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Abstract Soil-based water filtering devices can be described by models of viscous flow
in porous media coupled with equations for the transport of distinct contaminant species
within water, and being susceptible to adsorption in the medium that represents soil. Such
models are analysed mathematically, and suitable numerical methods for their approximate
solution are designed. The governing equations are the Navier-Stokes-Brinkman equations
for the flow of the fluid through a porous medium coupled with a convection-diffusion
equation for the transport of the contaminants plus a system of ordinary differential equa-
tions accounting for the degradation of the adsorption properties of each contaminant.
These equations are written in meridional axisymmetric form and the corresponding weak
formulation adopts a mixed-primal structure. A second-order, (axisymmetric) divergence-
conforming discretisation of this problem is introduced and the solvability, stability, and
spatio-temporal convergence of the numerical method are analysed. Some numerical ex-
amples illustrate the main features of the problem and the properties of the numerical
scheme.
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1 Introduction
1.1 Scope

We are interested in the analysis and numerical approximation of the flow of a viscous
fluid through a porous medium, where it is assumed that the fluid carries a number m
of components that are adsorbed by the porous medium. While viscous flow in porous
media with adsorption arises in several applications including polymer flooding as part of
the process of enhanced oil recovery in petroleum engineering [17], chromatography [34],
or water decontamination and removal of pollutants such as heavy metals or radioactive
ions [38], the particular formulation in the present work is motivated by a model of a soil-
based water filtering device designed to remove contaminants from water by adsorption [31].

The governing equations for this process can be formulated as follows. We assume that
the porous medium is represented by a simply connected spatial domain 2 ¢ R® whose
boundary 812 is split into three disjoints parts I'™, '™ and I'°"* representing the inlet,
walls, and outlet boundaries. For all times 0 < ¢t < T, we consider the Navier-Stokes-
Brinkman equations written in terms of the volume average flow velocity u(t) : 2 — R?
and the fluid pressure p(t) : 2 — R; as well as the balances for contaminant concentration
possessing sink terms that depend on the rate of degradation of the adsorption properties of
each material, described in terms of the vector of concentrations of m > 2 distinct types of
contaminants () = (61(t),...,0m(t)) : 2 — R™ and of the adsorption capacity relative
to each contaminant §(t) = (s1(t),...,sm(t)) : 2 — R™. The coupled set of governing
equations (three partial differential equations (PDEs) and one ordinary differential equation
(ODE)) adopts the form

pi (8w + u - Vu) + K 'vu — div(ve(u) — pl) = F(6), (1.1a)
diva =0, (1.1b)
$9:0 — div(DVO) + (u - V)i = —ppd; 5, (1.1c)

05 = G(3,0) in 2x(0,7],  (1.1d)

where e(u) = %(Vu—l—VuT) is the strain rate tensor, D = diag(D1(x), ..., Dm(x)) denotes
a space-dependent and positive definite matrix containing diffusivity coefficients, v > 0 is
the constant fluid viscosity, pf, pp are the constant densities of the fluid phases and of the
bulk filter medium, ¢(x) is the porosity of the soil constituting the porous medium, and
K(x) > 0 is the permeability tensor (assumed symmetric and uniformly positive definite).

The source and reaction terms are

F(0) = 9291‘; Gi(si,0:) = kf(w)(s?“‘x —si)0i, i=1,...,m, (1.2)
i=1
where G = (G1,...,Gm)7T, g is the gravity acceleration, si®* is a constant representing

the maximum amount of contaminant i that can be absorbed at a given point, and k;" (z)
is a spatially-dependent modulation coefficient accounting for the forward adsorption rate
related to the loss of contaminant ¢ due to the filtering process (boundary conditions and
further assumptions will be specified in later parts of the paper).

Thus, the flow of the incompressible fluid through (2 is modelled by the Navier-Stokes-
Brinkman equation (1.1a) and the continuity equation (1.1b), which express the conser-
vation of momentum and mass respectively. Equation (1.1c) describes the evolution of g
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within £2, under the effects of advection and diffusion, in addition to adsorption by the filter
media. Given the typical operating conditions within the filter, we would expect the effects
of advection to dominate those from diffusion, as noted in [31]. The sink term —pp0;§ in
(1.1c) accounts for the net and local removal of each contaminant type due to the filtration
process. This adsorption process is described by a multicomponent Langmuir-type model,
as given by (1.1d) and (1.2). Under this model, it is assumed that each site has a maximum
capacity for each individual contaminant, which we take to be uniform across the two layers
of filter media. In this way, the adsorption is noncompetitive and the saturation of a site by
one contaminant does not prevent adsorption of the other contaminants at the same site.
It is also assumed that the adsorption process is irreversible for all contaminants and all
filter layers, so that once adsorbed the contaminants remain attached to the filter media
with no desorption back into the fluid. As described previously, for each contaminant we
ascribe a spatially dependent adsorption rate k (), so (1.2) stipulates that the rate of
removal of a contaminant at a site is proportional to the concentration of the contaminant
present in the fluid at the site, the remaining capacity of the filter media at the site and
the adsorption rate.

While the modelling of a filter calls for a three-dimensional domain, in practice most
filter designs display rotational symmetry around their central axis, with the flow also ex-
pected to exhibit such symmetry. This property motivates an axisymmetric formulation of
the problem, allowing for the reduction from three to two spatial dimensions, which evi-
dently reduces the computational cost associated with its solution. Thus, the model which is
eventually analysed herein is a reformulation of (1.1) along with suitable initial and bound-
ary conditions as a meridional axisymmetric PDE-ODE initial-boundary value problem. It
is the purpose of this paper to advance a second-order divergence-conforming discretisation
for this problem. Specifically, we introduce an axisymmetric H (div)-conforming method
based on two-dimensional Brezzi-Douglas-Marini (BDM) spaces [14] combined with an im-
plicit, second-order backward differentiation formula (BDF2) for time discretization. Based
on discrete stability properties, we prove that the discrete problem has at least one solu-
tion. At the core of this paper is the derivation of an optimal a priori error estimate for
the numerical scheme, where the main difficulty is the fully discrete analysis verifying that
each of the terms is bounded optimally in the corresponding weighted spaces. Numerical
examples illustrate the model and reconfirm the theoretical order of accuracy.

1.2 Related work

To put the present work into the proper perspective, we mention that several studies
treat the axisymmetric formulation of the Stokes and Navier-Stokes flows, including the
discretisation employing spectral, mortar, and stabilized finite elements (see e.g. [7,10,11,
13,23], and references cited in these works). More recently, mixed formulations of Brinkman
flow including the numerical analysis of finite element (FE) approximations were studied.
Anaya et al. [4] presented an augmented finite element approximation based on an extension
to the vorticity-based Stokes problem was. A related recent model in [5] incorporates a
stream function and vorticity formulation of axisymmetric Brinkman flow, for which a
conforming mixed FE approximation is employed.

Papers concerning the coupling of flow and transport problems in a stationary and
non-stationary setting include [19,29,39]. In [19] the authors present a FE method with
projection-based stabilization for the double-diffusive convection in Darcy-Brinkman flow,



4 G. Baird et al.

and a FE error analysis and a convergence analysis are performed for the time-dependent
case.

A time dependent Boussinesq model with nonlinear viscosity depending on the tem-
perature is proposed in [2]. The authors analyze first and second order numerical schemes
based on finite element methods and derive an optimal a priori error estimate for each
numerical scheme. A related non-stationary phase-change Boussinesq model is presented
n [39], where a second order finite element method for the primal formulation of the prob-
lem in terms of velocity, temperature, and pressure is constructed, and conditions for its
stability are provided.

The coupling of advection-diffusion-reaction systems with Brinkman equations in their
velocity-vorticity-pressure formulation, is studied in [29]. The equations are discretised
in space using mixed FE methods on unstructured meshes, whereas the time integration
hinges on an operator splitting strategy that uses the differences in scales between the
reaction, advection, and diffusion processes. The authors compare several coupling strate-
gies in terms of memory usage, iteration count, speed of calculation, and dynamics of the
energy norm.

With respect to axisymmetric formulations, we mention that the numerical analysis
of the axisymmetric Darcy and Stokes-Darcy flow using Raviar-Thomas (RT) and Brezzi-
Douglas-Marini (BDM) finite elements was presented in [22,23]. In [22], the authors estab-
lished the stability of the RT and BDM approximations for an axisymmetric Darcy flow
problem by extending the Stenberg criteria, and they also derive a priori error estimates. A
similar problem, addressing Brinkman flows coupled with a first-order transport-adsorption
PDE, is approximated numerically in [17] by an H (div)-conforming scheme in combination
with DG method specifically tailored for discontinuous fluxes.

Other contributions to the design of numerical methods for axisymmetric formulations
of coupled flow and transport problems include [3,15]. Furthermore, in [16] a semi-discrete
discontinuous finite volume element (FVE) scheme is proposed and the unique solvability
of both the nonlinear continuous problem and the semi-discrete counterpart is discussed.
An FVE method is also proposed in [15] to discretise a Stokes equation for flow coupled
with a parabolic equation modelling sedimentation. The method is based on a stabilized
discontinuous Galerkin formulation for the concentration field, and a multiscale stabilized
pair of P1-P; elements for velocity and pressure, respectively. A mixed variational formu-
lation of a Darcy-Forchheimer flow coupled with a energy equation is semi-discretised in [3]
using Raviart-Thomas elements for fluxes and piecewise constant elements for the pressure,
a posteriori error estimates are also established.

The technological application behind the water filter model goes back to the observation
that it is possible to remove arsenic from water by passing it through iron-rich laterite
soil [41,42]. The arsenic is removed through an adsorption process, which may be enhanced
by chemically treating the laterite to increase its porosity and surface area, improving the
adsorption efficiency [43]. Clearly, the formulation of accurate mathematical models of
these filters, in addition to their efficient computational solution, would greatly aid in the
development of improved filters and guidelines for their safe operation. The development
and analysis of such a model forms the basis of the work [31], where the authors examined
the removal of a single contaminant (arsenic; case m = 1 in our notation) in a cylindrical
filter of uniform media. The authors utilised a Darcy-Brinkman equation, coupled with
an advection-diffusion-adsorption equation to model the flow of the contaminated water
through the filter and the removal of the arsenic through adsorption. In practice, however,
there are likely m > 1 contaminants present, which calls for a filter consisting of multiple
(up to m) layers in order to allow for their removal. In this work we attempt to study the
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filtration process in a soil-based water filter consisting of two distinct layers of differing
media, in the presence of multiple contaminant species.

Problems of a similar nature abound in the literature. For example, [25] considers the
numerical solution, via a finite volume method, of a double diffusive problem within a
porous medium. The problem in question concerns the flow of a fluid within the porous
medium, and the transport within that fluid of both heat and some particulate species (or
secondary fluid constituent). The paper [35] considers a similar double diffusive problem,
however, much like our proposed layered filter, the authors allow for the possibility of het-
erogeneous stratified porous media. While many of the studies concerning double diffusive
problems consider entirely closed domains filled with porous media, a large number of ap-
plication cases, such as our filter, feature partial enclosures with openings or infiltrations.
The article [36] introduces such a feature, with the addition of ‘free ports’ to their model
domain. Considering other potential variants, the authors of [40] extend the usual double
diffusive problem by a first-order reaction process between the diffusing species and the
fluid. This reaction process necessitates the addition of a sink term to the equation gov-
erning the species concentration that plays a role similar to that on the right-hand side
of (1.1c).

1.3 Outline of the paper

The remainder of this paper is organized as follows. In Section 2 we introduce the model
problem and state some preliminaries for its analysis, starting with a description of the
initial and boundary conditions for (1.1) that correspond to the filter model (Section 2.1).
Next, in Section 2.2, we reformulate (1.1) and the corresponding initial and boundary
conditions in meridional axisymmetric form, which under suitable assumptions leads to
model in two (namely, radial and vertical) space dimensions. We provide in Section 2.3
some preliminaries on functional spaces associated with radially symmetric functions. The
weak (variational) formulation of the axisymmetric problem is stated in Section 2.4. Fur-
ther assumptions on the model coefficients, as well as a number of inequalities related
to the bilinear and trilinear forms involved in the weak formulation, are stated in Sec-
tion 2.5. Section 3 outlines the well-posedness analysis (proof of existence and uniqueness
of a weak solution) of the axisymmetric problem derived in Section 2.4. Section 4 is devoted
to the description of the spatio-temporal discretisation of the axisymmetric model, starting
by Section 4.1, where we introduce the basic triangulation of the computational domain
and some notation. We then proceed to specify, in Section 4.2, the axisymmetric H (div)-
conforming method, where we first derive a semi-discrete (continuous in time) Galerkin
formulation for the model problem, based on two-dimensional BDM spaces adapted to the
axisymmtric setting, and then pass to a fully discrete scheme by applying a second-order
time discretization through an implicit backward differentiation formula (BDF2). Next,
in Section 4.3, we establish discrete stability properties of the bilinear and trilinear forms
involved in the method. These properties allow us to prove (in Section 4.4) the existence of
a discrete solution. Then, in Section 5, we prove an optimal a priori error estimate for the
numerical scheme, where we verify that each of the terms is bounded optimally in the cor-
responding weighted space. Finally, in Section 6 we present numerical examples generated
by the method introduced. Example 1 (Section 6.1) is an accuracy test with a manufac-
tured known exact solution of (1.1) equipped with initial and boundary conditions. Results
confirm that the method converges to the exact solution with the expected second-order
rate. Next, in Example 2 (Section 6.2), numerical results are validated against experimen-
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Fig. 1 Left: schematic representation of the domain 2, its various boundaries I''®, 'Wall and 17°ut and
the material interface X. Right: reduction to the axisymmetric configuration

tal data, and in Example 3 (Section 6.3) we solve the full two-layer, two-contaminant filter
model.

2 Model problem and preliminaries

2.1 Initial and boundary conditions

Let us consider a porous skeleton consisting of two different materials separated by an
interface, where the matrix is saturated with an incompressible interstitial fluid (see a

diagrammatic representation on the left part of Figure 1). The coupled set of governing
equations (1.1) is posed along with the initial and boundary conditions

u=u" f=0" on I'™ x (0,T], (2.1a)

u=0, DVA.-n=0 on ™ x (0,7, (2.1b)

(ve(u) —p)n =0, DVO-n=0 on I x (0,T), (2.1¢)
6(0)=0, w(0)=0, §0)=0 in 0. (2.1d)

Condition (2.1a) indicates that the contaminated water enters the filter at I'™ with a
constant influx velocity, and each contaminant 6;, 1 < ¢ < m present at a fixed concen-
tration #;; while condition (2.1c) accounts for zero normal stress and zero contaminant
flux at the outlet. The system is preliminarily flushed with clean water and so there are
no contaminants in the filter. Once the flow is at rest, we consider the initial conditions
(2.1d).

The two distinct materials that compose the porous domain will have different perme-
ability, porosity, as well as adsorption rate. Moreover, the diffusivities of the contaminants
will vary from one type of porous structure to another. However it is important to remark
that these differences in material properties, at least in the applications we address here, are
not large enough to modify the flow regime between the two subdomains and this explains
why (1.1a)—(1.1d) are defined on the whole domain (2. Should this not be the case, one
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needs to solve explicitly for the coupling of Navier-Stokes/Brinkman or Brinkman/Darcy
equations including suitable transmission conditions at the interface (see for instance [6,23]
for formulations tailored to axisymmetric domains).

2.2 An axisymmetric formulation

Assuming that the data, the domain and the expected flow properties are all symmetric
with respect to a given axis of symmetry denoted '™ we may rewrite the model equations
in the meridional domain (2, (see the right part of Figure 1). In this case the velocity
only possess radial and vertical components and we recall that the divergence operator in
axisymmetric coordinates (in radial and height variables r, z) is

divav == 0,v; + 1&(%).
r

Then, making abuse of notation, we may rewrite system of PDES (1.1) as

pe(0ru 4+ u - Vu) + K 'vu — diva(ve(w)) + Vp + v(u, /r?)er = F(6), (2.2a)
divau =0, (2.2b)
$010 — diva (DVO) + (u - V)0 = —pud;5, (2.2¢)
015 = G(5,0) for (r,z,t) € 2, x (0,T), (2.2d)

while the corresponding initial and boundary conditions (2.1) take the form

u=u", =00 on I'™ x (0,717, (2.3a)

u=0, DVO-n=0 on I % (0,7, (2.3b)

u-n=0 DVI-n=0 on I'¥™ x (0,T], (2.3¢)

(ve(u) —pl)n =0, DVO-n =0, on I'Y" x (0,7, (2.3d)
6(0)=0, w(0)=0, 50)=0 in 2, (2.3¢)

where the condition (2.3c) at the symmetry axis indicates slip velocity and zero normal
fluxes.

2.3 Preliminaries on spaces of radially symmetric functions

For « € R and 1 < p < oo, let LE(§2.) denote the space of measurable functions v on 2,
such that

”U”i{;((za) = / [v|Pr® drdz < oo,
2,
and let us denote the scalar product in L2,(£2.) by (-, -)a,n, - Moreover we introduce HZ (£2,)
as the space of functions in L%, (£2,) whose derivatives up to order ¢ are also in L%, ({2,), and
we denote by Hg’ ;(£24) its restriction to functions with null trace on a given portion I J of
the boundary. By L and I we denote the corresponding vectorial and tensorial counterparts
of the scalar functional space L, we also will use L when the number of components of
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the vectorial space depends on m. Furthermore, the space Vi'(£2,) = H{(£2.) N L2 (£2a)
is endowed with the following norm and seminorm:

2 1/2
lvllvi(a.y = (HU”i%(rza) + |U\%1}(Qa) + ||U||L2_1(Qa)) 2

1/2
[vlvi(a. = (|U|§1}(Qa) + ||U||2Lal(rza)) 2
Let us define the space
Ho(diva; 2.) = {v € L (2.) : divav € L}(£2.) and wvl|sg, -n =0},

endowed with the following norm

. 1/2
[9]laive.2, = (I0ll L2 (0, + ldiva (@) 12 (0.)) "

The essential boundary conditions (2.3a), (2.3b)1, (2.3¢)1 suggest to employ the func-
tional spaces

Viimwan(£2a) = {v € Vi (£2a) x Hi (£2a) : 0| pinypwan = 0 and v
H{ in(2a) = {¥ € Hi(2a) : | e = 0}

I['sym * n —= O}7

In what follows, to make notation more concise, we write L3 instead of LF(£2,), and
proceed similarly for Vi*(§2,), E?(Qa), Hi (£22), and other spaces of functions defined on (2,
as well as their corresponding norms. That is, in the remainder any space of functions and
corresponding norm whose domain is not specified is understood to refer to functions
defined on (2;.

2.4 Weak formulation of the axisymmetric problem

For a fixed t > 0, the weak (variational) formulation of problem (2.2), (2.3) is obtained
after testing against suitable functions and applying integration by parts in axisymmetric
coordinates; and it can be formulated as follows:

Find (u(t), p(t), 0(t), s(t)) € Vi* x L? x Hi x L? such that (2.3a) holds, and
(peOrul(t), U>1,Qa + a1 (u(t), )

+c1 (u(t); u(t), v) + b(v,p(t)) = dl(g, v) forallv e Vll)in’wau(ﬁa), (2.4a)
b(u(t),q) =0 forall g€ L3, (2.4b)
(¢at§(t)’@1,ﬂa +az2(6(t), )

+ e (u(t); (), ) + d2(s(t); 0(t),4) =0 for all 1 € Hi 1(£2a), (2.4¢)
(0:5(2), 1), o+ ds(0(); 8(1),1) = da(0(t),1) =0 for all I € LT, (2.4d)

where the bilinear, trilinear, and nonlinear forms are defined as follows for all w, v, w € Vi,
g€ Li, 8 le€L? and 0,¢ € Hi:

ve(u) : e(v)rdrdz +/ ;uwur drdz,
2,

a1(u,v) ::/ K_ll/u-vrdrdz—i—/
2. Q

a
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ag(@j 1,1_;) ::/ DV : V@/?rdrdz, b(v,q) = —/ qdiva vrdrdz,
2,

a

c(w;u,v) = / pi(w - V)u-vrdrdz, ca(v;0, 1) = / (v- V)0 - rdrdz,
2, 2
d1(1/7, v) = / F(d_;) -ordrdz, dg(?;éli[f) = / Z(f(%&)&ﬂ%)r drdz,

a =1
7/_; _} /Zg x,;)silir drdz,

2a =1

da(p, 1) = / Zg(m w;)sg v drdz.

2a =1

2.5 Further assumptions and preliminaries

The permeability tensor K € [C(§2,)]**? is assumed symmetric and uniformly positive
definite, hence its inverse satisfies

v K (z)v > aq|v]? for all v € R? and @ € £2,, for a constant aq > 0.
We also require D to be positive definite, i.e.,
$TDyY > 042|1/_;\2 for all ¢ € R™, for a constant az > 0.

We assume there exist constants fi, f2,g1,92 > 0 such that fi < f(x,s) < f2, 1 <
g(x,0) < g2, and that f and g are Lipschitz continuous and satisfy

|f(s1) = f(s2) < |fluiplst — s2l,  |g(01) — g(02)| < |glLip|01 — O2].

These assumptions imply that for all 51, 52, 5,0 € L? and 0,1 € Hf such that s < g™@
there hold

d2(5:0,0) > f1110]1%, (2.5)
d2(5,0,%) < foll6ll 22 191l 22 (2.6)
d2(52;0,9) — d2(51;0,9) < |f|Lipll52 — 511l 22 116]] g2 19 1 (2.7)
d3(¢:5,3) > g1/, (2.8)
d3(95,1) < g2)131| z2 1]l 7 (2.9)
da($,1) < g25™lll 2 < Callll - (2.10)
If in addition § € Ijlll, we also get
d3(02; 3,1) — d3(015,1) < |g|uipl|02 — 01| 51 131 g 1] 2 (2.11)

Due to the uniform boundedness of K~* and I, one can easily establish the following
properties for all u,v,€ Vi, g € L?, and 6,4 € H1

a1 (u, v)| < Callulvs [ollv; (2.122)
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a2(0,9)] < Calfll 1 16 51 (2.12b)
b0, 0)| < Iollvallale, (2.12¢)
[d1 (8, 0)] < Cr 6] 1 [0l vp- (2.120)

Moreover, thanks to the axisymmetric version of the well-known Sobolev embeddings (see
[9,30]), we have that for p > 1,

wll s < Cillwlly:  for all w e Vi, (2.13)

where the constant Cj > 0 depends only upon [£2,| and p. Also, for u,v,w € H! and
0,4 € Hi, Holder’s inequality and (2.13) with % + ﬁ% = % imply that (see [18])

|e1(wu, )| < Collwllp 1wl a; [0lla;,
|c2(w; 0,4)| < Collwl gz |10 g2 1] 5.
|c2(w; 0,4)| < Collwll g2 101l 1 191 .-

Next, Poincaré’s inequality and the positive definiteness of D readily imply the following
coercivities (see [12, Chapter IX]):

a1(v,v) > aallv[3y  for all v € Vig wan(£2), (2.14)
a2($,9) > @al|Pllf;  for all ¢ € Hin(2a). (2.15)

We then proceed to characterise the kernel of the bilinear form b(-,-) as

X ::{v € Vll,in’wan(ﬁa) :b(v,q) =0forall g € L?}
:{v € Vll,imwall((za) :divav =0 a.e. in Qa},

and using integration by parts directly implies the relations (see [12, Section IX.2])

ci(w;v,v) =0 and cg(w;q/?,z/?)zo

L (2.16)
for all w € X, v € Vi'in wan(2a), and ¢ € Hi 1, (2a).

Note that for a given w € X, property (2.14) together with (2.16) readily lead to the
ellipticity of the bilinear form

a1(-,) +a(w,-,-): V11,in,wa11(9a) X V11,in,wa11(9a) — R.

Moreover, it is well known (i.e. [12, Proposition IX.1.1]) that an inf-sup condition holds for
b(-,-) in the following sense:

sup b(v, g)
veVi o (20\(0y [9llvy

> Bllgllzz forall g € LY.
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3 Well-posedness analysis of the continuous problem

This part of our analysis will be restricted to the case of no-slip velocity boundary condi-
tions on the whole boundary. Then we introduce the spaces

Hll,<> = {w € Hi :w=0on 693}, Vll,<> = {w eV :w=0on 693},
and Vll’o = Vll,O X Hll,o.
From [28], we recall the weighted Sobolev inequality:
Lemma 3.1 For all v € H{ there holds

5
[vllzs < Cllollpz|v|e;

We will also use the following lemma (for its proof in the axysimmetric case we refer the
reader to [12, Chapter IX]):

Lemma 3.2 If (u,p, g, 3) € Vlly<> x L3 x ﬁll’o x L} solves (2.4), then u € X is a solution
of the following reduced problem:

—

For all ¢t € (0,77, find (u,0,s) € X x ﬁll,o x L? such that
(peOru(t), U)l,:?a + a1 (u(t ,v)

+c1 (u(t);u(t), v) = dl(@ v) forallwe Vf,in,wau((za), (3.1a)
(60:0(1), ), g, + a2(0(8), $)

+ ez (uw(t); 6(t), ) + da(5(t); 6(t), ) =0 for all P € HY 1,(£2a), (3.1b)
(0:5(2), 1), o + ds(0(2); 8(1),1) = da(0(t),1) =0 for all [ € LF. (3.1¢)

Conversely, if (uﬁ_‘7 e X x }_I'll)o x L? is a solution of (3.1), then there exists a pressure
p € L3 such that (u,p,0,5) is a solution of (2.4).

A problem very similar to (2.4) but in Cartesian coordinates has been studied in [1].
There the authors establish existence of solution by the Galerkin method in combination
with the Cauchy-Lipschitz theorem. The same ideas carry over to our case. For this we have
to take into account that F' is a Lipschitz-continuous function, and we also require to adapt
the approach incorporating equivalent embedding theorems stated for weighted Sobolev
spaces in [28], as well as weighted Poincaré-type inequalities available from [37, Section
4.3].

Theorem 3.1 Assume that for r > 4,
(u,0,5) € L*(0,T; X "W (2a)) x L*(0,T; Hi ;) x L*(0,T; Hy)
is a solution to problem (3.1). Then such solution is unique.

Proof. Throughout the proof, and for simplicity of the presentation, we assume that the
model constants are scaled as ¢, pp, pr = 1. Let (u1, 61, s1) and (u2, 02, s2) be two solutions
of (3.1). We denote

U=u—u2, O:=0—02, and S:=35] — 5s.
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Now, from (3.1b), by adding and subtracting Q(Ug,é},@) and d2(§2,51,é); and using
properties (2.16) and (2.7) we obtain

(8:6,0)1.0, + a2(6,0)
= —CQ(U 91 ) dz(_ag @ @) d2(§1'§1 é) +d2 59, 51 é)

2 dt”QHLQ + 042‘9|H1 < ||U||L4|91|H1 ||9||L4 + |f|Llp||S||L2||91||H1 ||@||L4

By Lemma 3.1 and Young’s inequality it follows that

291612, + sl

I 1 (3.2)
2 = 2 512 72 1302

< Z<81|U|H11 + a|91|ﬁ11||U||L§ +e2(05; + g|91\ﬁ11H@||E§)'

Now, selecting v = U in (3.1a), adding and subtracting ¢i(u2;u1;U), and employing

properties (2.16) and (2.12d), we can readily see that

3 ST + V@)l + U 3| < (U lusliy + 6] 231U 3.

Applying Lemma 3.1 and Young’s inequality we conclude that
||U||L2 + aa||U|3;

& (3.3)
Cr =
S UR; + ESHU”%HU‘”H% + 7(|9|2E§ +IUIZz)-

2 dt
063

In the same manner, from (3.1c), after adding and subtracting d3(§2; 51, 5), using (2.8),
(2.9), (2.10) and (2.11), we can assert that

1d 5 &
*a”snfff + 91115l
(3.4)

lglLi 2102 o2 &2 l9|Lips™ /| =112 12
< e 62, 1 5012, 090,) + 2™ (1612, + 1802,

and choosing e1 = 2va, /C, e2 = 2a2/C and €3 = va,/C, we obtain from (3.2), (3.3) and
(3.4) that

d 2 =12 3112
7 ULz +181Z: + 11S1Z2)
2 712 72 =12 2 =02 312
< C(lwalf + 10105 + 10117 + 15105 + D) (IUlz: + 16117 + 1S117:)-
We may now integrate from 7 = 0 to 7 = ¢ to infer the bound
2 =02 12
1U113: + 16112 + 15112
t
2 712 72 =12 2 =02 312
< [ Clurliy + 100, + 101 + 15115, + 1) (013; + 1613, + 1513;) or

—

Applying Gronwall’s lemma, we now conclude that U = 0, 6=0and S=0. ]
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4 Spatio-temporal discretisation
4.1 Preliminaries

Let us denote by 7 a regular partition of {2, composed by triangular elements K of
diameter hx. The mesh size will be denoted by h = max{hg, K € T}, and for any
interior edge e in &, we will label K~ and K™ the elements adjacent to it, while h. will
stand for the maximum diameter of the edge. We suppose that v, w are smooth vector and
scalar fields defined over 7j. Then, by (v™, w®) we will denote the traces of (v, w) on e
being the extensions from the interiors of the elements K+ and K, respectively. Let me
denote the outward unit normal vector to e on K, we define the tangential component of
u on each face e as ur = u — (u - ne)ne. We introduce the average {-}} and jump [-]
operators as follows:

o = +v")/2, fuw}=(w +w")/2
M), = (w” —w')

[l = (v~ ,

whereas for boundary jumps and averages we adopt the convention that {v}} = [v] = v,
and {w}} = [w] = w. In addition, we will use the symbol V}, to denote the broken gradient
operator and €5 to denote its symmetrised counterpart.

4.2 An axisymmetric H (div)-conforming method

First, we recall the definition of the two-dimensional Brezzi-Douglas-Marini (BDM) spaces
(see e.g. [14]) locally on an element K € T, BDMy(K) = (Px(K))?, where Py(K) de-
notes the local space spanned by polynomials of degree up to k. In turn, related to the
axisymmetric setting, as in [22] we define

BDMP(K) :={v € BDMy(K) : v - ng|rem =0}
={(vr,v:)" € BDMy, : vy|povm = 0},

where the associated degrees of freedom are given by
/ v-nigprds, pé€ Ri(0K) for k>0,
En
/ v-Vprdrdz, pé€Pr_1(K) fork>1,
K
/ v-curl(bgp)rdrdz, pé€ Pr_2(K) fork > 2,
K
where bx denotes a bubble function on the element K and
Ry (OK) == {¢ € L*(OK) : ¢|c € Pr(e),e € En(K)}.
Then, globally, for an integer k& and a mesh 7; on {2, we utilize the discrete spaces
M, = {vn € H(diva; 2a) : vp|x € BDMP(K) for all K € T},

Vi = {aqn € L1(2.) : an|x € Py(K) for all K € T},
M= {¢n € C($2a) : 1|k € Pu(K) for all K € Tp,},
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to define the following finite element subspaces for the approximation of the unknowns
u, p, 0 and §, respectively, where the polynomial degree is k > 1:

Vv, = ﬂEﬂHo(diVa;.Qa), Op = y}]jila
A;lh,() = /\Z’Zﬁﬁim(ﬁ% gh = :)_};jil.

Let us recall that for axisymmetric cases the property div, Vi, C Qp, is not preserved [23],

and let us also recall from [22] the following discrete inf-sup condition for b(:,-), where
is independent of h:

b(vp, 5
sup b(vn, 4n) > Bllgnllzs (0, for all gn € Qn. (4.1)

wnevinfo} [lvnllr

Associated with these finite-dimensional spaces, we state the following semi-discrete
Galerkin formulation for problem (1.1), (2.1):

For a fixed ¢ > 0, find (wn(t), pn(t), On(t), 5 (t)) € Vi, X Qn X My x S
such that for all (vh,qh,iﬂh,fh) €V, X 9Qp X /\7lh,o x Sh:
(peOrun(t), U)I,Qa +af (un(t),vn)
+ c’f (uh(t); uh(t)mh) + b(vh,ph(t)) =d; (gh(t),vh),
b(un(t),qn) =0,
(60:0n (1), @1793 + az (03, (t), )
+ ¢ (un(); On (1), ¥n) = da(5n(t); O (), ¥n),
(9e5n (1), l_'h)l’n_d +ds (0n(4); 50 (1), 1n) = da(On(t), In).

(4.2)

Here the discrete versions of the trilinear forms a1(-,-), ci(+,-) and ca(+;-,-) are defined
using a symmetric interior penalty, an upwind approach and a skew-symmetric form, re-
spectively (see e.g. [17,26,27]):

Ur Uy

al (u,v) ::/f2 (]K_lu-v—i—ush(u) cep(v) +v )rdrdz

rr

=3 [(tentwmed - [or] - enonc - fus]
ec&y v €

@

he

wiu,v) = %/ (w-Vp)u-v—(w-Vi)v- -u)rdrdz
24

+ —vu-] - [[v.,-]])r ds,

+ Z w"P(u) - vrds,

ec&y v €
oo 1 Lo o
cg(uh;éh,wh) = 3 (/ (v-V3)0-Yrdrdz —/ (v-Vh)¢~9rdrdz> ,
2. 2,

where the fluxes are defined as

" ( (w-nkg —|w-ng|) (v —u),

N =

u) =
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and u°® denotes the trace of u taken from within the exterior of K.

We then proceed with the method of lines, and for the time discretisation we partition
the interval [0,7] into N subintervals [tn—1,tn] of length §;. We will use an implicit,
second- order backward differentiation formula (BDF2) Starting from the interpolates u)),
Gh and 59 of the initial data onVj,, My, 0 and Sh, respectively, we solve forn =1,...,N—1
the nonlinear system

4 1 -
+1 1
(7 e e g ),

y94a

2 .
- §5t (dl(e,ff“ v) — af (uZJrl vp) — cf (uZJrl uZ“ vp) — b('uh,pZH)),

= 4 - 1>, 1 -
n+1 _ Epn Lon 1
( h 30 + 30, MM)LO& (4.3)
2 n n g g an nd
= S0 (=da(sh 50 ) — a2 (@ Pn) — e (07 ),
4, 1 -
—_n+1
S R
(sh 3 h + 3 ) h>1 o

2 n —»n n T
:gat( ds(07 5T 1) + da(0, T 1))

for all vy, € Vi, qn € Qn,¥n € My, and 8, € Sp.
Then, in a way analogous to the continuous case, we define the discrete kernel

X, = {Uh € Vy, : b(vp,qr) =0 for all g, € Qh},

however we cannot obtain a characterisation analogous to the discrete case. Nevertheless,
owing to the inf-sup condition (4.1), we can consider the following equivalent reduced
problem:

Flnd( ntl 0n+1,_’n+1)EXhXMh0XSh

such that for all vy, € Vh,wh € ./\/lh and lh € Sh,

n 4 1 ne
(uh'H - guh + 3uh ! vh>

75t(d1(9n+1, n) — ay (u"+1,vh) —c] (un+1 uz+17vh)),

(4.4)
= 20 (=da (s 07 ) — a2 (BT ) — b (up T At ),
(gf?ﬂ - gsh + %g‘,ﬁ l,fh)

1,0,

—

6( d3(9n+1 —an-i—l7 h) (gn—&-l’_’))'
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4.3 Discrete stability properties

For the subsequent analysis, we introduce for r > 0 the broken H (7y) space
H(Th) = {v e Ll vk € HY(K),K € Th},

as well as the following parameter- and mesh- dependent broken norms

1
oI5 7 = Y len(@)lize + Y lorllez o)+ D h:l\[[vr}]llig(ey

KeTn KeTy, ecé&y
[0l 72 = [0l Z2(0,) + VIvlZ 7 for all v € Hi(Th),
[ol72 = llvllF + Y Pilvlfeg  for all v € HY(Th),
KeTy

where the stronger norm ||-||2-; is used to show continuity. It can be proven that this norm
is equivalent to |||l on Hj (77) (see [21] and [8]). Finally, adapting the argument used
in [26, Proposition 4.5] and relying on the equivalent weighted Sobolev embeddings in [28]
we have the following discrete Sobolev embedding: for » = 2,4 there exists a constant
Cempb > 0 such that

lv|lor < CembH'vHThl for all v € H{ (7). (4.5)

Using these norms, we can establish continuity of the trilinear and bilinear forms involved,
stated in the following lemma that can be proved following [32, Section 3.3.2], [22, Section
3] and [8, Section 4].

Lemma 4.1 The following properties hold:

|a}f(u,v)| < Cllull7z vl for all w € H7(T3), v € Vi,
|at (u, )| < Callullr2 0]l for all u,v € Vj,
b(v, @)| < llvll7zllall ez o, for all v € H1(Th), ¢ € L1(£2),
and for all w,v,w € H{(T;,) and J,ée [H{(2)]™, there holds
|d1(6,v)| < Crl|6]| g1 llv] 7 (4.62)
|5 (w: 6,9)| < Cllwll 72191l 2 161l - (4.6b)

Note that while the coercivity of the form aa(-,-) in the discrete setting is readily implied
by (2.15), there also holds (cf. [27, Lemma 3.2])

at (v,v) > &a”/l]”%—hl for all v € V3, (4.7)

provided that ag > 0 is sufficiently large and independent of the mesh size.
Let w € Ho(div®; £2), due to the skew-symmetric form of the operators ¢} and ¢}, and
the positivity of the non-linear upwind term of ¢ (see e.g. [33]), we can write

c}f('w; u,u) >0 forall u € Vj, (4.8)
o (w; Pn,Pn) =0 for all Py, € My, (4.9)

as well as the following relation (which is based on (4.5) and follows by the same method
as in [20, 26]):
For any w1, w2, u € H12(77L) there holds for all v € V},

. . ) (4.10)
[ (w15, 0)| — [ (wai w,0)]| < Collwr — wallra o]l 7 a7
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4.4 Existence of discrete solutions

In what follows we will use the following algebraic relation: for any real numbers ™11, a”,

a™ ! and defining Aa™ = a™t! — 2a™ + a1, we have

2(3an+1 o 4an _'_anfl’an) _ ‘an+1|2 + |2an+1 _ an|2 + |Aan|2
n|2 n n—1,2 (411)
—la"]" = ]2a" —a" ",

Theorem 4.1 Let ('u,""'1 9"+1 §'"+1) € X X ./\/lh 0 X Sk be a solution of problem (4.4).
Then the following bounds are satisfied, where C1,C2 and C3 are constants independent of
h and 0¢:

n n
1 1 2 I 112 j+12
lup T2 + 120 —witlle + D IAwg[72 + D 6ellul ™ |7
=1 =1

nl2 nl 102 12 1 02
< C1([l0n 1175 + 11205 — Ol 72 + lunlzs + 112w — usllzs),
n n
1 1 a2 N2 ni+12
165 T + 1120, = G117 + D 140717 + > 8l 7
j=1 j=1 (4.12)
< Co(I0n 172 + 1126 — 0R1172),
ent1 on+1
152 Z + 1280 = 31 7 +Z”A5hHL2

< CB(||9hHLz + |20, — 65, ||L2 + |5 ||Lz + (|28 — Sh||Lg +n6:C3).

Proof. First we take v, = 49[;“ in the second equation of (4.4) and use properties (2.5),
(4.9) and relation (4.11) to deduce the inequality

165 1% + 11205 = O 1172 + IAGK 172 + 4a2del6y

< 712 + 1207 — 37 2.

Hence, summing over n, we get
n n
1 1 gny2 7712 Fi+1)2
165 1% + 11205+ = 6117 + Y1407 172 + 402y 66107 |2
j=1 j=1 (4.13)
< 1601172 + 1120n — 081 -
Similarly, in the third equation of (4.4), we take I = ZF"Jr and apply (2.10), (2.8) together
with Young’s inequality to get
—sn—+1 ont+l
155 17 + 12500 = 3017 + 1 ASH | 72
< 46:Call0y e + 5K s + 1250 = 50 |17
< 26:Cp|07 % L+ 2050; + |57 ||L2 + 1257 — &0 1||E§.

Summing over n we therefore obtain

n41 on+41
lsn* IILerII2 Ty ||L2+Z||ASJIIL2
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ni+12 2 =112 -1 -012
<20, Y 607" |51+ 2n6:Cd + 1301172 + 11250 — 8317 (4.14)
j=1

We get the second result of (4.12) by replacing (4.13) in (4.14). Finally we take vj, = 4u} ™"
in the first equation of (4.4) and apply (4.11), (4.6a), (4.7) and (4.8) to deduce the estimate

+1,2 +1 2 2 ~ +1)2
lwp ™ llzz + 12w ™ — unllze + [[Aukllz: + 40edalluy ™ |72

Fntl 1 2 —1y2
< 46:Cr0y N e llup e + lublzs + l12ur — up = |ze-

Now we use Young’s inequality with € = &4 to arrive at

+12 +1 2 2 ~ +1)2

lup™ lze + 112up™ — ukllze + [[Aug|zz + 6:2Ga|luy ™ [|7:
< 2 GG g2
Qg

2 —1y2
n L+ llunlize + 126k —wy ™ lzs,

and summing over n we can assert that

n n
192 1 2 12 ~ 12
luh FHIZe + 12 = wuil|ze + Y Audllzs + 280 Y delluy ™ 17

2 n = = (4.15)
CrC, =
< SR LS00 Gy + luhl e + [12uh — uhlzs.
j=1
Finally we get the first result in (4.12) from the bounds (4.13) and (4.15). O
Theorem 4.2 Assume that

CF a2
< . 4.16
&o — Cp (4.16)

Then problem (4.3) admits at least one solution
(u2+1,pn+l,§£+l §£+1) €V, x Qh X /\Zh,o X §h
Proof. To simplify the proof we introduce the following constants:
71 71z 1 1 0
Cu = C1(10nllz2 + 1200 — On'llz2 + llwnllLz + [12un — wnllrs),
Co = Ca(|lfnllzz +1120n — ORlzs),
Cu = Cu (167 1 + 126 — 601122 + 152 1 + 1125 — 58] 2 + n,C3).

We shall make use of Brouwer’s fixed-point theorem in the form given by [24, Corollary
1.1, Chapter IV]:

Theorem 4.3 (Brouwer’s fixed-point theorem) Let H be a finite-dimensional Hilbert
space with scalar product denoted by (,) g and corresponding norm ||||g. Let ® : H — H be
a continuous mapping for which there exists p > 0 such that (P(u),u)g > 0 for allu € H
with ||u||g = p. Then there exists an element u € H such that (u) = 0, ||lullg < p.
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We proceed by induction on n > 2. We define the mapping
@:thMh,oxgh%thMh,oxS'h
using the relation

(@(u’g'i‘l 97’L+1 g}’;l-’rl) (v}“&h’fh))l,ﬂa

= %5 (3 a4 ) ! vh)lga+a’f(uz+17yh) bt ut )

= (FO) o), 0, + 55 (307 a0 4+ 67 ) g + a2 (07 )
+ e (up ™ 9n+1:1/7h) +da (57 Or )

+ 5(3”“rl — 450 4+ 50T | o + s (BT D) — da (0 1)),

Note this map is well-defined and continuous on X X Mh,o X §h On the other hand, if
we take

(vhaqﬁh7fh) = ( pt 9“"!‘1,—*”:«-‘1-1)’
and employ (4.8), (4.9), (4.6a) and (4.7), we obtain

(@( n+1 0n+1 —a;;,—‘rl) ( n+1 0’!1-‘,—17—»}’7—&-1))19

1 1 1 1 1
_Tst”4uh —up egllun s + Gallug T — CrllOn  palluh T s
1 = 1 S0d12 1
— 55, 468" — Mz 16 T e + a2ld ™ 7 +*|| I
t

Lo e -
455" — 5’ 1IIpII . Callfy*

s — ™

Next, using (4.12), inequality (4.16) and Young’s inequality with constant e1 = &./CF,
we deduce that

(@( ZJrl 9n+1’—»n+1) n+1 9n+1 —»n+1))1 o

Up, »Sh
|| - + 55 |V"+1\\Lz+ Henﬂllgg - C luh L2 0.
n+1 -n—+1
(26 Ca+0d> 16+ ||E§ - CSH * ||E§'
Then, setting
g 3 Q2 5 5

- r =2 wy y ~e Us ¢y
Cr = mm{ 3 " 25, p}, C max{%tc 5tC9+C’d 25tC}

we may apply the inequality a + b < v/2(a® + b2)1/2, valid for all a,b € R, to obtain
(@(UZ+1 9n+1’ —}:H»l) ( n+1 0n+1, —a;:A»l))LQa

1 1 - 1
> Cr(llup ™ 72 + 16717 + 151172

+1 +1 on+1 1/2
= Cr(lluh ™ e + 16T + 157 IT:)
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Hence, the right-hand side is nonnegative on a sphere of radius r := C, /Cg. Consequently,
by Theorem 4.3, there exists a solution to the fixed-point problem

(upt o 5 = 0.

The existence of pj ™" satisfying (4.3) is guaranteed by (4.1). O

Note that unlike conforming discretisations, one cannot directly establish a discrete
version of Theorem 3.1. In fact we were not able to control the discrete norms arising from
(4.10), which would be necessary to establish a discrete counterpart of (3.3). However, even
when uniqueness of the discrete counterpart remains an open problem, our non-exhaustive
selection of numerical examples did not present any difficulties in this regard.

5 A priori error analysis

The following development follows the structure adopted in [2]. We start by recalling some
interpolation results from [10] and [22].

Lemma 5.1 Let £;, be the Lagrange interpolation operator Ly : C°(£2.) — Vi, where
Vi, denotes the space of Lagrange finite elements of order k. We also consider its vectorial
counterpart, keeping the same notation. Then for alll and for all p such that 1 <1 <k+1,
1<p<4o00,l>2 orp=1,1 =3 there exists a constant C* > 0 independent of h, such
that for all ve Wll (£24), the following inequalities hold;

xq 1 *70—1
[v=Lrollrpe,) < C oy g, lv—=Lnvlrre,) SC R vlyie g,

Lemma 5.2 Let IT, be the BDM2X interpolation operator IT, : C°(£2.) — HE. Then for
allv € Hf+1((2a), the following inequalities hold:

k+1 k
v —IIh vl L2(0,) < Ch + |”‘Hf’“(ﬂa)’ [v—1IIhvllm < C*h ||U||Hf+1(9a).

Proof. The first result comes from [22, Corollary A.7]. The proof of the second result comes
much in the same way as in the Cartesian case, by making use of the equivalent weighted
inverse inequalities and weighted approximation properties proved in [10], see [23, Section
3.1] and [8]. O

Lemma 5.3 Let Z; denote the modified Clément interpolation operator
Tp, : Ho 1 (22) = M5,

and the same notation is kept for its vectorial counterpart. Then for alll and for all p such
that 1 <1 <k+1,1<p< +oo there exists a constant C* > 0 independently of h such
that for any function v € WoP(£2,),

v — T UHLZ;(Qa) < C*hl|’U|W11=P(Qa)~
Lemma 5.4 Assume that u € H? and e ﬁll Then
(Pew(t),v), o + al (u(t), v) + ¢ (w(t);u(t), v) + b(v,p) — d1(6(t), v) =0,
(0:0(6),9), g, +az(0(t), &) + ¢ (@(t); 6(¢), ) + d2 (5(2); (1), ) = 0

for all (v,v) € Vi, x My 9. A similar result also holds for the fourth equation in (4.2).
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Proof. Since we assume u € H7(£2,), integration by parts yields the required result. See
also [8]. O
Now we decompose the errors as follows:

u—up=FEy+& = (u—Hyu)+ (IIu—uyp),
P—pn=Ep+& = (p—Lnp)+ (Lap—pn),
0—0n=Ez+&;=(0—Tn0)+ (Zn0— ),
§— 8 =Es+&=(5—Lp5) + (Lr5— 5n).
Assuming that uf) = IT, u(0), 65 = Z;, 6(0) and 5, = L}, 5(0), we will use also the notation
Ey = u(tn) — Iy u(ts) and &; = Iy u(tn) — uj, and the corresponding notation for other

variables. Since for the first time iteration of system (4.3) we adopt a backward Euler
scheme, we require error estimates for this step.

Theorem 5.1 Let us assume that
w e L=(0,T; HY) N L(0,T; Vi'e(22)), u' € L=(0,T; Hi),
" e L™(0,T;L}), peL>®(0,T;H}), 6¢eL>(0,T;H; (),
6 € L>=(0,T; H?), 6" e L>™(0,T;L3?), §e L>(0,T;H?}),
§' e L(0,T;H?), 5" e L*(0,T;H?),
and also that ||u| (o, vy < M for a sufficiently small constant M > 0 (a preczse con-

dition for M, can be found in Theorem 5.2). Then there exist positive constants Cy, Cj,
C}, independently of h and 6;, such that

1
l€ullzs + 50dalléulTy < Culh™ +47),
1 1
61T + 50dalléglFy < Co(h* +6)),

1
SIEHZ, + S0 llEb, < OH(h2* 4 61).

Proof. Since these bounds are similar to those used in Theorems 5.2-5.4, we postpone some
details until the proof of those theorems. First, based on the regularlty assumptions for u,
for all x there exists v € (0, 1) such that

w(0) = w(d) — duad'(3) + S0P (5ry),
where u satisfies the error inequality
€43 + GrdallehliZ
—(ITy w(5s) — u(8e) — (up — U(O))’g’l*)l,rza + 8:b(Ln p(8:) — p(8:), €L)
+ 8cay (I w(de), &u) — 8¢ (e (wh; uh, &) — ¢ (w(3r), w(dr), &)

S 52
- 5td1 (5}1 - 0(575)’5111.) - Et(ul/(éty)af}i%
which follows by choosing €. as test function in the first equation of Lemma 5.4 and
system (4.2), performing an Euler scheme step, subtracting both equations and adding
+al (T u(d), €u).
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Now by applying the error approximation results from Lemmas 5.1 to 5.3, Young’s
inequality and the stability properties from Section 4.3, we get

1. .
||£qli||i% + Z(S,g()éa”f’lliug—nl
< CR* 81 (|[w(30) 301 + (O Fpes + 168 [ Fmes + l1p(80) 171y ) o1
+ CéfHuﬂH%x(o,&t;L?) + 48012’&”5‘}”%?

Next we follow the same steps to obtain for g

1 1. .
5”55”%% + §5t0‘a“§91‘||?§11
< OO ([[w(3) [3eer + 16050 Fe0 + [16(0) | 7711 (5.2)

300 5 56¢| fI7:pC" |
+ CONT e 0,65 + g Nully + =210 lIg51Z,
and analogously for §
1 2 1 2
5”55’”5% + §5t91||f§HE§
< CR* 87 (15(50) 1 s + I50) |57 + 11662) | 5+1) (5.3)

5|9|L Ot o
+ OO W 512y + g (L 1505 Wl

In this way, from (5.1) and (5.3) we have that

3CC*ead
“oa el < O 461 +

50¢|f [RipC”
o)

14400 cpét
—— & HLz,

16(6) 11 165117
255t|f|%1p0*‘g‘%1p(
agi

< O(h*" +68) + 1+ 11508011552 ) 16C0) 1 1€ 72

We substitute these inequalities into (5.2) and consider §; sufficiently small such that the
terms multiplying ||£(;||2].:2 can be absorbed into the left-hand side of the inequality to get
1

1 1.,
165117 + 50eballéglFy < Co (™ +67). (5.4)

Finally we deduce the first and third desired estimates by directly substituting (5.4) on
(5.1) and (5.3). O

Theorem 5.2 Let (u,p, g, 3) be the solution of (2.2), (2.3) under the assumptions of Sec-
tion 3, and (wn,pn, O, 5n) be the solution of (4.3). Suppose that

we L0, T; Hy ™) N L™®(0,T; Vi o (22)),
0 L>=0,T; H 3 (2)), ' € L=(0,T;HY), u® € L*(0,T;L3)
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and ||ul| oo, 7;1) < M for a sufficiently small constant M > 0. Then there exist positive
constants C,~y1 > 0 independent of h and d¢ such that for allm+1 < N,

m m
& Te + 1260 = &llze + Y _lIAGiNZ: + ) Sedallén |7
n=1 n=1

<O+ 0™ + Z Y85 I

n=1

Proof. We choose as test function vy, = 21! in the first equation of (4.3) and insert the
terms

:tﬁ(iﬁu(tn.;.l) Au(tn) + w(tn_1), €07,

1 n
i—% (3113, w(tns1) — AT, w(tn) + Dy u(tn-1),&0""),  al (I ultns1), 0.
t

Hence we get

_ 1
n+1 n n—1 sn+1 n+1 n—1 ~n+1
(3£ _4§u +§u » Su )179 +ﬁ(3E _4E +E sy Su )Lga
+ g(w(tnﬂ) dutn) +ultn-1), &1, , +al(&™ &™) (5.5)
+at (Th u(tnsn), €Y + ot (up ™ up T e + o€t o)
(0n+1 n+1)
Considering the first equation on Lemma 5.4 at t = t, 1 with v = 21! and after inserting
the term
2(5 (3u(tn+1) 4u(tn) + u(tn 1) €n+1)1’na;
we readily deduce the identity
1
o, (3ultnn) = dutn) +ultn-1),6571), o +at (u(ta) €47)
+c1 ( (tn+1), u(tn+1)a§3+1) + b(fﬁ+17p(tn+l))
— s (B(tns), s"“) (5:6)

= (W) = g (Butn) = dulta) + u(tam) "“)m'

We can then subtract (5.6) from (5.5) and multiply both sides by 44; to obtain an identity
I+ Iz + -+ Is = 0, where

Lo=203e —den +ententh), L=4dal (et e 0.,

/ 1 n
I3 == 46 (u (tn+1) — 2*&(311,(15”4,_1) — 4u(tn) + u(tn_l))7 u+1) ’

1,2,
Iy=2(Ep™ — 4B} + Ep7 Y en™),  Is = —48:d1 (0 = 0(tns1), €0 1 0,
Is —45ta1( Egtt ZH)

Iz = 45 (et (up P upth gath) = o (utngn), ultng), €071)),
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Is = 40:b(€0 T T = pltn+1))-
For the first term, using (4.11) we can assert that
n+1 n+1 n+1 n2 n n—12
= llen™ HL + 260t §u||L +lAgst HL% — €ullze — 126u — & llze-
Using the ellipticity stated in (4.7), we readily get
> > bl 3.

By using Taylor’s formula with integral remainder we have

3u(tnt+1) — 4u(tn) + w(tn—1 §3/2
u'(tn+1) . (tn+1) 2(§tn) (tn—1) — 21/5”"1'(3)||L2(t“*1,t"+1;Lf)7

then by combining Cauchy-Schwarz and Young’s inequality, we obtain the bound

(5 61
lent!

54 @)
13| < Hu T2t 1stnsnsz) T 5 ”T;}'

Now we insert 443 E}, (tn+1) into the fourth term, which leads to
Iy = —461(Ey(tat1), &0 1.,

3ENTY 4B + BN
# (Bultnn) - BB )
20¢ 1,0

yd4a

Proceeding as before and using Lemma 5.2 on the first term of 141, we get

C 2k 2 61552 1

|14] < Eh Hu/”L‘X’(O,T;H{“) + llgw™ HT;?
640 3) 12 6t53 n+1

+ ;?SHU( )||L2(0,T;L§) +—-llen” ”713'

Now by (4.6a), appealing to Lemma 5.3, and inserting +43,dy (Zp, 67+, €2+

with

), we are left

15| < 46:Crlig ™ + B I pallén™ e
< 160F5t (
- 2e4

2% 1 5t€4 1
o e A SRR £

And again by Lemmas 5.2 and 4.1 we immediately have

2@3(5th2k 2 (57565 ||§n+1
9

+1 +1
6] < 46:Call B | €™ 7 < [l Z oo 0,7 m0+1) +

[
Adding and subtracting suitable terms within I yields

I7 = i7 — 45tc?(u2+1, Z+1, ;H_l),
where we define

f7 = —46t(c]f(u(tn+1) Iy u(tng1), £n+1 —C}ll(Hh w(tn+1), Hp u(tns1), £n+1
+ et (I w(tngr), Ty w(tng1), €0 1) — et (I u(tnga), w(tnga), €'
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+ (T w(tns), w(tng1), €0 ) — e (Wtng)ultne), E071)).
The bound (4.10) and Lemma 5.2 imply that

|7 < 48:Ce (€ 1T 1T w(tns )l + [ 1Tn w(tnsn) s [ Bt [ €07 |72
1 1
+ B I ) 7 l€n ™ 1)
=~ * 12 2
< 46, (CCC € 17wl e 0,7

2k CC?

1
+THUHL“’(OTHl)HuHLDC(OTH’“*l ||§n+ [
Ch?ch ol
N 2 s )
+1 n*c
n
<45t(c CeMIE Wy + 2 Nl o ) 00 e o
Ch**
n+1
||£ + ||7’ + 27 ”uHLoo(oTHk+1)||u||L°°(OTH1)
n§"+1n7;),

where C™ is a positive constant coming from Lemma 5.2. Finally, using Lemmas 4.1 and 5.1
we obtain

85tCh

IN

] ES n
1] “Rentt

||pHL°C(OTH’°(Q Nyt —5— ”773'

Hence, by choosing &; = da/3 for i = {1,2,3,4,5,8}, €6 = &7 = Taq/16, collecting the
above estimates, and summing over 1 <n < m for all m + 1 < N; we get

m
m+41 m+41 m |2 ni 2 1,2
[f34 ||L +2e0tt — g lzz + ZHAquLf — 3[|€ullz:

n=1

" 24C%6 n
+§jmmm“mﬂ<a& +h2F) + ;”}N&“h?

@ n=1

where 4C.C* M < @, /4 and 1 = 24C% /éq. Finally, using Theorem 5.1, we get the desired
result. O

Theorem 5.3 Let (u,p,0,5) be the solution of (2.2), (2.3) under the assumptions of Sec-
tion 3 and (Wp, Ph, On, Sp) be the solution of (4.3). If

we L0, T; H ™Y N L=(0,T; Vi (2a)), 6 € L(0,T; HY ' (22)),
0 € L=(0,T; Hf), 69 eL*(0,T;L}), §e€L>(0,T;HY),
then there exist constants C,~ys,vu > 0, independent of h and é¢, such that for allm+1 < N

€5 Z: + 11265 — €57 17 + ZHM"“HH + Z Sealléy ™ 1

n=1

< C(5¢ +h*) + Z Y8t THT: + Z Yult |17

n=1 n=1
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Proof. Proceeding similarly as in the proof of Theorem 5.2, we choose as test function
o = g'H in the second equation of (4.3) and insert suitable additional terms to obtain
the following identity, which is analogous to (5.5):

n+1 n—1 n+1 n—+1 n—1 ~n-+1
5 (35 Toag gt jtﬁ(:ﬂ:t+ —4EF + ExL et
+ —(3§(tn+1) —40(tn) + 0(tn—1),E571),

+as (€3 60 + a8 (Tn 0(tns1), £ + 3 (up 0,7, €27

- _dZ(g;;“ Ot et (5.7)

Starting from the second equation in Lemma 5.4, focusing on t = t,41, using w §"+1
and proceeding as in the derivation of (5.6), we obtain

(30(tn+1) = 40(tn) + O(tn1), 57| + b (0tns1), €51
+02(u(tn+1) H(tn+1) n+1)
= da(3(tn+1); 0tn+1),E5H1) (5.8)

= 39(tn+1) 49(tn) + g(tn 1) n+1
- {0 (tn+1) - 25t 0 :
1,0

Next we proceed to subtract (5.8) from (5.7), and to multiply both sides by 45¢. This leads
to an identity I1 + Is + - - - + I7 = 0, where

ho=203e " —dgg+ &7, D2 = A0pa (€2, 21,
f3 — 45, é'/(tn-kl) _ 30(tn+1) — 40(tn) + Q(tn71)7§7}+1 ’

20 o 1,02
fui=2(3E T —aBp + BTG, o = b (B ),

Ig = 46, (c5 (up ™, 07 €a™™) — o (w(tng), O(tnia), €271)),
j7 —45t<d2< ntl 9n+1 n+1> —d2(§(tn+1)§9(tn+1)7€§' ))

For the first, second, and third terms, we use (4.11), (2.15), and Taylor expansion together
with Young’s inequality, respectively, to obtain

n+1 n+1 n+1 n 2 n n—12
= 16 T + 1265 — €3N + 11465 T — 1€ 1T — 1265 — €57 12,

Iy > 46taa||£"“|| i

(tn—1,tnt1;L3 ||H11

5t51 n
|I|_24 161 o + o I

Inserting :|:45tE (tn+1) into I and using Lemma 5.3 leads to the bound

R C | oky7r2 6“52
|14] < 7h o ”LOO(O,T;H’“

1
ez,

5t )
2 || HLZ(O,T;L?) +

5t€3 2
Gasr.
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Employing again Lemma 5.3 in combination with (2.12b) we have

2C25:h%F - o 5t€4 ||£n+l

s < 22N oy + 5 Wy

In order to derive a bound for fg we proceed as for the bound on I7 in thAe proof of
Theorem 5.2; namely adding and subtracting suitable terms in the definition of /g, defining
I in this case by

f(; = j@ + 45tC}QL (’LLZ—’_I’ ?+1,€n+1)

and applying (4.9), (4.6b) and Lemma 5.3 to the result, we get

7 n+1 72 2
| s §46t< T O 0,710y + 55 ol
h2kCC2 712 nt1
+T%HUHLOC(O,T;HII)||9HLoo(o7T;ﬁf+l ||§ * ||ﬁ11
CthcQ 1
+ THUHLOO(Q T H"+1)||9||Loo(0 T Hl) + = ||£n+ ||ﬁ11 .

Next we add and subtract suitable terms in I7 to obtain
= —46; (dz(ﬂn—‘rl In Q(tn+1) €n+1) ds (,Ch S(tn+1) In G(tn+1) fn+1)
+da(Lh 8(tns1), Tn O(tns1), §) = da (L 5(tnt1), O(tntr), &)
—|—d2(£h (tn+1), Q(thrl) £n+1) — dg(s(thrl) G(tn+1) n+1)
+ds (ﬁ’ﬂ-!-l n+17€n+1))

After passing the last expression to the left-hand sidfz and using (2.5), we can cqmbine
(2.6) and (2.7), to infer that the remaining terms in I7 (which we now denote as I7) are
bounded as follows:
8|f‘%ip6t
€8
8f225th 51559
+ o ||‘9||Loo(oTH’C+1 + = H€9||H1

8| f17ip0:h>" = 5t€10
+ +||‘§‘”iw(o’T;ﬁf)||6||ioo(0’T;]—_f11) +— ||§0”H1

885,5

7 +12 02
17| < 1€ Nz 000 e 0,10y + 5 HégllHl

€10

In this manner, and after choosing &; = 3&,/7 for i € {1,2,3,4,8,9,10} and e5 = €6 =
g7 = Qo /4, we can collect the above estimates and sum over 1 <n <m, forall m+1 < N,

to get

e+ 1T + 11265 — 65717 + ZI|A£9 172 + Z Sevall€y I — 315172

n=1 n=1
6|f|L1 6t n
< O + ")+ =207 (o i1 an iz

85 C c* n
[ A2 ZH& A (EPY



28 G. Baird et al.

Identifying the constants

56| f|L 8C*C*
Vs = 3T(1IJ||9||Lw(O,T;ﬁ%)’ Tu = TaW”me T;H)

we may conclude the proof. O

Theorem 5.4 Let (u,p, g, 3) be the solution of (2.2), (2.3) under the assumptions of Sec-
tion 3, and (Wn,pn, Ok, 5n) be the solution of (4.3). If

we L=0,T; H ™Y N L™(0,T; Vi), 6 L>(0,T; A EY,
§e L>™(0,T;HY), § eL>0,T;HY), 5% eL?0,T;L?),

then there exist constants C,~v2 > 0 that are independent of h and 0+ such that for all
m+1<N

Iz 1, + 1268+ — €711 + D lIAgRI, + Z D€zl

n=1

<O+ R + 72 selle™ | 7.

n=1

Proof. We choose as test function I, = §?+1 in the third equation of (4.3) and add and
substract suitable terms. Analogously to (5.6) and (5.7), we obtain

(3&"*1—455 +&7N 8 o

+ ﬁ(:aE"+1 — 4B} + B2 4 35(tnt1) — 48(tn) + 5(ta—1), €81 (5.9)
+ds (O et €T 1 ds (7Y Ln (b)), 0T —da (67T €2 = 0.

S

Now we consider (2.4d) at time ¢t = 41, using also [= g+1

subtracting a suitable term, we deduce the relation

as test function. Adding and

( S(tnr1) = 45(tn) + 5(tn—1), E871) | +d3(0(tnt1); 5(tns1), E57)

—

:d4( (tns1), "“) (5.10)

_ <§"(tn+1) 25 (3§(tn+1) —45(tn) + 8(tn— 1)) n+1)1 i .

As in the two previous proofs, we subtract (5.10) from (5.9) and multiply both sides by
40¢ to obtain I1 + I2 + - - - 4+ Is = 0, where

L r=2(3£§“—4£2+£?*1,5@“)m, o= dg (A", €t o,

S

1_3 = 4(575 <§/(tn+1) (3S(tn+1) — 4S(tn) + S(tn 1)) n+1) s
1,02,
j4 = 2(3E7}+1 - 4EZ‘L + E§717 g+1>1 02,

Is = —46(ds(07 "5 L, 8(tng1), €511) — d3(0(tns1); 8(tngr), €2TH),
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To = —48uda (07 = G(tni1), €270).

For the first, second, and third terms, we proceed to use (4.11), the ellipticity (2.8), and
Taylor expansion to get

n+1 n+1 n+1 n| 2 n n—12
I = |2+ 1% + 1263 — €21%, + 146512, — €012, — 1263 — €272,

I, > 45t91||§n+1||];§a

«3 0tE1 | ant1
|| < 5 || e stz F g 1€

For the fourth term we include 448 E%(tn+1) and use Taylor’s formula and Lemma 5.3,
which leads to

C ok 5t€2 1
|I4| < %0 ——h H /”LOC(OTH" + ”gn ”L%

5;C

+ RO ) + 22

5t€3 n+1
i€ I€:

2.
To handle I5, we add and subtract the terms

d3(0(tns1); 8(tns1), E2TY)  and  ds(Zy O(tn41) M; 8(tns1), E271).
Then, owing to (2.9), (2.11), Lemma 5.1, and Young’s inequality, we end up with

7 Cg3o:h%" 45t |9|L b ent1 .
|15|§7”8”L°°(0,T;H’“ HgsHL"’ — & ||ﬁ%”SHL°°(0,T;ﬁ%)

C|g|Liph 5t 712

2 66(575
||0||Lw(O,T;ﬁf+l) ||a‘LW(O,T;H1

555t

€117z + o lgslze

€6

Finally we insert +48:ds(Zp 0(tnt1), €271 in I and use Lemma 5.3 in order to deduce the
bound

—

(ts), €2°1)|

67+€8

|Ts| = ‘4& (dabigl(0; " — Ty O(tns1), €27) + da(Zn O(tns1) —

8|g|L1p6t ||§n+1 C|g|Liph

HL% HOHLoc(O,T;ﬁerl) + 615”58”[,2

It then suffices to take ; = 3¢1/4 for all s € {1,...,10} and to sum over 1 < n < m, for all

m + 1 < N in the above estimates, which, in combination with Theorem 5.2 implies that

JEF 3, + 126584 — €I + SOIACHE + 3 a1

n=1 n=1

32|g|L1 n
S C(é? + ]’sz) 39 2P (1 + ||§||Loo(0 T; Hl )5t ZH& +1||L?’

and the result follows by choosing

32|g|%ip 2
= 301 (1+||‘§1|L°°(O,T;ﬁll))'
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Theorem 5.5 Under the same assumptions of Theorems 5.2 - 5./, there exist positive
constants Yy, Jo and s independent of d:+ and h, such that for a sufficiently small 6; and
all m+ 1 < N, the following inequalities hold:

1/2
€M Te + 1260 — €1 7e + Z A&7 +5taa||£"+llr,g)>

/N

< Au(67 + h5),

1/2
€57+ 12 + 2+ — €12 + 3 (1431 + bl ™ I, )>

n=1

/N

< 4(57 + R"),

m 1/2
€713 + 1267+ — €803 + 3 (146313 + atmng;“n%%))

n=1

/N

< As(67 + h¥)

Proof. From Theorem 5.2 and 5.4 we have the estimates

Z yubelén 5 < O + hF) + T Z Sellegt 113,

Z bille T < O + %) + ”;f > aleg %

n=1

which, after substituting them back into Theorem5.3, yield

€5+ 1Ts + 112657 — 65172 + ZII/M@ 172 + Z 816 l€5 171

n=1 n=1

< C(5t th) + Y1Yug1 +,-ysf-y2aa Z 6 ||£n+1

Oéag ”L%

n=1

For the last term on the right-hand side of this last bound we have
m—+1 m |2 m m—1,2
I+ 1% < 201468 12 + 1268 — €5 12,

and considering é; sufficiently small and applying Gronwall’s lemma, we readily infer the
estimate

ez T: + ll2eg - € ||L2+Z 165172 + 6eallés 117 ) (5.1)

< C(6¢ + h*F).
The first and third bounds follow by combining (5.11) and Theorems 5.2 and 5.4. O

Lemma 5.5 Under the same assumptions of Theorem 5.5, we have

m 1/2
(Z Otllp(tn+1) — ”+1||L2) < 4p(67 + h").
n=1
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Proof. Owing to the inf-sup condition (4.1), there exists wy, € Xt such that
—pi ™) = lIp(tns1) — i1 2s, (5.12)

1 n+1
lwn 72 < E||p(tn+1) —pi s (5.13)

b(wn, p(tn+1)

From (4.3) and Lemma 5.4, proceeding as in the proof of Theorem 5.2, we obtain

Seb(wp, p(tnt1) — pith)

3un+l 4un —i—u"*l .
= & (u'(tn+1) 26th h wy, + 0cal (u) T — w(tngr), wp)
1,0

13a

+ 0 (et (up T up T wn) — of (W(tng1); w(tnsr), wh))

+5td1(9(tn+1) — 0 wp)

b Nzo, s tinz2)VOlwnllzs + CaC RSt |ull e (o o) lwn | 72

Q\f

+1
+ Cabellén ™ 7t llwnll 7 + C Cebil|ul| L 0, ull 72 [1wn |71
+26,CCch” ||'u'||L°°(O,T;H11)”u”Loo(o,T;Hf“)||wh||’l’h1

k ~* 7]
+ Croeh™C|0]] o (0,75 1) lwnll 7 + CROclIEg] 22 llwn 771

Summing over 1 < n < m for all m + 1 < N and substituting back into equations (5.12)
and (5.13), we obtain

. 1/2
<25t|p(tn+1) n+1||L2>

n=t 1/2 m 1/2
gg<6§+h (zuﬂ“nq) +<Zét||£"“~r;> )

and the desired result readily follows from Theorem 5.5. O

6 Numerical tests
6.1 Example 1: Accuracy tests

In our first computational test we examine the convergence of the Galerkin method (4.2),
taking as computational domain the square 2 = (0, 1)2. We take the parameter values
v=01kt(x)=1,9g=0,-1)T, K '=I,D=10°I,Ds =1, ps=¢ =1, pp = 0.1,
ao = 500 - 10%, where k is the polynomial degree. Following the approach of manufactured
solutions, we prescribe boundary data and additional external forces and adequate source
terms so that the closed-form solutions to (1.1), (2.1) are given by the smooth functions

B 0 > [ 22r%(3 = 2r)(1 — exp(—t)
u(r, z,t) = (—cos(rw/Q)exp(—t)) , Oz, t) = ( 22(3 — 2r)(1 — exp(—t) )
2
p(r,z,t) = (r* — 22%)sin(t), 3(r, 2,t) = G _ Zigg 22:28 _ ;:;g i Ziggg; >

~— — ~— —
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’ k ‘ DoF ‘ eu rate ep rate ey rate es rate

1 75 | 0.05435 - 0.57400 - 0.26530 - 0.11760 -
259 | 0.02894 0.909 0.12480 2.201 0.13940 0.928 0.05934 0.986
963 | 0.01466 0.981 0.05242 1.252 0.07039 0.986 0.02978 0.995

3715 | 0.00736 0.995 0.02545 1.042 0.03537 0.993 0.01490 0.999

14595 | 0.00368 0.998 0.01202 1.083 0.01792 0.981 0.00746 0.999

2 195 | 0.00537 - 0.77890 - 0.00071 - 0.05373 -
7151 0.00149 1.848 0.11910 2.710 0.00018 1.947 0.01480 1.860

2739 | 0.00038 1.953 0.01749 2.767 4.619e-5 2.001 0.00378 1.970

10723 | 9.074e-5 2.084 0.00249 2.813 1.154e-5 2.001 0.00095 1.992

42435 | 2.328e-5 1.963 0.00052 2.256 2.909e-6 1.988 0.00024 1.998

Table 6.1 Example 1 (Spatial accuracy test): experimental errors and convergence rates for the ap-

proximate solutions uy, py, 0 and sp. Values are displayed for schemes with first- and second-order in
space

’ Ot ‘ éu rate ép rate éx rate &g rate

(2)
2.5 | 0.5496 - 0.5663 - 17.691 - 0.6738 -
1.25 | 0.1408 1.964 0.1177 2.266 3.2720 2.435 0.1673 2.009
0.625 | 0.0289 2.284 0.0258 2.188 0.6621 2.305 0.0409 2.032
0.3125 | 0.0066 2.119 0.0061 2.091 0.1519 2.124 0.0105 1.965

0.1562 | 0.0016 2.047 0.0015 1.976 0.0366 2.054 0.0027 1.934

Table 6.2 Example 1 (time accuracy test): experimental errors and convergence rates for the approxi-
mate solutions uy, pp, 0, and sp, computed for each refinement level

As wu is prescribed everywhere on 0(2,, for sake of uniqueness we impose p € L(Q),I(Qa)
through a real Lagrange multiplier approach. Also note that the exact solutions satisfy the
boundary conditions (2.3a), (2.3b), (2.3c) on the inlet, wall, and symmetry axis, respec-
tively, whereas instead of (2.3d) we set

U = Uout, ]D)V@n:(i

on the outlet I'"* x (0,T]. The accuracy of the spatial semi-discretisation is tested by
considering a sequence of uniformly refined meshes {75, }; of mesh size h; = 271/2, and
fixing T' = 0.005 with J; = 0.001. Relative errors in their natural norms, along with the
corresponding convergence rates are computed as

S 7 S e 2 T RYONY i) 1IN

S P = ibllzzce., T Nlgi,
15— 5l 5 ;

egz wy rate = log(e()/é())[log(h/h)]_17

||§1|ﬁ11((za)

where e, & denote errors generated on two consecutive meshes of sizes h and h, respectively.
These quantities are listed in Table 6.1 for kK = 0 and & = 1, and they indicate optimal
error decay in the light of Theorem 5.5.
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Regarding the convergence of the time advancing scheme, now we set T = 5 and
consider a sequence of uniform refined time partitions 7,1 € {1,2,3,4,5} where the time
step is 5/2l. Absolute errors are computed as

m 1/2 m 1/2
u = (Z Otllutnir) — UZ“%}) , ép = (Z Stllp(tn+1) —PZHHQLg) ,
n=1

n=1

m 1/2 m 1/2

ég: (Z 6t||0(tn+1)—9’?+1|%11) , ez = (Z 5t||§(tn+1) _E}:l'f‘lll%%) 7
n=1 n=1

and we readily observe from Table 6.2 that the method converges to the exact solution
with the expected second-order rate.

6.2 Example 2: Validation against experimental data

Now we define a different adimensionalisation of (1.1a)-(2.1d) that follows the recent model
(tailored specifically for soil-based water filters for arsenic removal) proposed in [31]. This
problem considers only one type of contaminant and only one type of adsorption. Defining
as L, v;, 00, Smax the representative length of the column, the linear inflow rate, initial solids
concentration, and maximum adsorption, respectively; we define dimensionless variables as

_r _ z _ uw = 06 _ L{-—Dpam) _ s _ +
A A v 0o’ p LV; > 48 Smax 0%
and we also define the constants
pf’l)iL UiL K PbSmax k+L200
Re=——, Pe=—, Da=-— = — = — 6.1

Making abuse of notation, the problem defined in 2, x (0,7 adopts the form

B Re 1 1., 1 2y, _
Po Oiu+ Reu - Vu + Da ¥ ¢d1va(€(u)) + Vp+ qz)(ur/r Jer =0,
divau =0,
B0 L g __oB
Po 040 e diva(VO) + u - VO = Po 048,
Ors = 0(1 — s).

The setup consists of a lab-scale filter (a column of height 1 and radius R = 0.11, already
in dimensionless units) where one varies the feed flow rate, the arsenic concentration at the
feed, and also the bed height. Gravitational effects are not considered, and the boundary
and initial conditions are precisely as in (2.3a)-(2.3¢). The configuration of the system
implies that the non-dimensional constants from (6.1) assume the values

Re = 68.1, Pe=1.11-10°, Da=8000, o« =248, 3 =136,

and the remaining parameter values are ¢ = 0.48, u™(r,z) = (0, 4 (r — R)(r + R))",
6" = 1. We employ a structured mesh of 8000 triangular elements and define a constant
time step of 0; = 0.15 (adimensional time ¢ = 0.15 ~ 1 day).
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Fig. 2 Example 2 (validation against experimental data): contaminant concentration after one day
(left). Value of 0|avg(t) (experimental observation from [31] and numerical simulation) using raw laterite
as the adsorbent (right)

During the filtration process the soil-based bed reaches a point in time where it is no
longer adequate for adsorption. This phenomenon can be observed in Figure 2 where we
plot the evolution of the average concentration of the contaminant € on the outlet, that is

Oave(t) = %/p t Ords.

We also compared the predictions of the model with experimental data, collected for a
filter that uses raw laterite as an adsorbent medium, and to which an arsenic solution is
injected in its upper part [31]. The qualitative results displayed on figure 2 seem to show
an acceptable adjustment to the experimental data. This suggest that the model and the
axisymmetric divergence-conforming scheme can be used effectively as a tool to study the
behaviour of the filtration process under similar flow regimes.

6.3 Example 3: Two contaminants in a two-layer filter

We model a filter with two contaminants and two layers. The domain has a R/L ratio of
0.22. While the inlet is the top wall, the outlet is the region {(z,7)|z = 0and 0 < r <
0.25R}. For (2.2) we take (1.2) with m = 2 and and we consider u = 8.94 - 107* Pas,
vi = 6.0-10"3m/s, pr = 10°kg/m?3, #® = 8.0 - 10 " kg/m?3, A% = 2.0 - 1077 kg/m?,
s = 1073 kg /kg, s5°* = 10~ ? kg/kg. In addition, the rheology of the grains is different
in the top and bottom halves of the domain. More precisely, we have

Diop =3.8-10"" ' m?/s, Dy =7.6-1072m?/s,  ¢rop = 0.32,  Ppor = 0.28,
Pbtop = 1050kg/m®,  pypor = 1100kg/m®, ki, = 5.0 107> m®/(kgs),
k3 op = 0m®/(kgs), ki po =2.5-107°m%/(kgs), ke =10 °m®/(kgs),
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Fig. 3 Example 3 (two contaminants in two-layer filter): concentration of contaminants at times t =
10, 100, 300

and the permeability K(x) = k(x)I has a log-uniform distribution in each layer that
satisfies

1571077 m® < kgop(x) < 3.04-10 m?,
51810 m? < kpot(x) < 10 % m?.

Qualitative results for the concentration of the two contaminants at times ¢ = 10, 100 and
300 are shown on Figure 3. As expected, most of the first contaminant is retained in the
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Fig. 4 Example 3 (two contaminants in two-layer filter): concentration of contaminants fayg,;(t) using
a cylinder and changing order of layers (top); and similar computation using a truncated cone (bottom)

upper layer, whereas the second one passes the first layer to begin to be retained in the
lower layer.

Now we change values to s = 1077 kg/kg and s5** = 10~ ®kg/kg and run the
simulation for a longer time to assess how the swapping the order of layers and the geometry
affect the contaminant removal, measured by favg (). For the first two tests we use the same
cylinder, altering only the order of the layers. As we can see from the top panels of Figure 4,
reversing the order of the layers softens the transition towards saturation, but the most
important behaviour is reached essentially at the same time in both cases. We also test
with a truncated cone (see dimensions in the bottom left panel of Figure 4). The saturation
is now achieved in a much shorter time, which could be explained by a combined effect of
volume reduction (and therefore of adsorbent mass), and faster flow patterns that decrease
the retention time and thus the adsorption of the system.
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