jeDe
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A notable difference with the gradient-based formulation is the occurrence of interface contributions only on the
right-hand side of the discretized momentum equations, as shown in Equation (31c).

4.3 | Solution algorithm and symmetry of the global system

For both FCFV approaches, the solution algorithm can be summarized in three stages. First, the global system is built
by assembling the elemental contributions given by Equations (26) and (31), respectively. Second, the global system is
solved to obtain the hybrid velocity on each face, @, and the mean pressure on each element, p. Finally, the local prob-
lems of Equations (21) and (28) are used to obtain the velocity, the velocity gradient or symmetric velocity gradient and
the pressure, L., u, and p, on each element €,. Both FCFV approaches were implemented into an open source Julia pack-
age (https://github.com/tduretz/FCFV_NME23), which provides useful details on the practical implementation of the
considered FCFV schemes.

The resulting global system of equations for the gradient-based FCFV is nonsymmetric, due to the term containing
the exterior product n; ® n;, in Equation (26a), only for faces that belong to the material interface. The reason for the loss
of symmetry is due to the original formulation of the Stokes problem in Equation (1) that features the gradient tensor on
the momentum equation but the Cauchy stress tensor on the interface condition.

In contrast, the symmetric gradient-based formulation leads to a symmetric system of linear equations due to two
main reasons. First, the momentum equation and the interface condition in Equation (3) both feature the Cauchy stress
tensor. Second, the simple rewriting of the interface condition, proposed in Section 2.3, ensures that the contribution to
the left-hand side of the system of equations for faces on the interface is the same as for all the other faces of the mesh
skeleton.

Without this simple rewriting, the resulting global system of equations for the symmetric gradient-based FCFV

formulation is
ﬁﬁﬁ ﬁﬁp a _ fa (32)
ﬁpﬁ 0, p i‘p ’

where the blocks composing the matrix and vector are obtained by assembling the elemental contributions given by

(ﬁm)fj i= |Teil { oz ee|TejlTn,, — vIQe| ™ Teyl [ - m)L_, + 1 @ ny] — 761, } Gi, (33a)

(IA(ap)ie 1= |TeilmiGy, (33b)

(K0! = |Teilm, (33c)

£)° := [Teil {~07" 7B, + VIQu "' MZe} Gi + Tyl {~gixw. () + hiyr, ()}, (33d)

) ==Y Tejlmy - £, (33¢)
jeDe

fori,j € B,, where G; = I,__ y7,()) + Ei[1 — y7,(D].

It is worth noting that without the rewriting of the interface condition, not only is the diagonal block of the global
system IA(M nonsymmetric but also, the off diagonal blocks ﬁa,, and IA(,,Q do not satisfy that ﬁa,, = ﬁjﬁ.

To further analyze the difference between the gradient-based and symmetric gradient-based FCFV formulations, let
us consider the sparsity pattern of the global matrices in Equations (25) and (30), respectively. For the gradient-based
formulation, the number of nonzero entries in the block ﬁlm is

n,,(Kg) = 2nf, - 1)nsd(n1f"a -nl )+ (2n§, — Dnl.,nl_ + nefansdnga, (34)

where nga is the number of interior faces (i.e., not on the boundary), n’fa is the number of faces on a material interface
and nga is the number of boundary faces. Similarly, for the symmetric gradient-based formulation, the number of nonzero
entries in the block IA(aa is

> 2 T 2 0
nys (Kaa) = (2nf, — Dngyne, +ng ngyng,. (35)

To better compare both formulations, let us assume that the number of boundary faces and the number of faces on a
material interface are negligible, when compared to the number of interior faces. In addition, let us consider the case of
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simplicial meshes, where the number of element faces isn$_ = ngq + 1. Under these assumptions, the number of nonzero
entries in the block Ky is approximately

ng,(Kag) ® (2naq + Dngant (36)
and
n2(Kaa) ~ (2neq + n? nk_/2, (37)

for the gradient-based and symmetric-gradient based formulations, respectively. It is worth noting that for the symmetric
gradient formulation, only half of the entries are required due to the symmetry of the block Kga, hence the two in the
denominator in Equation (37).

The ratio between the nonzero entries of the block Ky corresponding to the symmetric gradient and gradient formu-
lations is approximately ngq /2. Therefore, in two dimensions, both formulations lead to a block Ky with approximately
the same number of nonzero entries, whereas in three dimensions, the block IA(M of the symmetric formulation contains
1.5 more nonzero entries. Despite the extra nonzero entries in the block IA(W, the symmetric gradient formulation only
requires to store one of the off-diagonal blocks of the global matrix and more efficient solution algorithms can be applied.
The numerical examples in the next section will also compare the accuracy provided by both schemes for the same spatial
discretization.

5 | NUMERICAL EXAMPLES

Two examples usually employed by the geodynamic community are presented here, namely the SolCx and SolVi bench-
marks.'®22 Both tests provide an exact full flow-field solution of 2D Stokes flow in the presence of a discontinuous viscosity
field. In the case of SolCx, the flow is driven by buoyancy and the viscosity jump occurs along a linear segment. In the
SolVi case, the flow is driven by far field kinematics and the viscosity jump occurs along a circular or elliptical interface.
The examples are used to verify the implementation of the proposed FCFV scheme and to compare the gradient-based
and symmetric gradient-based formulations of the FCFV methods described above. Two further numerical examples in
two and three dimensions are used to show the ability of the approach to handle problems that involve a nonvanishing
surface tension.
Unless otherwise stated, the stabilization parameter 7 is selected as

T, = kV(X,), (38)

where X, denotes the barycentre of the element €, and « is a numerical parameter selected as xk = 10 in two dimensions
and x = 1 in three dimensions. Numerical experiments are included to demonstrate the suitability of this choice for a
variety of problems and for different viscosity contrasts.

The accuracy of the numerical solution is assessed by measuring the relative error of the velocity, pressure, gradient
tensor in the £2(Q) norm and the hybrid velocity in the £2(I') norm, namely

h ~h
Ll —u*) w D" = p*llee w L' = L%z . lw" — w2 (39)
— s = = —: Zh— )
¢ >l 2 b lp* |22 L IL* || 222y ! e || 2(r)

where the superscript h denotes the numerical solution, the superscript * denotes the analytical solution and the £3(Q)
norm for scalar, vector and tensor valued functions is the norm induced by the scalar products in Equation (12).

To further assess the implementation of the methods proposed, the rate of convergence for the error of all the
variables is also included in the numerical examples. The rate of convergence of the error for the velocity u is
defined as

log( el /el )
y = 40
"= Togha/hy) (40)
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where h; denotes the characteristic mesh size of i-th mesh employed in the convergence study. In a similar fashion the rate
of convergence for the errors of the pressure, the velocity gradient and the hybrid velocity are denoted by r,, 77, and r.

To compute the domain integrals that are involved in the evaluation of ¢, €,, and ¢, a quadrature with six integration
points in each triangle is employed. Similarly, to compute the integrals on the mesh skeleton that are involved in the eval-
uation of e;, a quadrature with three integration points is used. This is done to ensure that the variation of the analytical
solutions is properly captured.

The presented results were obtained using an in-house code based on the open-source HDGlab,?* which is a MATLAB
serial implementation of the HDG method. An open-source Julia implementation of the FCFV method applied to the
viscous inclusion benchmark is provided online (https://github.com/tduretz/FCFV_NME?23).

5.1 | The SolCx test: Discontinuous viscous profile in a square
The first example considers the domain Q = [0, 1]? and the viscosity given by

1%1 if x1 <£0.5

v(x) = (41)

Vo if x> 0.5 ‘

The flow is driven by a source term s(x) = p(x)g, with p(x) = cos(zx;) sin(zx;) and g = (0, —1)T. Dirichlet boundary
conditions, corresponding to the analytical solution, derived by Zhong,!® are imposed in whole boundary of Q.

Four triangular meshes, shown in Figure 1, are considered to perform a convergence study. The meshes are generated
by splitting into four triangles a Cartesian grid of quadrilateral elements. The number of elements in the four meshes is
1024, 4,096, 16,384, and 65,536 respectively, leading to a global system of equations of dimension 4032, 16,256, 65,280,
and 261,632, respectively. It is worth noting that further numerical examples, not reported here for brevity, demonstrated
that the mesh is insensitive to mesh distortion, so the errors vary only marginally when nonregular meshes are used. This
confirms the conclusions reported in previous works on FCFV.L11-14

The numerical solution computed with the symmetric gradient-based FCFV formulation is shown in Figures 2 and
3 for the first and last mesh, respectively. The results, corresponding to a discontinuous viscosity field with v; =1 and
v, = 109, clearly show the increased resolution of the complex features, induced by the large viscosity jump, as the mesh
is refined. It can be clearly observed how the strong jump in the viscosity field induces a disparate behavior of the velocity
and pressure fields in the two regions. The discontinuous character of the FCFV approximation and the alignment of
the mesh with the interface results in a sharp resolution of the pressure discontinuity, with no artifacts or oscillations
displayed in the numerical solution.

The results of the mesh convergence study are displayed in Table 1. The error and rate of convergence for the veloc-
ity, pressure, gradient tensor and hybrid velocity are reported for both the gradient-based FCFV and the symmetric
gradient-based FCFV formulations. The results show the optimal, ©O(h), rate of convergence for both FCFV formulations.
The most accurate results are obtained for the pressure field, followed by the hybrid velocity, the gradient tensor and the
velocity.
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FIGURE 1 Four triangular meshes used for the SolCx test case. (A) Mesh 1, (B) Mesh 2, (C) Mesh 3, (D) Mesh 4.
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FIGURE 2 SolCx: numerical solution with v; = 1 and v, = 10° on the first mesh of Figure 1 using the symmetric gradient-based FCFV
formulation. (A) vy, (B) vy, (C) |lull, (D) p.
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FIGURE 3 SolCx: numerical solution with v; = 1 and v, = 10° on the fourth mesh of Figure 1 using the symmetric gradient-based

FCFV formulation. (A) vy, (B) vy, (C) ||lull, (D) p.

TABLE 1 SolCx: Error of the velocity, pressure, gradient tensor and hybrid velocity and rate of convergence for the two FCFV
formulations with v; = 1 and v, = 10°.

Gradient-based FCFV

Mesh €y r, € " €r ry € r;
1 0.2322 - 0.0989 - 0.3665 - 0.1350 -

2 0.1083 1.1 0.0547 0.9 0.1959 0.9 0.0658 1.0
3 0.0521 1.1 0.0289 0.9 0.1012 1.0 0.0330 1.0
4 0.0255 1.0 0.0149 1.0 0.0514 1.0 0.0167 1.0

Symmetric gradient-based FCFV

Mesh €y T, € rp €r r. € r;
1 0.2160 - 0.0729 - 0.2861 - 0.1280 -

2 0.1040 1.1 0.0370 1.0 0.1491 0.9 0.0650 1.0
3 0.0510 1.0 0.0187 1.0 0.0761 1.0 0.0330 1.0
4 0.0252 1.0 0.0094 1.0 0.0384 1.0 0.0166 1.0
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TABLE 2 SolCx: Wall clock (in seconds) for the solution of the linear system. CPU8 and CPU®8 denote the wall clock for the
gradient-based and symmetric gradient-based formulations, respectively. The ratio is also reported.

Mesh CPU8 CPU*8 CPU8/CPU®E
1 0.06 0.01 6

1 1.15 0.07 16

1 18.51 0.32 58

1 669.03 2.66 251

TABLE 3 SolCx: Error of the velocity, pressure, gradient tensor and hybrid velocity and rate of convergence, computed on the finest
mesh, for the two FCFV formulations with v; = 1 and an increasing value of v,.

Gradient-based FCFV

Va €y Ty € p €r ry €; r;
10° 0.0090 1.0 0.0101 1.0 0.0174 1.0 0.0100 1.0
10! 0.0095 1.0 0.0144 1.0 0.0289 1.0 0.0087 1.0
10? 0.0223 1.0 0.0148 1.0 0.0499 1.0 0.0146 1.0
103 0.0252 1.0 0.0149 1.0 0.0513 1.0 0.0165 1.0
104 0.0255 1.0 0.0149 1.0 0.0514 1.0 0.0166 1.0
10° 0.0255 1.0 0.0149 1.0 0.0514 1.0 0.0166 1.0
108 0.0255 1.0 0.0149 1.0 0.0514 1.0 0.0167 1.0

Symmetric gradient-based FCFV

23 €y ry €p rp €r rg € Iy
10° 0.0077 1.0 0.0101 1.0 0.0142 1.0 0.0086 1.0
10t 0.0092 1.0 0.0093 1.0 0.0226 1.0 0.0087 1.0
102 0.0220 1.0 0.0094 1.0 0.0374 1.0 0.0148 1.0
103 0.0249 1.0 0.0094 1.0 0.0383 1.0 0.0165 1.0
104 0.0252 1.0 0.0094 1.0 0.0384 1.0 0.0166 1.0
10° 0.0252 1.0 0.0094 1.0 0.0384 1.0 0.0166 1.0
100 0.0252 1.0 0.0094 1.0 0.0384 1.0 0.0166 1.0

When comparing the two FCFV formulations, it is observed that they produce almost identical results for the velocity
and hybrid velocity. However, the symmetric gradient-based formulation provides a lower error for the pressure and
gradient tensor. To provide a comparison of the computational cost of the two formulations, Table 2 shows the wall clock,
in seconds, required to solve the global system of equations for the two FCFV methods. Only the time required to solve
the linear system is reported as this is the dominant cost, especially for fine meshes. For the gradient-based formulation
the multifrontal LU factorization algorithm in UMFPACK?* is applied for solving the global system, whereas for the
symmetric-gradient formulation the multi-frontal MA572% algorithm is employed. The computations were performed in
an Intel” Core CPU @ 3.70GHz and 32GB main memory available.

The results clearly show the superior performance of the symmetric gradient-based formulation. For a given mesh,
not only the time required to solve the linear system is lower, but also the accuracy obtained is higher. The superior
performance is significantly more evident as the mesh is refined.

To further analyze the behavior of the FCFV formulations considered, Table 3 shows the error on the last mesh and
the rate of convergence for an increasing value of the viscosity contrast. In all cases, the optimal rate of convergence is
exhibited, but the value of the viscosity contrast influences the accuracy of some of the computed quantities. For both
FCFV methods, the errors on the velocity and gradient tensor show the greatest dependence with respect to the viscos-
ity contrast, with an error approximately three times higher when the viscosity contrast exceeds 10%, compared to the

51| SUOLILLOD AR 3|1 (dde 3 Ag peuiiench a1 SSPIE YO 88N J0 S3 MU 0y AReIq1T2UIIUO AB]1 UO (SUONIPUGD-PUE-SULBYLIC" B W ARe.q 1 UIIUO//:SAL) SUOTIPUOD P SULL L 83 39S *[£202/90/50] U0 ARiq178U1IUO AB]1M ‘UONRULIOM | AISIBAIUN B8SUBNS Ad 762, BWU/Z0OT OT/I0P/LIc" 3|1 ARe.q1 uI|U0//Sd1Y WO} popeojumoq ‘0 ‘2020.60T



SEVILLA and DURETZ

-0.8
-1.1

-0.9
-1.2
-1.3

-14

0

-1.5

=
logio(7%)

-1.6

-1.7

-1.8

E 19
-1 0 p -2 -1 0 1 2
logio(r™) logio(r)

-1 0 1 2 i -1 0
logio(7) logo(7)

(A) (B) © D)

1

FIGURE 4 SolCxwith v; =1 and v, = 1: Error of the velocity, pressure, gradient tensor and hybrid velocity in logarithmic scale as a
function of the stabilization parameter for the gradient-based FCFV formulation. (A) v, (B) p, (C) L, (D) 9.
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FIGURE 5 SolCxwith v; =1and v, = 10°: Error of the velocity, pressure, gradient tensor and hybrid velocity in logarithmic scale as a
function of the stabilisation parameter for the gradient-based FCFV formulation. (A) v, (B) p, (C) L, (D) ¥.

isoviscous case. It is worth noting that the error in all the variables with v, = 10° is almost identical to the error in
velocity with v = 10°, showing the robustness of the proposed schemes for high contrast problems. The error of the hybrid
velocity and pressure are less influenced by the values of the viscosity contrast. For the gradient-based FCFV, the error
on the pressure for high values of the viscosity contrast is less than two times higher than the error of the isoviscous case,
whereas for the symmetric gradient-based approach a marginally lower error is actually observed for high contrast cases.
The error on the hybrid velocity for high values of the viscosity contrast is approximately two times higher than the error
of the isoviscous case for both the gradient-based and the symmetric gradient-based FCFVs. Overall, the error of the sym-
metric gradient-based formulation seems to be always lower or the same provided by the gradient-based formulation.
When combined with the fact that the symmetric gradient-based approach requires the solution of a symmetric linear
system of equations, indicates that the symmetric gradient-based FCFV is the most efficient alternative.

To conclude with this example, the effect of the stabilization parameter is studied. Figure 4 shows the error of velocity,
pressure, gradient tensor and hybrid velocity as a function of the stabilization parameter, which is selected independently
in the two subdomains Q; and Q,, in the range [1072, 102]. This study considers the case with equal viscosity v; = v, = 1
and the gradient-based FCFV. The results show that low values of the stabilization parameter destroy the accuracy of
the velocity field, whereas a high value destroys the accuracy of the other variables. The results indicate that choosing
7 = 10 provides the most accurate results for all the variables. Further simulations, not reported here, for the symmetric
gradient-based formulation are almost identical.

The case with a high contrast is considered in Figure 5, corresponding to v; = 1 and v, = 10° and by using the
gradient-based FCFV. The behavior in this example is completely different, when compared to the isoviscous case. The
most accurate results correspond to a value of r = 10 in €; and are almost independent of the stabilization parameter
used in the second subdomain, except for the velocity field. The velocity error shows a higher dependence on the selected
value of the stabilization and very low values of the stabilization also induce a higher error. The optimal value of the stabi-
lization in the first subdomain is again = 10 whereas in the second subdomain a value of = between 10 and 10® does not
produce a visible change in the accuracy obtained. Once more, further experiments, not reported here, for the symmetric
gradient-based formulation are almost identical.
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This study also confirms that the choice adopted here for the stabilization parameter, given in Equation (38), provides
the most accurate results for both FCFV formulations. This factor 10, appearing in Equation (38), was also identified in
previous FCFV studies! as an optimal value of the stabilization for isoviscous cases.

5.2 | The SolVi test: Circular inclusion

The second example considers the domain Q = [-3, 3]? with a circular inclusion of radius 1. The viscosity is given by

Vi if Jlxll2 <1

v(x) = (42)

Va if Jxll; > 1

Dirichlet boundary conditions, corresponding to the analytical solution, derived by Schmid and Podladchikov,' are
imposed in whole boundary of Q.

Four triangular meshes generated using the advancing front method, shown in Figure 6, are considered to perform a
convergence study. The number of elements in the four meshes is 2004, 8130, 32,840, and 132,022 respectively, leading to
a global system of equations of dimension 7896, 32,280, 130,880, and 527,128, respectively.

Two cases with different viscosity contrast are considered, namely v; = 1 and v, = 10° and v; = 10° and v, = 1075.
The numerical solution with v; = 1 and v, = 10° computed with the symmetric gradient-based formulation on the finest
mesh is shown in Figure 7. This case exhibits a moderate jump in the pressure, with a maximum absolute value jump
of the pressure of approximately 4 outside the inclusion and a constant value of the pressure equals to zero inside the
circular inclusion.

The numerical solution with v; = 10° and v, = 10~° computed with the symmetric gradient-based formulation on the
finest mesh is shown in Figure 8. This case exhibits a much larger jump in the pressure, six order of magnitude higher

FIGURE 6 Four triangular meshes used for the SolVi test case. (A) Mesh 1, (B) Mesh 2, (C) Mesh 3, (D) Mesh 4.
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FIGURE 7 SolVi: numerical solution with v; = 1 and v, = 10° on the fourth mesh of Figure 6 using the symmetric gradient-based
FCFV formulation. (A) vy, (B) vy, (C) |Iv]|, (D) p.
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FIGURE 8 SolVi: numerical solution with v; = 10% and v, = 1076 on the fourth mesh of Figure 6 using the symmetric gradient-based
FCFV formulation. (A) vy, (B) vy, (C) ||v]|, (D) p.

than in the previous case, due to the much larger jump in the viscosity across the interface, of 12 orders of magnitude in
this example.

The results of the mesh convergence study are displayed in Table 4. As in the previous test case, optimal convergence
is observed for all the variables, for both high contrast values considered and for both FCFV formulations. The accuracy of
both FCFV formulations is comparable, with minor differences observed on the pressure and gradient tensor for the case
with lower viscosity contrast and on all the variables for the case with higher viscosity contrast. The results also show that
for higher viscosity contrasts the accuracy of the velocity decreases, whereas the FCFV methods considered offer higher
accuracy for the pressure field. This was also observed in the previous example.

To corroborate the conclusions of the previous example, a comparison of the computational cost of the two formula-
tions is also performed. Table 5 shows the wall clock, in seconds, required to solve the global system of equations for the
two FCFV methods. Similar to the previous example, the symmetric gradient-based formulation clearly shows the supe-
riority when compared to the gradient-based formulation. For the same number of degrees of freedom the accuracy is
slightly better and the wall clock is more than two orders of magnitude lower.

As in the previous example, a further experiment is performed to study the effect of the viscosity contrast on the
accuracy and convergence rate of the FCFV formulations considered here. Table 6 shows the error on the last mesh
and the rate of convergence for an increasing value of the viscosity contrast. The conclusions are slightly different when
compared to the previous example. Here, an increase in the viscosity contrast results in a less accurate computation of
the pressure and the gradient tensor, whereas the velocity error seems to be independent on the viscosity contrast. It is
worth noting that optimal rates of convergence are exhibited by both FCFV formulations for all the viscosity contrasts
considered.

Further computations, not reported here for brevity, show that the errors reported in Table 4 are almost identical if an
exact description of the interface is adopted, for instance using the NEFEM rationale.?® Given that the error is expected
to converge with O(h), the geometric error is lower than the spatial discretization error. This shows that the different
behavior observed in both examples is not due to the curvature of the interface.

As in the previous example, the effect of the stabilization parameter is studied. Figure 9 shows the error of velocity,
pressure, gradient tensor and hybrid velocity as a function of the stabilization parameter, which is selected indepen-
dently in the two subdomains Q; and ;. This study considers the case with v; = 1 and v, = 10° and the gradient-based
FCFV. The results are qualitatively similar to the ones reported in the SolCx test with the same jump in viscosity.
However, there are some important differences. The errors on all variables show that a low value of the stabilization
parameter in the first subdomain offers the most accurate results, whereas almost no influence is observed by the
selected value of the stabilization in the second subdomain. A low value of the stabilization parameter does not destroy
the accuracy of the velocity field as it was observed in the previous test case. It is worth noting that, as in the pre-
vious example, the pressure is the variable that shows the larger variation of the error in terms of the stabilization
parameter.

The results for the same study applied to the symmetric gradient-based FCFV formulation are displayed in Figure 10.
Similar to the previous example, the error seems to be not influenced by the choice of the stabilization in the second
subdomain. However, in this case a low value of the stabilization parameter in the first subdomain seems to be not the
optimal choice. The results indicate that a value of = = 10 in the first subdomain is required to obtain the maximum
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TABLE 4 SolVi: Error of the velocity, pressure, gradient tensor and hybrid velocity and rate of convergence for the two FCFV
formulations and for different viscosity contrasts.

Gradient-based FCFV;v; =1 v, = 10°

Mesh €y T, € rp €r r. € r;
1 0.0297 - 0.5524 - 0.1104 - 0.0301 -

2 0.0143 0.9 0.2880 0.8 0.0512 1.0 0.0144 0.9
3 0.0072 1.2 0.1534 1.1 0.0271 1.1 0.0072 1.2
4 0.0035 1.0 0.0779 1.0 0.0130 1.1 0.0035 1.0

Symmetric gradient-based FCFV;v; =1 v, = 10°

Mesh €y r, € rp €r r. € r;
1 0.0297 - 0.5173 - 0.0810 - 0.0303 -

2 0.0144 0.9 0.2665 0.8 0.0360 1.0 0.0145 0.9
3 0.0072 1.2 0.1418 1.1 0.0202 1.0 0.0072 1.2
4 0.0035 1.0 0.0730 1.0 0.0108 0.9 0.0036 1.0

Gradient-based FCFV; v; = 10° v, =107°

Mesh €y r, € r, €r r. € r;
1 0.0456 - 0.2333 - 0.1494 - 0.0458 -

2 0.0266 0.7 0.1011 1.1 0.0897 0.6 0.0267 0.7
3 0.0152 1.0 0.0534 1.1 0.0526 0.9 0.0153 1.0
4 0.0085 0.9 0.0301 0.8 0.0295 0.8 0.0085 0.9

Symmetric gradient-based FCFV; v; = 10° v, =10~

Mesh €y T, € rp €r r. € r;
1 0.0385 - 0.2418 - 0.0936 - 0.0387 -

2 0.0220 0.7 0.1000 1.1 0.0550 0.7 0.0221 0.7
3 0.0120 1.0 0.0529 1.1 0.0317 0.9 0.0120 1.0
4 0.0064 0.9 0.0277 0.9 0.0173 0.9 0.0064 0.9

TABLE 5 SolVi: Wall clock (in seconds) for the solution of the linear system. CPU8 and CPU*® denote the wall clock for the
gradient-based and symmetric gradient-based formulations, respectively. The ratio is also reported.

Mesh CPUB CPU%8 CPU8/CPU®
1 0.26 0.04 6

1 6.07 0.27 22

1 117.18 1.37 86

1 5821.72 17.71 329

accuracy. Despite that the results suggest that a value of 7 = 10 in the first subdomain might lead to better results, the
error on the pressure is again highly influenced by an increase in the stabilization, whereas the other variables only show
a minor improvement.

Finally the case with higher viscosity contrast is considered. Figure 11 shows the error of velocity, pressure, gradient
tensor and hybrid velocity as a function of the stabilization parameter, for the gradient-based FCFV. The results show that
the gradient tensor is the variable most affected by the choice of the stabilization parameter, specially the stabilization used
in the second subdomain. The other variables show that a value of the stabilization below 107 provides little differences
in the results.
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TABLE 6 SolVi: Error of the velocity, pressure, gradient tensor and hybrid velocity and rate of convergence, computed on the finest
mesh, for the two FCFV formulations with v; = 1 and an increasing value of v,.

Gradient-based FCFV

2 G T €p r, €r . € r,
10° 0.0030 1.0 0.0289 1.7 0.0035 1.6 0.0030 1.0
102 0.0035 1.0 0.0763 1.0 0.0129 1.1 0.0035 1.0
104 0.0035 1.0 0.0779 1.0 0.0130 1.1 0.0035 1.0
10° 0.0035 1.0 0.0779 1.0 0.0130 1.1 0.0035 1.0

Symmetric gradient-based FCFV

A2 €y Ty € p €r rL € ry
10° 0.0030 1.0 0.0398 1.4 0.0031 1.4 0.0030 1.0
102 0.0035 1.0 0.0718 1.0 0.0106 0.9 0.0036 1.0
104 0.0035 1.0 0.0730 1.0 0.0108 0.9 0.0036 1.0
100 0.0035 1.0 0.0730 1.0 0.0108 0.9 0.0036 1.0
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function of the stabilization parameter for the gradient-based FCFV formulation. (A) v, (B) p, (C) L, (D) 7.
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FIGURE 10 SolViwith v; = 1and v, = 10°: Error of the velocity, pressure, gradient tensor and hybrid velocity in logarithmic scale as a
function of the stabilization parameter for the symmetric gradient-based FCFV formulation. (A) v, (B) p, (C) L, (D) 7.

The results for the same study applied to the symmetric gradient-based FCFV formulation are displayed in Figure 12.
The results confirm the higher dependency of the accuracy on the stabilization parameter, previously observed for this
FCFV formulation. A value of the stabilization parameter equal to 107 in the first subdomain is crucial to obtain accurate
results, whereas the results are less influenced by the choice of the stabilization in the second subdomain.

It is worth noting that the choice recommended in this work, given in Equation (38) provides the maximum
accuracy and the optimal rate of convergence in all the examples studied and for all the different viscosity contrasts
studied.
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FIGURE 12 SolViwith v; = 10° and v, = 107%: Error of the velocity, pressure, gradient tensor and hybrid velocity in logarithmic scale
as a function of the stabilization parameter for the symmetric gradient-based FCFV formulation. (A) v, (B) p, (C) L, (D) ¥.

5.3 | Manufactured 2D solution with nontrivial interface jump

The last example, taken from Wang and Khoo,” considers the domain Q = [0, 2] x [-0.5, 1, 5] and the viscosity given by

if x, <0.5,
v(x) = . bas (43)
V) if X, > 0.5.
The analytical solution is given by
u = (1 - exp(4)sin(2zx,),0), p= % exp(24xy), (44)

=1_ /L 2
where 4 = — — /= +4x°.

Asin previous examples, the pressure and the gradient tensor exhibit a discontinuity across the interface, but contrary
to the previous examples, the right hand side of the interface condition is nonzero, that is, h # 0. Therefore, this test is
selected to show that ability of the proposed FCFV scheme to deal with problems in which surface tension is taken into
account.

Dirichlet boundary conditions are imposed in the whole boundary and the meshes considered for this example are the
same used in the SolCx test, but scaled and translated to the domain of interest, here [0, 2] x [<0.5, 1, 5], instead of [0, 1].

The numerical solution with v; = 1 and v, = 107, computed with the symmetric gradient-based FCFV formulation
on the finest mesh is shown in Figure 13. The different variation of the pressure field in the horizontal direction, due to
the different value of the viscosity, is clearly observed. For v = 1, the pressure presents a sharp gradient near the left part
of the boundary, whereas for v = 10~ the variation is almost not noticeable. For x; = 0 the pressure is continuous across
the interface, whereas the jump in pressure across the interface grows as x; grows. For the velocity, the higher variations
are observed in the region with lower viscosity, whereas in the region with v = 1, the velocity is almost constant. The
results also show that the maximum error in the second component of the velocity is observed in the region where the
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FIGURE 13 Manufactured 2D solution: numerical solution with v; = 1 and v, = 10~* on the fourth mesh of Figure 6 using the
symmetric gradient-based FCFV formulation. (A) vy, (B) v,, (C) ||v||, (D) p.

TABLE 7 Manufactured 2D solution: Error of the velocity, pressure, gradient tensor and hybrid velocity and rate of convergence for the
two FCFV formulations with v; = 1 and v, = 107,

Gradient-based FCFV

Mesh €y ry €p 5% €r ry € r;
1 0.0961 - 0.0346 - 0.2888 - 0.1010 -

2 0.0512 0.9 0.0183 0.9 0.1610 0.8 0.0550 0.9
3 0.0267 0.9 0.0093 1.0 0.0858 0.9 0.0290 0.9
4 0.0137 1.0 0.0047 1.0 0.0445 0.9 0.0150 1.0

Symmetric gradient-based FCFV

Mesh €y r, € i €r r. € r;
1 0.0924 - 0.0350 - 0.2632 - 0.0985 -
2 0.0489 0.9 0.0185 0.9 0.1429 0.9 0.0532 0.9
3 0.0253 0.9 0.0094 1.0 0.0750 0.9 0.0279 0.9
4 0.0129 1.0 0.0047 1.0 0.0385 1.0 0.0143 1.0

horizontal velocity presents a sizeable variation. It is worth remarking that the numerical approximation of the second
component of the velocity is purely numerical error as the analytical value is zero in this example.

The results of the mesh convergence study are displayed in Table 7. Both formulations, the gradient-based and the
symmetric gradient-based FCFV, show an optimal rate of convergence in all the variables. In addition, it can be observed
that both methods provide almost identical accuracy for the velocity and pressure whereas the stress based formulation
seems to offer some marginal extra accuracy on the gradient tensor. As mentioned earlier, when combined with the fact
that the symmetric gradient-based approach leads to a symmetric linear system of equations, indicates that the symmetric
gradient-based FCFV is the most efficient alternative.

5.4 | Manufactured 3D solution with nontrivial interface jump

The last example, taken from Kirchhart et al.,?” considers a three dimensional problem in [—1,1]® and the viscosity
given by

if r<r
v =4 - (45)
%) if r> rr
where r = ||x||, and the interface is located at r = r; with r; = 2/3. The analytical solution is given by
u = a(r)exp(-r’) (=x2,x1,0), p=x; + A1), (46)
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FIGURE 14 Four tetrahedral meshes used for the manufactured solution in three dimensions. (A) Mesh 1, (B) Mesh 2, (C) Mesh 3, (D)
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FIGURE 15 Manufactured 3D solution: numerical solution with v; = 1 and v, = 10? on the fourth mesh of Figure 14 using the
symmetric gradient-based FCFV formulation. (A) v4, (B) v,, (C) v3, (D) ||vl|, (E) p.

where

1/V1 if r<ry 10 if rry
a(r) := . A = : (47)
1/va+ /v —1/vy) exp(r* — r}) if r>n 0 if r>rn

Dirichlet boundary conditions, corresponding to the analytical solution, are imposed in whole boundary of Q.

As in the previous example, not only do the pressure and gradient tensor exhibit a discontinuity across the interface,
but also h # 0.

Four tetrahedral meshes, shown in Figure 14, are considered to perform a convergence study. The number of elements
in the four meshesis 5025, 40,660, 326,589, and 2,626,862 respectively, leading to a global system of equations of dimension
34,005, 279,598, 2,265,387, and 18,304,694, respectively.

The numerical solution with v; = 1 and v, = 10%, computed with the gradient-based FCFV formulation on the finest
mesh is shown in Figure 15. The continuity of the velocity field is clearly observed, with the first and second component
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TABLE 8 Manufactured 3D solution: Error of the velocity, pressure, gradient tensor and hybrid velocity and rate of convergence for the
symmetric gradient-based FCFV formulation with v; = 1 and v, = 10%.

Mesh €y T, € r, €r r. € r;
1 0.1661 - 0.1557 - 2.9813 - 0.1928 -

2 0.1174 0.5 0.0188 2.9 2.1625 0.4 0.1300 0.5
3 0.0774 0.7 0.0055 2.1 1.4167 0.7 0.0831 0.8
4 0.0453 1.0 0.0029 1.1 0.8299 1.0 0.0480 1.0

exhibiting the main variation in the vertical and horizontal directions respectively. The third component mainly shows
the discretization error, as the exact solution is exactly zero. The norm of the velocity field, shows the dependency on the
radial position. Finally, the pressure shows the dependency on the horizontal direction only, which is different in the two
subdomains. To better appreciate the discontinuity of the pressure on the interface and the variation of the pressure in
the two subdomains, a nonlinear color scale is used for the pressure plot. Inside the sphere, the pressure varies between
9.7 and 10.3, whereas outside, the pressure varies between —1 and 1. It is worth noting that the values used to display the
solution on the interface are taken from the adjacent elements in the first subdomain, that is, inside the sphere.

The results of the mesh convergence study are displayed in Table 8. The optimal rate of convergence is observed in all
variables, confirming the correct implementation of the FCFV for three dimensional problems with nontrivial interface
jumps that account for surface tension.

6 | PERSPECTIVES

The presented results demonstrate that the FCFV method may readily be used to simulate viscous flow with internal
viscosity discontinuities and surface tension. The occurrence of discontinuous viscosity interfaces is a common feature
in geodynamic models which involves lithological heterogeneities (e.g., layers, inclusions) characterized by large and
sharp effective viscosity jumps. Additionally, the effect of interfacial tension can be important for the simulation of flows
involving multiple phases (solid, liquid, gas) or microstructural processes (e.g., grain boundary migration). Geodynamic
modeling tools are often based on Cartesian representations which fail at precisely capturing interfaces?! and, more partic-
ularly, viscosity jumps. The resolution of viscosity discontinuities has been addressed by using either immersed interface
or ghost-fluid methods!® or boundary-fitted finite-element (FE) method.?® Nevertheless, due to LBB requirements, robust
FE solutions generally require high-order elements (e.g., Crouzeix-Raviart elements?*?®). By providing robust Stokes flow
solution on conformal meshes while circumventing LBB requirements, the FCFV method could represent an attractive
low-order alternative to typical FE. By preserving the symmetry of the velocity block, the symmetric gradient-based FCFV
formulation render possible the use of efficient solving strategies based on Schur-complement reduction®® and Cholesky
factorizations.?® After carefully addressing the issue of discontinuous viscosity, the next development step of the FCFV
will be to address other prototypical geodynamic problems which should account for smooth and large spatial variations
of viscosity,?® free surface flow,*® material nonlinearities and compressibility.*!

7 | CONCLUDING REMARKS

A new FCFV method for the solution of Stokes problems with sharp interfaces have been presented. Two FCFV formula-
tions, based on two different strong forms of the Stokes problems and using different mixed variables, were presented. The
first formulation is based on the Stokes problem written in terms of the gradient tensor, whereas the second formulation
is based on the Stokes problem written in terms of the symmetric gradient tensor. In addition, a simple rewriting of the
interface condition was used to ensure that the symmetric gradient-based FCFV formulation led to a global symmetric
system of equations. The proposed approach, inherits a number of attractive properties from the hybridisable discontinu-
ous Galerkin method, including the ability to use the same approximation space for the velocity and the pressure, whilst
circumventing the LBB condition.

Four numerical examples were presented, including two and three dimensional examples, problems of interest to the
geodynamics community, problems with nontrivial interface jumps accounting for surface tension and viscosity contrasts
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of up to 12 orders of magnitude. In all the examples considered, the two FCFV formulations showed the optimal rate
of convergence under mesh refinement. A comparison of both formulation in terms of accuracy was also presented,
showing that the accuracy of both methods was similar, with the error in pressure and gradient tensor being smaller for the
gradient-based formulation. Together with the fact that the symmetric gradient-based formulation leads to a symmetric
system of equations, results in this formulation being the preferred choice in this work. Numerical experiments were also
presented to show the suitability of the recommended stabilization parameter for the FCFV methods.
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