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ABSTRACT. We study the mathematical models and numerical schemes for reactive transport of a soluble
substance in deformable media. The medium is a channel with compliant adsorbing walls. The solutes
are dissolved in the fluid flowing through the channel. The fluid, which carries the solutes, is viscous and
incompressible. The reactive process is described as a general physico-chemical process taking place on the
compliant channel wall. The problem is modeled by a convection-diffusion adsorption-desorption equation
in moving domains. We present a conservative, positivity preserving, high resolution ALE-FCT scheme for
this problem in the presence of dominant transport processes and wall reactions on the moving wall. A
Patankar type time discretization is presented, which provides conservative treatment of nonlinear reactive
terms. We establish CFL-type constraints on the time step, and show the mass conservation of the time
discretization scheme. Numerical simulations are performed to show validity of the schemes against effective
models under various scenarios including linear adsorption-desorption, irreversible wall reaction, infinite
adsorption kinetics, and nonlinear Langmuir kinetics. The grid convergence of the numerical scheme is
studied for the case of fixed meshes and moving meshes in fixed domains. Finally, we simulate reactive
transport in moving domains under linear and nonlinear chemical reactions at the wall, and show that the
motion of the compliant channel wall enhances adsorption of the solute from the fluid to the channel wall.
Consequences of this result are significant in the area of, e.g., nano-particle cancer drug delivery. Our result
shows that periodic excitation of the cancerous tissue using, e.g., ultrasound, may enhance adsorption of
cancer drugs carried by nano-particles via the human vasculature.

Key words. Reactive Transport, Flux Corrected Transport, Arbitrary Lagrangian-Eulerian Methods, Con-
vection Dominated Flow

1. INTRODUCTION

The reactive transport of chemical solutes in deformable media is an important problem with wide-spread
engineering and biological applications. These applications include the transport of dissolved solutes in blood
vessels [63], chemical transport in reactors, chromatographic separation [I,[8,54}[60], and the transport of
solutes in petroleum recovery [34]. Reactive transport is usually studied under three different flow regimes,
which are diffusion dominated flow, convection dominated flow, and chaotic advection [IL60]. For the first
flow regime, diffusion is more influential than convection in the overall flow of the solutes. In the second
regime, the convection is more influential than diffusion, giving rise to the so called Taylor dispersion effects.
An example of this is Taylor dispersion-mediated mixing [I]. In the third flow regime, turbulent mixing
is observed. In this paper we concern ourselves with flow characterized by dominant convection, typically
associated with Taylor dispersion. This is the case mathematically defined by moderate to large Péclet
numbers Pe > 1.

Our study concerns chemical solutes that are dissolved in a viscous incompressible fluid flowing in a channel
with moving walls. The fluid flow is modeled by the Navier-Stokes equations. The location of the moving
boundary is calculated using a fluid-structure interaction (FSI) solver, previously developed in [I4[33]. For
the problem studied in this manuscript, the location of the moving boundary and the fluid flow are given, and
are obtained using a FSI solver. For more details on mathematical models, analysis and numerical schemes
for incompressible fluid flow in compliant domains please see [I4]15}[19H23]33,[37,52], and the references
therein.

The solute species are assumed to have no effect on the flow character of the fluid, and can thus be treated as
trace particles. Solute dynamics in the bulk fluid are described by a convection-diffusion equation in a moving
1
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domain with the convection flux defined by the (given) fluid velocity. The reactive process is described
as a general physico-chemical process taking place on the compliant channel wall. The reaction process
may consist of adsorption-desorption, multi-stage reactions, or catalysed wall reactions. Common examples
of such physico-chemical models are the linear Henry’s law, Langmuir adsorption, Freundlich adsorption,
Langmuir-Freundlich adsorption and Langmuir-Hinshelwood catalytic reactions among many others [351[GT].
Our model extends the reactive transport models for various reaction systems in a fixed cylindrical channel,
studied in [824H26][47H49,[5T,[60], to the reactive transport models in channels with moving walls. More
complex fixed channel geometries are considered in [I2,[53]. Notable examples of reactive transport with
moving domains can be found in [BI,[38]. In [38], the reactive process affects the wall deformation by
precipitation and dissolution of solutes on the wall. This leads to a coupled fluid flow and solute transport
problem in which the fluid profile and wall deformation is constantly updated. In [31], erosion of a solid
domain resembling a stent embedded in arterial wall is considered. The solute transport problem involves
the reaction of drug solutes on the boundary of the stent.

adsorbing wall

solid /support material

L
dissolved solutes .@3 > open deformable channel
Lo .‘.0 bulk fluid
T

Figure 1. Reactive transport phenomena in a narrow deformable channel with active adsorbing walls. The chem-
ical solutes are dissolved in a solvent flowing under a pressure gradient, and undergoing (Taylor) dispersion in
the cylindrical channel. Upon reaching the channel walls they are adsorbed due to their affinity to the wall. The
solid/supporting material has zero porosity. Compliancy of the wall is due to the normal stress exerted by the fluid
onto the compliant channel wall.

For Taylor dispersion and for other convection dominated flows, numerical schemes for solute transport
may lead to undesirable numerical artefacts. These are usually shown by oscillations in the profile of
the numerical solution (solute concentration). Therefore, such schemes require stabilization to deal with
oscillations that occur in the numerical solution. In the finite element context, stabilization methods of FCT
type were studied by Lohner et al. in [441[45]. Recently there have been studies for various fixed domain
problems in [40H42150] and [36]. In [36], a comparative study of various stabilization schemes, including
FCT was done. The FCT type of schemes emerges as the most superior and efficient. In moving domains,
upwinding has been applied to convection-diffusion problems by Badia et al. in [6], and Boiarkine et al.
in [II]. In both of those papers the finite element discretization in arbitrary Lagrangian-Eulerian (ALE)
framework is used. The work of Badia et al. uses the orthogonal subgrid scale type stabilization, while
the work of Boiarkine et al. constructs an FCT type of stabilization. In this paper, we extend the FCT
type design under the ALE framework to general reactive transport problems. Additionally, we introduce
a linearization technique for treating nonlinear reaction terms in a conservative way following the Patankar
linearization techniques, proposed in [I6HI8| and [32]. This linearization is designed such that second order
time discretization is achieved, and the fully discrete scheme is mass conservative. Furthermore, our second-
order time discretization will ensure that the geometric conservation law (GCL) is satisfied.

To validate the numerical scheme, we consider first the transport in fixed channels with fixed and moving
meshes. The tests include reactive processes such as irreversible reactions, linear adsorption-desorption,
infinite adsorption, and nonlinear adsorption processes. The numerical results of our scheme are compared
to the solutions of effective models considered in [25L271[60], showing excellent agreement.
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We then consider grid convergence on fixed and moving meshes for the scheme under the linear and nonlinear
chemical reactions, mentioned above. The moving mesh error is studied to show that the solution is “mesh
independent” up to a certain tolerance, showing excellent mesh independence property.

We conclude this manuscript by simulating reactive solute transport in moving domains for both linear
Henry’s law, and nonlinear Langmuir adsorption. We show that the motion of the channel walls enhances
solute adsorption to the channel wall. Consequences of this result are significant in the area of, e.g., nano-
particle cancer treatment. Our result shows that the excitation of the cancerous tissue using, e.g., ultrasound,
may enhance adsorption of cancer drugs carried by nano-particles via the human vasculature.

2. MATHEMATICAL FORMULATION

Y= H+77(xvt)
(1)
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Figure 2. The schematic of the compliant channel with an active deformable wall 3(t).

We present a model for a single solute species transported in a compliant 2D channel

Qt)={x=(z,y) : ©€(0,L), y € (0, H+n(x,t))}.

The function 7 defines the radial movement of the channel wall. For simplicity, only the upper wall defor-
mation will be considered. The solute is convected by a fluid with a (given) velocity field v. The dissolved
solutes undergo non-equilibrium physico-chemical processes on the compliant wall X(t) = {x = (z,y) : x €
(0,L), y = H + n(z,t)}. The main equation defined on §(t), is given by the convection-diffusion equation.
This is coupled with a flux equation on ¥(t), which describes the transfer of the solutes from the bulk fluid
to the wall.

To formulate the problem in the moving domain (t), we make use of the ALE mapping approach, as
presented in [I1,29,[52] and [30]. Consider the time dependent domain, given by Q(t), the reference domain,
given by €2, and let {A;} be a family of maps from 2 onto Q(t), called the ALE maps, such that

A Q= Q) x(&,t) = A(Z),
is a diffeomorphic function for each t € [0, T]. The coordinate & € Q(t) is called the Eulerian coordinate, and
# € Q is the ALE coordinate. In the same spirit, we define ALE counterparts of functions defined on Q(t).
Let f : Q(t) x [0, 7] — R be an arbitrary function, then we can write f = f o A; such that f : O x [0,7] = R
satisfies f(x,t) = f(&,1), for x € A (&). We can also study tlme derivatives in the Eulerian frame and

present their counterparts in the ALE frame as Bt‘ x,t) = (m t). The domain velocity, which was
already mentioned before when discussing boundary condltlons 1s given by

ox

w(x,t) = el

(&,1).

The Eulerian time- derwatlve can be cast in ALE framework by using the chain rule as a ; } = L Tw VS,

which implies that £ at - = orls — w- V[ This will allow us to reformulate our time dependent problem

in the ALE framework. The problem in the ALE framework can then be written in non-conservative and
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Al

Figure 3. The ALE map from fixed Q to moving Q(t).

conservative form. For the purposes of writing the problem in conservative ALE form, we will need the
Jacobian of the ALE map Ay, defined by J4, = 22 and its determinant J4, = det(J4,), from which we

EEX
can relate the Jacobian determinant to its derivative by the Euler expansion formula as 8‘;:“ =JaV-w
€T
Z
With the above description of the ALE formulation, we can now summarize the main model. Let the solute
concentration in the bulk fluid be denoted by ¢f. Let the (adsorbed) solute concentration, which is the mass

per unit length on the compliant channel wall, be denoted by ¢*. The reactive transport model for the solute
dynamics in the deformable channel is therefore given by the following:

f
oel + V- (ve! —DVel) =0, in Qt), t € (0,T],

ot
(B! — DVel) -m = jztlD(JTAttcw) = kd(A(cf) — cw) on X(t), t € (0,77,

(1) (8cf — DVe!) - n = (vei) -monT_(t), t € (0,T),
(8cf — DVe!)-m =0, onTy(t), t € (0,T),
—DVe! -n=0, onT(t), t €(0,T],

cf|t:o = cg in Q, ¢“|t=0 = ¢ on X.

Here, v is the relative fluid velocity, which is defined by © = v — w. The domain at ¢ = 0 is given by
) =Q(0), with X = 3(0). The general nonlinear wall adsorption-desorption is described by the isotherm A.
The isotherm is taken to be Lipschitz continuous as a function in R, and continuous as a function in R.

Remark 2.1. For general non-Lipschitz isotherms, the problem can be solved using Lipschitz reqularization.
For more details, see [955] for the case of fized domains.

Remark 2.2. For the study of linear transport such as Henry’s law (linear adsorption-desorption), and for
irreversible wall reaction, the isotherm A is a linear function. For infinite adsorption, the rate kq is infinite,
and this requires a different description of the flux function on X(t). This will be discussed in detail under
numerical results in section [3.

2.1. The fluid velocity and motion of the fluid domain. The fluid velocity and the motion of the fluid
domain are obtained as a solution of a fluid-structure interaction problem. This calculation is completely
decoupled from the reactive transport problem. The fluid is modeled by the incompressible Navier-Stokes
equations, while the elastodynamics of the lateral boundary by the cylindrical linearly viscoelastic Koiter
shell equations. The velocity of the fluid is denoted by v, while the wall deformation is given by 7. The
wall deformation is only radial, which in 2D corresponds to vertical movement in the y-direction. At the
endpoints, the wall is fixed. The problem can then be summarized by
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ov .
pf(a—i-v-Vv) =V-.-o,V-v=0inQ(t), t € (0,7),
where o = —pI 4+ 2uD(v), D(v) = %(Vv + (Vo)T),
O (0.0,0) = 0, 1a(.0.0) = 0, on 0.2) x (0.7),

0? 0? 0 ok

@) pshs gy +Con = Ci5f + D5l = Dizobs = fo, on (0,L) x (0,7)
an 2
where fo = —/1+ 9 ) e = (0,1), on X(t),
x
on

vy =0, vg = 50 OB (), t€(0,T)
v(z,0) =0, in Q, n(z,0) = % =0, for z € (0, L),
n(0,t) =n(L,t) =0, t € (0, 7).

Here, py is the fluid density, ps is the wall density, hs is the elastic wall thickness, Cy and C; are the elastic
constants, and Dy and D; are the viscoelastic constants, fo is the radial projection of the force applied to
the structure, and p is the fluid viscosity.

Notice that at the bottom boundary where y = 0, symmetry boundary condition is assumed. This boundary
is denoted by I'y in Figure Furthermore, on the inlet and outlet boundaries, we have a normal stress
boundary condition which occurs naturally with the weak formulation. This is a common choice of boundary
conditions in blood flow modeling [7,[14].

For the purposes of this paper we prescribe the normal stress data such that the left boundary i.e., x = 0,
correspond to the physical inlet:

F_(t):={z : v-n<0},
while the right boundary, = L, corresponds to the physical outlet:

Ii(t):={z : v-n >0}

The numerical solution of this problem was obtained using a loosely coupled fluid-structure interaction
scheme, first introduced in [33], and rigorously analysed in [20].

3. VARIATIONAL FORMULATION

We begin this section by introducing a space of test functions defined on the reference domain Q. It will be
sufficient to consider the test functions belonging to the space H'(€2). The functions in this space are time
independent. With the help of the ALE mapping, we construct the test space W (t), on the moving domain
Q(t), as follows

W) :={: Q) >R : v =doA ", e H Q)
This defines a time dependent test space on the moving domain §2(¢). We also choose the test space for
functions on the wall to be L?(X), and similarly construct the moving wall test space as follows

Y(t)={p:2(t) = R: o =¢o A}, e L*D)}.

From [52] and [29] we know that there is an isomorphic relation between the fixed and moving domains
under the ALE map, provided A; € W1(Q), and A; ' € W1°(Q(¢)). This gives an isomorphism between
the test functions in the moving domain, and those in the fixed reference domain.
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To get the conservative form, we test by ¢ € W(t), the following form of the convection-diffusion equation
whose time derivative is in the fixed reference domain:

1 G(JAtcf)

J. Ay ot

As a result, we get the following

(3)

+ V- ((v—w)cf —DVel) =0, in Qt).

€T

1 9
4 / — (Ta,c da,-+/ V- ((v—w)! —DVe)dx =0.
(4) o P Tn 57 (Ja )@ o ¢ (( ) )

We take note that for ¢ € W (t), we can write () = ¢(x,t) = p(A:(x),t). Here ¢ is the ALE counterpart
of ¢, and is independent of ¢. This means that equation (@) can be written as

) &5 @ae)

da: +/ eV (v —w)c! — DVl de = 0.
& Q(t)

In the first term of equation (Bl), the time derivative can now be taken outside the integral. This will result
in the following

(6) da / ol dx + / AV ((v —w)e! — Dch) dx = 0.
dt Jaw Q)

At this point, we apply Green’s theorem and the boundary conditions (I),, )5, (@), and (), to get the
conservative variational form:

4 / oc! dx — Ve - (vc¢! — DV )dx + / kap (A(ch) — ) do
dt Jo) () x(t)

(7)
+ / o(vein) - ndo + / o(vel) -ndo = 0.
r_(t) Ty (2)

For the wall solute concentration ¢, we get the variational form by testing

D w
jj}% = kq (A(cf) - cw) on X(t),
by ¥ € Y(¢) to get
(8) 4 Ycdo = / kap (A(cf) — ") do.
dt Jsr) (1)

Thus, we have:

Problem 3.1. Conservative foArmulation.
Let A € COY(R), A, € Who(Q), and A;' € WE2(Q(t)). Find a pair (¢/,cv) € L20,T; W(t)) x
L2(0,T;Y (1)), with

i ! pde, i/ cydo € L?(0,T),
) dt Js)
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for all o € W(t) and ¥ € Y(t), such that the following equations hold true,

d
— / cfgpd:n + a(ep, cf;t) — / kqgpcdo = Q(v)(t),
dt Q(t) $(t)

9) d
— / Pedo + / kqt, cPdo — kg A(ch)do =0,
dt Js 5(t) 5(t)

for all (p,v) € W(t) x Y(t), where

a(p,clit) = / o(ve) - ndo — Ve (v —w)!)dx + / V- (DVe)de + kapA(c!)do,
T4 (t) Q(t)

Q(1) ()

Qlp) = - /  wein) g

Note that since ¢/ € L*(0,T; W(t)), then A(c!) € L?(0,T; W(t)). Therefore A(c € L2(0,T; H2(%(t))).

f

)‘Z(t)
We will numerically implement the conservative ALE formulation of the problem, using finite element dis-
cretization on moving meshes. This is presented in the next section.

4. NUMERICAL SCHEMES

In this section we present the numerical discretization in space and time of the conservative variational for-
mulation on moving meshes. First, we discretize the spatial computational domain to get the computational
mesh which is time dependent. The fully discrete mesh can then be obtained through a discretization of the
time interval [0, T'.

We first recall the reference domain Q, and the corresponding moving domain Q(t), as defined earlier. In
this numerical implementation, the ALE map describing Q(¢) is explicitly given by
H +n(z,t)
H )
for (z,9) € Q, and t € [0,T]. Notice only the radial movement due to this ALE mapping.

(10) At : (i‘vg)T’_)(may)Ta Wherem:a?, y:g

To get the spatial discretization of the moving domain €2(¢), we make use of the ALE mapping and start by
partitioning the fixed reference domain €2 into a finite number of triangular elements K such that

(11) d@) = | K,

KeTy

where cl(2) is the closure of Q, and

h =max sup |x — y||;2(w2)-.
K zyek
The collection 7, is called a triangulation of Q, with mesh size h. This triangulation is assumed to be
admissible. This means,

e K is a 2D simplex with non-empty interior ( int(K) # @ ),
e int(K7) Nint(Ks) = &, for distinct K1, Ko € Ty,
o if e = K1 N Ky # &, then e is an edge or a vertex of K7 and Ko, where K1, Ko € Tp,.

The discrete fixed mesh is given by Qp = {&; : i = 1,..., N, }, where N, is the total number of mesh

nodes (mesh size), and &; € cl(Q), for each i =1, ..., Ny, .

Next, we define the moving mesh Qj(¢) which is constructed from the fixed reference mesh €,. For each
x;(t) € Qu(t), there is a @; € Qp, such that x,(t) = Ay(2;), for i = 1,...,N},,. This defines a discrete ALE
mapping denoted by Aj ¢. This discrete ALE mapping gives us the triangular elements Ky = A, +(K) on
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the moving mesh 2 (¢), hence the moving mesh triangulation 75 ( see Figure @ ). In terms of the fixed

reference mesh nodes, the moving mesh nodes {mi(t)}ﬁhf are described via (0.

A

Qp, Qp (1)

>, -
KeT, Keﬁ,t

Figure 4. The fixed mesh triangulation 73, and the moving mesh triangulation 7j ;. These are related by the
discrete ALE map, as Tn,t = An,t(Th)-

For the time discretization, we partition the time interval [0, 7] into the following set of equidistant points

{t° <tt <. <My,

where t® = 0, and tN7 = T. The time-step is then given by At = t"t1 — ¢". This means that we can now
define the fully discrete moving mesh Qf = 4 (t"), at t = t”. The nodes of this fully discrete mesh are given
by «?, for i = 1,...,NVj,. In this fully discrete case, the motion of a moving node from mesh Q" at t", to
mesh QZH at t"t1, is given by the following linear reconstruction

¢ t—t"
wl(t) = Al w:b + At

ot et .

We are now in a position to discretize the variational weak formulation in space using the finite element
method to get a semi-discrete scheme. With the above linear reconstruction, the geometric conservation law
is theoretically satisfied with second order time discretization of the semi-discrete problem [52].

4.1. Discretization in space. We now present the finite element discretization of the conservative varia-
tional formulation ([@). First, we present the finite element space on the reference mesh, and then construct
using the discrete ALE map, the finite element spaces on the moving mesh. Let P;(K) be the set of first
degree polynomials on K € 7Tj. Therefore, we can define the finite element space for the bulk solute concen-
tration to be

Wy, = {on: Q=R : |k € PI(K) for all K € Ty, }.

For each t, we write the finite element space defined on the moving domain (), as

Wi (1) :={pn: Q1) >R : pnoAps =@, ¢n € Wi}

We now define the finite element space for the wall concentration ¢*. Let &, be the set of edges of the
triangulation 7;,. Denote by £ C &, the set of edges lying on the upper (moving) wall 3. We denote the set
of those mesh nodes by ¥, and its size by Np,. We can define a finite element space on the edges E € £
lying on ¥ as follows:

Y o= {tn: S > R: y|p € PI(E), E €&}

On the moving domain, we denote by &, the collection of edges of the elements 7+, and the upper wall
moving mesh edges to be &,. The corresponding finite element space defined on the upper wall moving
mesh ¥y (t) with edges E € &, will be
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Y5 (t) i= {thn : S(t) = R: p 0 Apy =tbn, ¥n € Yi}

Let {p!} be the finite element basis functions for Wp,(¢), and let {¢)¢} be the basis functions for Y (¢). A
basis function ¢; of Y, (t), is clearly a restriction of a function in {¢¥}, on 5 (t).

From the above definition, we know that o} (z,t) = @i (&) where @ = Ay, +(&). Similarly, ¢} (x,t) = i (&)

where € = Ap (&) € E, for all E; € Eye Let op € {pt} and ¢, € {¢i}. Also define cﬁ(m,t) =
Z;-vhl gpgl (z, t)cf (t) and ¢}l (x,t) = ;:[hQ Yl (x, )l (). cf (t) and cf'(t) are the unknown nodal values of the
approximation to ¢/, and ¢* respectively. The numbers N, and Nj,, are clearly the dimensions of Wy,(t)

and Y, (¢), respectively.

The problem in the conservative finite element formulation can be written as follows: For each ¢ € (0,77,
find (ci,c}f) € Wy, (t) x Y, (t) satisfying

d w

@/ clonde + alpn, cf;t) — / kapncido = Q(¢n),
0 (1)

d

E C}LU’I,/)th'—l—/ kﬂﬁhC}de’ —/ kd¢hA(C£)dO' =0,
(1) (1) Zn(t)

(12)

for all ¢, € Wy, (t), and ¢y, € Yi(t), where

a(pn, cﬁ;t) = / gph(vcf)h -ndo — / {Vg@h (v — 'w)cf)h —Vop - (DVC%)] dx —|—/ kdgohA(cﬁ)dU,
Iy (t) Q(t) (t)

Q(pn) = —/F o (vcin) - nppdo.

In this formulation, we use the group finite element formulation introduced by Fletcher [28]. This method
is used to discretize convection terms. Particularly, we will have

(e nm Y phelvi, (v —w)ch)n =Y phel (vi —w)).

The compact form of the above finite element discretization is given by,

1) SIM(C;(0)] = [K(1) + S1]Cs (1) ~ kaA(Cp(t) + kaVu (11Cu (1) + Q1)

for, t € (O,T], Cf(O) = Cf70,

and

(14) %[Mw(t)cw ()] = kaA(Cy(t)) — kaMy ()Cu(t), t € (0,71,

Cw(o) = Cw,Oa

where Cy(t) = {c] ()11, Cu(t) = {c ()}, and
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My(0) = (mfj (0}, w0 = [ gielde,
Q(t)
K(t) ={kij(t)}, kij(t) = —(w; —vy) - / Vehehdr — v, - / ehetndo,
Q(t) Ty (t)

S(t) ={sij()}, si;(t) = — o Vi, - (DV] )da

Mot) =m0}, w0 = [ vivido
ML, (1) = {m2(0)}, M) = /  ehvido
Q) = {a(t)}, alt) = - /  $h(wea) o

A(Cr (1) = PA(Cr M)} MlCr (1) = / “ w2A<ZCf (t)soi)da,

ACH0) = ((Cr0)h ACr) = [ vid( L e Jar

In addition, we have the initial condition for the semi-discrete problem: C;(0) = Cy o = {c{;(azl)}Z with a
similar form for C,,(0). In this formulation, M, (t) is an A}, X Nj, wall mass matrix which is invertible.
On the other hand, M, (t) is a N}, x N, rectangular matrix with extra zero rows for nodes not on X, (t).
In that sense, M, (t) is an extension of M,(t) onto the entire Q(t). Also, here we used A to denote a
restriction of A to the nodes on Yy (t) with size N, x 1.

This semi-discrete problem is a semi-linear problem, with the nonlinearity appearing only in the chemical
reaction term A. We deal with this nonlinearity by constructing the so called Patankar linearization approach.

4.2. Discretization in time: Patankar linearization. In this section we present a time discretization
scheme for the coupled problem via a Patankar type approach for linearizing the nonlinear reaction terms
[16]. This helps us avoid the costly Newton type linearization which is not mass conservative. We note
that these schemes have been studied for general production-destruction models in [I6HI846]. A positivity
preserving TVD type scheme for treating problems with convection and possible dominant reaction in reactive
transport processes was studied in detail in [46]. The most comprehensive study of Patankar schemes is found
in [16] for various time integration schemes, such as backward and forward Euler and Runge-Kutta schemes.
What is most encouraging is the unconditional positivity preservation, mass conservation, and second order
consistency for the Runge-Kutta type scheme, as seen in Theorem 3.6 in [16]. In [32], a similar study
is considered which extends the results in [I6] to more general time integration schemes. We will briefly
introduce a general description of the scheme for a general production-destruction problem. First, consider
the following general coupled production-destruction problem

dg(t) B
(15) —g = P(&) —D(§), £(0) = &,

€= (&,...6n)T, t€(0,T).

The production P, and destruction D terms are componentwise positive, and can be written in component
form as follows
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I

I
(16) P& = > pi§), D)= > di&)

=1, j#i =1, j#i

where p; ;(§) > 0 is the rate of mass transfer by reaction from component j to component . The rate d; ;(£)
is for the mass transfer from component j to component i. It should be noted that p; ;(§), and d; ;(§) are due
to production or destruction of the ith component without influence of the jth component. In conservative
models, this should not be the case, thus p; ;(§) = d; ;(§) = 0.

We introduce the time splitting Patankar linearization scheme. The first half-step is the forward Euler-
Patankar scheme. This is followed by a Crank-Nicolson-Patankar scheme, also known as a midpoint rule
Patankar scheme. The elements of this scheme are modifications of the traditional Patankar schemes found
n [I6]. The scheme is defined as follows:

I I
n+3 n At ~ ny\en 7 nyen .
gt eg e S Y by - Y duene] =1
(17) J=1, j#i J=1, j#i
n+1 n Lo n+3 §;L+§?H - n+3 g et ;
s 3 ot |2 |o Y dterh SR | is
J=1 07 J=1, 97

where "2 = t”*‘;nﬂ, pi;i(&) = p'i’gﬁs), and d; j(€) = dfg@), for j # i. We will perform the Patankar
linearization for our problem in the semi-linear, semi-discrete equations (I2)). There will be two unknowns,

namely &;(¢) and &(t). These are given by,

(18) fl(t) = Mf(t)cf(t)a fQ(t) = Mw(t)cw(t)'

These variables will correspond to the two different components in the Patankar scheme. We also define
& (t) = My, (t)Cy (t) to be the extension of &3(¢) to the whole mesh Qj(t). The size of £3(¢) is My, x 1. Then,
we can write problem (I3), (Id)) by introducing the following notation in terms of production-destruction
functions:

p12(€(t) = kaa(t),

Niy
dae®) =3 [ ek el Oy o
(t) j -
(19) j\;ll
= N I ef())d
P21 (E(1)) / vk @%(m oy

da,1(§(t)) = ka&a(t).

Now to approximate the nonlinear adsorption, introduce the Patankar linearization in the weak form, defining
dy,2 and po 1 in the following way:

f A

(ch(x.1) ;

daean =13 [ ()%@deA e (o
; t ¢ (x,

R(Cs(1))Cy(t), t€]0,T],

(20)
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Nh2

: Cf xr
P60 =135 [ vt T o
j t Cp, xr

(21) (1)

=R(C;(1))Cs(t), te(0,T],

where R(C{(t)) and R(C{(t)) will be evaluated using the previously calculated values of C(t). Since A is
Lipschitz, the fraction A(ci) / c£ is well defined. Therefore 65172 and Py; are bounded. Let us now denote by
R(t) := R(C}(t)) and R(t) := R(C}(t)) the linearized isotherm matrices from the Patankar linearization,
then we have the following linear semidiscrete scheme:

%[Mf(t)cf ()] = [K(t) + S(t) — R(1)]C(t) + kaM,, ()Co () + Q(2),
(22) %[Mw (H)Cw(t)] = R()Cs(t) — kaMy () Co(t), € (£, 47,

Cs(0) = Cro, Cu(0) = Clu,
where R(t) and R(t) are calculated from known values of C(t).

Remark 4.1. For linear isotherms A the Patankar trick is not necessary, and R(t) will be equivalent to
koM., (t) which is independent of C¢(t), where k, is the adsorption rate. Other than this difference, the rest
of the scheme remains unchanged.

4.2.1. Fully discrete Patankar-Galerkin scheme. We design a direct high order predictor-corrector scheme,
which is obtained by a half step forward Euler-Patankar scheme, a Crank-Nicholson-Galerkin scheme, and a
midpoint scheme. They are summarized below.

Step 1: Compute auxiliary wall and bulk solute concentrations.
We compute the auxiliary wall and bulk solute concentration by a half step forward Euler scheme.

n+3z ~n+3 AN
Myt ent = Mo+ 5 [Reey - ke
(23)
n+g ~nts nemn At n n nym At Y i¥all At n
M CTTE = MICY + K" + 8" — RYICT + S-haMILCl + 5-Q™

Remark 4.2. For the linear isotherm case, equation 23)), is not required as it is only for the half

1
step updating of R = R(C;L+2), which we use below.

Step 2: Compute the final bulk solute concentration C’}H'l at "1,
We approximate the bulk solute concentration at t"*! by the Crank-Nicholson-Patankar (CNP)
scheme:

e 1 n 1 Y
A™LCIH = BCY + kgAML FCLTE 4 AtQ S,
where,

AP — M}Hrl N %(KnJr% + SnJr% _ R’I’LJr%)’

At
B = My + Sl s Rt

Step 3: Compute final wall concentration at t"*! by a midpoint rule. This is obtained as follows:

At

~ n+l p4l
(25) M?H O = MO + 73n+% (C} + CFHY) — AthgM, 2 Cy 2.
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4.3. ALE-FCT scheme. We present a linearized FCT algorithm that closely follows the standard roadmap
for FCT schemes (see [41], [42], [11]). The scheme is introduced to ensure positivity preservation and
mass conservation. The FCT scheme is a predictor-corrector scheme with two parts. The first part is an
approximation of the solution using a low order scheme. This low order solution is then corrected using a
flux limiting strategy in the second part.

We now derive the low order approximation following the standard FCT roadmap. We start by introducing
the lumped mass matrix in the place of My (t), which is defined by Ms(t) = diag(m{ (t)), where m{ (t) =
> j m{j (t). This will remove the off-diagonal positive entries, yet still ensuring mass conservation and the
robustness of the linear system. Respectively, we can write the lumped matrix for M,,(t) as My, (t), which
is defined in a similar way. We also introduce an artificial diffusion operator D(¢), and define the low order

discrete convection operator as L(t) = K(t) + D(t), where D(t) is calculated as follows:

D(t) = {d;;(t)}, where
dij (t) = max{—kij (t), 0, —kji(t)}, fOI‘j 7& 7
d“‘(t) = — Z dij (t) for all 4.

J#i

(26)

The artificial diffusion operator renders L(t) positivity-preserving and removes the entries of the matrix K(¢)
that violate the positivity constraint.

Similarly, the linearized reaction term is lumped to get Ry (¢). This step is optional in general, but is
necessary for the reaction dominated case. In this discussion we will treat the problem as a convection and
reaction dominated process.

In fully discrete form, the low order scheme, obtained by the above matrix manipulations, for the bulk solute
concentration reads as follows: Find C’f such that:

n n n At n41 n+li n++ n
M ICF = ML CF + —-(L"F2 4+ 8" — R, "?)CY
At

n+i ~ n+l n+1
+ 7(L”+% +8"TE _RTCF 4 kgAML 2CLT + AtQE,

(27)

where C’JE is calculated on the mesh QZ“. This is the predictor step.The low order bulk solute concentration

CJ% will be positive for sufficiently small At. However, this scheme is highly diffusive, and less accurate,
because of the added artificial diffusion. Thus the solution will have to be corrected. The corrector step is

Mz—}_lc}ﬂ_l = Mz-}_lcf + Atf, where f = Z Ozijfij.
JF#i

Here «a;; will be determined through the Zalesak flux limiting strategy, presented in section E3.2) and f;;
are computed from the antidiffusive component given by

(28) f=Mg - MTHCE - D™ — (R - RY)ICF,

where we used C’f to denote an approximation to the time derivative of C.

To decompose f into the internodal fluxes f;;, we first note the following decompositions,
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(M} =M Cf = Z(mf,)”"'l(c'%’i —¢f ), i€ {1, N},

)

J#i
(R —RE)CH: = S rk(ck, — k), i€ {1, Nw, ),
i
Dn+ICL o dn+1 L L . 1 N
[ f]l_ Z ij (Cf,i Cf,j)v Ze{ y e hl}-
J#i

So we can now write f; = > ., fij, where fi; are given by

(29) fig = (mE) N ER s = éf ) + (5T b ek — ef ).

The time derivative approximation C’J% = {c?l} , is calculated as in [IT}41], as follows,

(30) Mn+1cL [KnJrl + Sn+1 RL]CJ% +/€dMZJHCZH _|_Qn+1’

or the less computationally demanding

(31) M} TICF = K™+ 8" — RYCF + koM O + Q7

We should note that the convection operator K™*1! is calculated on the new mesh QZH, with the velocity

n+1

v"t3 — w2 at "2, because of the jump at "1 of the mesh velocity w;(t) = %, t € [tr, L),
The reaction matrix R’ is also calculated on the new mesh QZ“, using the positive low order bulk solute
concentration C’f.

The wall solute concentration C*!, will be calculated using the following lumped system

w Lw™~w

At ~nt+ 1 n n
(32) My Ot = My, Cl+ SR (CF + CF) - AtkaMT L Ol

This calculation will guarantee that the final wall solute concentration is positive, provided At is small
enough.

The next subsection summarizes the above derivation into the steps that must be followed in the implemen-
tation.

4.3.1. Algorithm: An ALE-FCT-Patankar scheme.

Step 1: Compute wall and bulk solute concentration by a half step forward Euler scheme:

n+s ~n+3 A
]‘\/‘[Lj—ué Cw+é = zw w [Rn Cf deLw w]
”Jfl ”Jfl n n A n n n n

A
+ _deLw w w T _Qn
Step 2: Compute the low order bulk solute concentration CJ% at t"*! by a Crank-Nicholson
scheme:

~ nt+i _ntl 1
GmHICE = H'CY + Atk My 2 CuT 2 4 AtQ™ 3,
where,

(34) At

na L

G" =My - [L"+2 +8": —R} 77,
At n+l

H" = Lf+7[Ln+§ +8"F: — R},




NUMERICAL SCHEMES FOR REACTIVE TRANSPORT 15

Step 3: Compute final wall solute concentration at "' by a midpoint rule scheme:

n n n n At - n+j n ntg ~ntg
(35) Mot = My, C! + S R [C} + CF] — AthgM,*Cy 2.
Step 4: Compute the final bulk solute concentration by algebraic flux correction:

+1pmt1 +1~L 7
(36) M’LLf C;} _sz Cy +Atf.
4.3.2. Zalesak flux limiting strategy. The following is a Zalesak multidimensional flux limiting procedure
for moving mesh simulations. This algorithm first proposed in [62], studied in the finite element context in
[40,41], and extended to moving meshes in [I1], is applied to our correction step, which is step 4 above.
Step 0: Prelimiting step (Optional) If f;; has the same sign as cJLc’j _C%J' then f;; is antidiffusive in nature
and might flatten the solution profile instead of steepening it. We cancel such fluxes by checking if
fij(cf; — k) > 0 and if this is true, set f;; = 0.
Step 1: Compute sums of the positive and negative fluxes to each node. These represent the total positive
and negative contributions to node ¢ from neighboring nodes at the end of each time step:

P => max{0, fi;}, P =Y _ min{0, fi;}.
J#i J#i
Step 2: Compute the distance to the local extremum of the auxiliary solution C f . This is done by considering
the neighboring nodes to get
Q?h = maX{OvaX(C)%,j - C?,i)}a Q; = min{0, myin(#d - CJLW)}
VD JF ? ’

Step 3: Compute the nodal correction factors for net increment at node i. These are the ratios of the net
fluxes and the distance to the local extremum as follows:

Hyn+10+ (mHn+H1Q;
-j- — . 1 (mz) 1) - _ . 1 7 1 .
R; min { , 7Atpi - , R; min< 1, 7Atpi_

Step 4: Compute ay;
min{R;”,Rj_}, if fi; >0,
“ = { min{R;", R}, if fij <0,
This completes the derivation of the full linearized ALE-FCT scheme for solving the reactive transport
problem in moving domains.
We show next that the algorithm is both mass conservative, and positivity preserving.

4.3.3. Mass conservation of the ALE-FCT scheme. Mass conservation is one of the most essential features
of the algorithm. In the continuous case, we expect that, in the absence of fluxes across the boundary,

d / f d /
— c(x,t)de + — c?(x,t)do = 0.

For the fully discrete case at t = t", we have the mass for the bulk solute concentration given by » . (M7} fC’J’})i,
and for the wall solute concentration by >, (M}, C4);. This is the quantity that has to stay constant in
time only to be affected by flux across the boundary.

Theorem 4.1. The ALE-FCT scheme is conservative in the sense that the net change in the total mass is
only dependent on the flux across the boundary. Thus, we have

n n n n n n n n n+3 n n+3
2:{1\/&;516}Jrl - M7;Crl}i + Z{MLiruleH -Miz,CLli = Z{K+ H(CF+CP)Yi+ Atz Q; 7,

1 1
where KTFQ is the coefficient matriz of the flux across I‘Jr(t"*%), and Q;-HQ is the inlet flux on I‘,(t”Jr%).
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Proof. The difference between the total mass at t"*! and t" is computed as follows:

Y AMPFICHT - M CF Y+ Z{M’i#cﬁ“ -Mz,Cyti
— At n n41 n+41 n+i
- Z{Mn+1cf+mf M}, CT}i +Z{ +2(cf +CF) — AthgM 2 Cu 2+ Y AtQ]T?
At 1 1 n At n+i
:Z{T(Lmr§ +8"7 — +2)Cf + L,HL—(IJ"Jr2 +8m —R;)|CY

+ AthgMy, 7 Cu "7 + AtF — M7 C )i +Z{ R}72(C)+CF) = AtkaMLT2CLT7 )+ 3 AQ)T?
At n+ n+3 L n e n+3
=D A5 (L2 +8™)(CF + CF) + Atfhi+ D AtQ{.

%

Note that Y, fi = >, Z#i fijai; and fij = — fji, ij = ;. This implies that Y, fi = 0. Moreover,

+
>[smtEcy) ZZS" Yo = 20D s e — ) =0,
i i jFEL
n+%
ij
can be written as K"+3 = K’-LJr2 + K,

wnt

as s 2 = "+2 . Similarly, 37,(D"=C f)Z =0 as D is a diffusion operator. The remaining convection term

n+
2. where

[Kn+%],, = —(w; —v,) /
int 11 T J J
Qt

As a result

%

(37) SIKLEC) =Y e [ (S ver)escssio=o.
j 2

Therefore, we get

Z{Mn+1cn+l n }1 + Z{Mn+1cn+l zwcg}l _ Z{KZJF% (C‘]% + C}L)}l + Atz Q:lJr%
]

4.3.4. Positivity preservation. In this section we provide a rigorous analysis of the numerical scheme, and
derive a sufficient conditions for the scheme to be positivity preserving. This condition is written in terms
of a restriction on the time step At. First, we note that Zalesak’s limiter is designed to guarantee that
the flux-corrected solution is bounded by the local maxima and minima of the low order predictor. Hence,
positivity of the low-order scheme implies that of the full ALE-FCT scheme.

In order for positivity to be preserved in the low-order scheme, we need for G"*! to be an M-matriz and
for H" to have non-negative entries. Recall that an M-matrix is a monotone matrix with non-positive
off-diagonal entries. A sufficient condition for this is a matrix with positive diagonal entries, non-positive
off-diagonal entries and strict or irreducible diagonal dominance. The diagonal and off-diagonal entries for
these matrices are given, respectively, by
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At n+i n41 n+i At n n+i n44
Gt = (mf ) = T s T, HE = (mf )"+ S0 sl =,
Gl — _Iants gt and H = Lt g gntd
iy =gty 7 sy 7, i = Aty * sy,

Given a node i, we define S; = {j # i : G;}H # 0, or Hj; # 0}, which is the set of neighboring nodes
on the moving mesh. For G"*! to be an M-matrix, we need GZH > 0 and GZ-H < 0 for j € 5;. This is

satisfied automatically in this case, thanks to the artificial diffusion added to K" 2 to give L2, For H"
to have non-negative entries, we need At small enough. The following CFL type condition will suffice

2(m] )"
(38) At < min . (m; 1) -
ity nts nt3
T — by T T S

Additionally, we have a condition on At that guarantees positivity of the auxiliary wall concentration. It is
given by
2
At < —.
=%
The third constraint on At is due to the explicit initial update of the bulk fluid concentration in step 1. This
update is positivity-preserving under the CFL-like condition

2(m{ )"

n n’
ri =1 — s

(39) At < mln

which has the same structure as ([B8]), and is derived in the same way.

To derive a time step constraint for the calculation of the final wall concentration C"*!, we substitute the
product MnJrl/QC'fbqul/2 given by ([B3) into ([BH), and obtain

At

. LA
Mztz}ngJrl = zw ZLZ) + TRL+1/2[C;} + Cf] Atkd |: Lw w [Rn Cf deLw w]

(Atkq)? n o AL =ni10 n At - RHL/2
L= Atkg + ~—= | M}, Cl, + - [R] 2 _ AtkgR HCY + SR 2ct,

where Mp,, and Ry, are diagonal matrices. It follows that the calculation of C*1 is positivity-preserving
for time steps satisfying

(40) At<min{k1d+kd(A2t)2,kidmiin%}.
Since the values of r:.ZJr% depend on C}H%, so does the upper bound for At. If fl is replaced by R"H/Q in
the first equation of (B3], then ([B5) is equivalent to
MrHlentt = {1 — Atkg + M} M7, C"
+ A; [1— Atk R} T?Cr + Aztf{’g“/z’cf,

which preserves positivity under the simpler time step restriction

1
< —.
(41) Ab< -
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The final restriction on At is then given by

Y f\n
(42) At < min {i’ min 2(m;;) min 2(m;) } .

: n n n’o 1 1 1
no ke iorp =l =S e s n+i

Therefore, we conclude that the scheme is positivity preserving if ([@2]) is satisfied.

5. NUMERICAL RESULTS

In this section we present the numerical results for the ALE-FCT scheme. We will first validate the accuracy
of the scheme by considering some reactive transport problems in a fixed domain. The numerical results
from this scheme will be compared to existing effective models. We will then allow the computational mesh
to move, and we will study the extent to which the mesh movement affects our numerical solution. By
the geometric conservation law (GCL), the mesh movement should not result in a significant change in
the numerical solution [57]. The numerical tests will include irreversible wall reactions, linear adsorption-
desorption (Henry’s law), infinite adsorption, and nonlinear Langmuir adsorption. All of these will be studied
in a narrow fixed, semi-infinite channel that characterizes a reactor or a pore.

The second issue to be considered is the grid convergence of the numerical scheme. The numerical solution,
calculated on fixed meshes will be compared to a reference solution on a fixed fine mesh. In a moving mesh,
the moving mesh solution will be compared to a moving mesh solution on a fine mesh. The CFL number will
be kept constant with mesh refinement. In addition, we will also study the moving mesh error by comparing
the moving mesh solution on coarse meshes to the fixed mesh solution on a fine mesh. This study will be
done for linear adsorption-desorption, and nonlinear Langmuir adsorption.

Finally, we will simulate the reactive transport of a single solute species in a moving domain. We will
simulate both linear and nonlinear reactions. The linear reaction will be the Henry’s law. The nonlinear
reaction will be the Langmuir isotherm. The second case requires Patankar linearization. Our first point of
interest will be the positivity and mass conservation of the solution in both linear and nonlinear cases. We
will also compare the linear and nonlinear solution. The final part of the moving mesh simulation will be a
comparison of the wall solute concentration on fixed vs. moving walls.

5.1. Reactive transport in a fixed semi-infinite channel. We begin with a numerical study of the ALE-
FCT scheme for the advection-diffusion equation with wall reactions, in a fixed, two dimensional semi-infinite
channel. In [25,27,[60] and [26], effective models for such transport are rigorously derived via anisotropic
singular perturbation expansions. These effective models are known as Taylor-Aris models. The earliest
of such models was established in the classical work by Taylor [59], and generalized by Aris [3]. Using energy
estimates, the full 2D model equations were shown to converge to the effective models as ¢ = H/Lp — 0,
where H is the channel height, L is observation distance, and ¢ is the aspect ratio [25/271[60]. The numerical
results of our full simulation are compared with those of the effective one dimensional form of this model.

The full mathematical model for convection-diffusion in a fixed, semi-infinite channel is given in dimensional
form by

ac* ac*
(43) 5—; + Q(y*)a;* — D*Aye e =0, for, (a%,y",t*) € Ry x (—H, H) x (0,T%),
(44) — D*0yc* = Op¢ = kq (A(c*) —¢), for, |y*| = H, 2" e Ry, t* € (0,T7),

where ¢(y*) = Q*(1 — (y*/H)?) is the parabolic fluid velocity profile, @* is the characteristic velocity, and
D~ is the molecular diffusion. The Laplace operator is given by Ay« y« = Op=y+ 4 Oy=y~. Moreover, kg is the
desorption constant, and A is the reaction rate, which may be nonlinear. It should be noted that this is the
original problem (IJ) in a fixed domain, with the velocity profile given to be the Poiseuille profile. The bulk
solute concentration is denoted by ¢*, and the wall solute concentration by ¢.

The objective here is to simulate the reactive transport process in a fixed channel. Only the upper half of
the domain will be considered: © = (0,L) x (0, H), because the flow can be taken to be symmetric about
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—> Poiseuille profile +
—>

A

Lgr >

Figure 5. The schematics for a fixed narrow channel Ry X (—H, H), with wall reactions on I', and a Poiseuille
profile for fluid velocity.

the axis y* = 0. Now the wall reaction only occurs on y* = H. The length of the channel L, is taken to be
twice the observation distance Lg, that is, L = 2Lgr. To compute the numerical solution, we discretize the
domain €2, to get 2. The mesh €}, has na x ny uniform rectangles with logical triangulation. The mesh is
defined by Az* = L/nx, and Ay* = H/ny. The time step is given by A¢*.

O, W)

Figure 6. The fixed and moving meshes defined on a fixed domain. The moving mesh is defined by a virtual,
given vertical deformation function n(x, t). The fixed mesh is denoted by Q) = Qj,, and the moving mesh by Q, (t).

To show that the solution does not depend on the moving mesh, we perform our simulations on a fixed
domain with both fixed and moving meshes. A comparison between the two solutions provides information
about the influence of the mesh motion on the solution accuracy.

For the moving meshes, the problem will be solved using the ALE-FCT scheme. Using the discrete ALE
map, we will define the moving mesh (), as a deformation of a fixed reference mesh €. In this case, the
fixed reference mesh 2y, is given by Q.
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The deformation of the reference mesh will be defined by the vertical deformation of the upper wall y* = H.
The top wall in the reference mesh is moved vertically by the function

(45) n(z*,t*) = a - cos(2mx™) sin(27t™),

where the amplitude a of the wall deformation is a fraction of Ay*. As a result, we get an auxiliary time
dependent domain Q(¢*) for t* > 0 as follows

(46) Qt*) == {x* € R? : z* € (0,L), y* € (0, H + n(z*,t*))}.

The discrete counterpart of this domain Qh(t*) is an nz X ny mesh that has moving nodes defined by

T3;(t) = iAx* and gj;(t) = j - %ﬁrﬂ The result is a moving mesh Q(¢*), defined on the fixed

domain, with the nodes given by

i (t") = 25(t7) =i-Az”, i =0,...,nx, j=0,..,ny
* (t*) _ yij(t*)v .7 — 0, e NY — 1,
le - H, ]:ny

This is achieved by taking the interior nodes of Q(t*), and superimposing them on €. The interior nodes
are guaranteed to stay within 2, since the vertical movement is strictly less that Ay*.

(47)

5.1.1. Irreversible wall reaction in a fized semi-infinite channel. We consider the reactive transport problem
with irreversible reaction on the wall with highly dominant convection. In this case kgA(c*) = k*c*, and
kq = k*/ K., where K, is the equilibrium reaction rate. The wall reaction condition ([@4) is thus written as

(48) — D*9y¢* = 8 = k*c¢* — k*¢/K.,
for y* = H, 2* € (0,L), and t* € (0,T*).

First, we present the effective model for the flow in the semi-infinite channel with the condition given by
([@8). We introduce the following characteristic variables for non-dimensionalization of our problem: Lp as
above, is the characteristic length, chosen to be the observation distance; Qg is the characteristic velocity;
Dg, is the characteristic diffusivity; and T'r is the characteristic time for the whole process. T and T}, are
the transversal and longitudinal timescales, respectively, while Tpgr and T4 are characteristic desorption
and adsorption timescales, respectively. The other characteristic variables are given by the subscripted
counterparts of their respective dimensional variables. We present these variables as follows

CE:C_? m:x ) t:_; Q:Q, D = s T:—,
CR Lg R Qr Dgr Tr
y* k* ¢ K. log Pe
= — k = — € = — K = = -
YT kn' T en Ky’ “ log (1/¢)’

where Pe = Q*Lg/D* is the longitudinal Péclet number. Substituting these characteristic variables into
[@3)), we get the following full non-dimensional problem: Find (cf, %) satisfying

oc® 9, 0C® . 0%¢cf _,0%¢f
o TeU Vg 022 2
ca(x,y,O)zl , (z, )€R+ x (0,1)
_,0c° Ta Oct
—Deo 2 = 2 /K 't x (0, T
By Tpp ot TDE ( o/ K ) on T (0,7)

Oc®

8—y($,0,t) =0on (x,t) S R+ X (O,T),

where T'y = {(z,y) : x € R4, y = 1}. The y-average of the solution of this 2D problem can be well
approximated, for ¢ small, by the following 1D effective model, first derived in [60], and later rigorously
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justified in [26] for linear adsorption-desorption, and in [47] for irreversible kinetics (K. = 400):

Ty 2Q 2Qk Tr 8 Q2 2Qk TaATr
eff o —4 _eff fw o Zwhv 7L eff _ [ De® 4 X 2« eff — =™ eff
% <c TDECS ) ( 3 45D TDE) Oz ( c 945 D c Ouwe 45D K (TDE)Q Oucs’

k TT TL 2Q _ TA
1.k 9ctf — gLl ( ety 2-ag, off _ i )
( 3D TDE) s Ta <C AT A

This is defined for (z,t) € (0,00) x (0,T). In dimensional form, the effective model can be written as: Find
(¢*,¢) in (z*,t") € Ry x (0,T) satistying

C 2Q* 2Q*D 8 2Q*D
Oy (c* + %) + ( Q + M)ﬁz*c* — D* (1 + —PeQT) OprgrC’ = @ Day O+,

3 45 945 45K,
(49) 1 2HP C
. er ¢
1+-D e=h (e ot — =
(+3 aT>8tc k<c+ 15 Og+C e),
where Per = 2 is the transversal Péclet number, and Dar = —kDH is the transversal Damkohler number.

D*
Note that we are using ¢*, and ¢ here for the effective concentration in (z*,t*) € Ry x (0,77).

In this section, we specifically study the irreversible wall reactions, i.e., K, = 400. Therefore, the effective
model for this problem is given by
(50)

Opc* + <

3 5 )%ty 3

H

20*  4Q*D k* D
R aT) ; (1- GT)C*_D*< 915

8
1+ —Pe?p) Og«z=c” =0, in (0,+00) x (0,T).

The effective model has an explicit solution, which is given by

o * o0 o0
(51) et ) =e Mt {1~ L ezgilh e"’an + e_"zdn
’ \/E z*42t%Qq /3 T*—2t%Qq/3 !
2/Dit* 2y/D1t*
where k1 = % (1 — DgT), Q1 =Q" (1 + 2[1)§T), and Dy = D* (1 + %Pe%). This represents an approxima-

tion of the cross sectional average of the 2D solution.

In the numerical experiment that follows, the 1D explicit solution (EIJ) is compared to the cross-sectional
average of a 2D solution obtained using the standard FEM, to the average of the 2D solution obtained using
the FEM-FCT on a fixed mesh, and to the average of the 2D solution obtained using the ALE-FCT on a
moving mesh. The initial and boundary data are given by ¢*|;+—¢ = 0, and ¢*|s+—¢ = 1, respectively. The
full simulation, with the characteristic time of 100 seconds, is performed with the data given in Table[I] The
reaction rate is given by k* = Q*/400.

Table 1. Parameter values for first order irreversible surface reaction(K. = co)

Parameters Values

Width of the slit: H 2.635 x 10~ m
Characteristic length: Lp 0.632 m
e=H/Lp 0.41693 x 103
Characteristic velocity: Q* 0.393 x 1072 m/s
Diffusion coefficient: D* 1.2 x 1078 m?/s
Longitudinal Péclet number: Pe = LrQ*/D* 2.0698 x 10°

a = log Pe/log (1/¢) 1.572789
Transversal Péclet number: Pepr = HQ*/D* 86.296

Transversal Damkohler number: Dar = l%*H/D* 0.2157

In this simulation we first consider a comparison between the effective 1D model, the standard FEM 2D
solution and the 2D FEM-FCT solution. This is done on a fixed mesh. The simulation is done first on a
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coarse mesh with Az* = L/100, Ay* = H/10 and At* = 0.01. We refine once to get the finer mesh with

(AT””*, AT'U*, ATt) The mesh Péclet numbers on the coarse and fine meshes are given by Pej = Ag*Q* =
2.0698 x 10% and Pej s = 22 Q% — 1.035 x 10, respectively, showing convection dominance. The results

for this are illustrated in Figure[ll The positions of the steep fronts obtained using both numerical schemes
(standard FEM and FEM-FCT) are in agreement with those of the 1D effective model. The average of the
2D solution from the standard FEM scheme performs very poorly compared to the average of the 2D solution
from the FEM-FCT scheme. There is a slight improvement to the average solution from the standard FEM
scheme when we refine once.

0.03

0.025 0.025

0.02 0.02

°
0.015 0.015

0.005
0.005

FEM-FCT

standard FEM ||

= = = Taylor-Aris 0
T

FEM-FCT

standard FEM

= = =Taylor-Aris H
T

L L L L L
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0 0.1 0.2 0.3 0.4 0.5 0.6 0.7

Figure 7. Irreversible wall reaction; fixed channel case and fixed mesh. Comparison be-
tween the cross-sectional average of a solution obtained using the standard FEM Galerkin scheme
(solid blue), the FEM-FCT scheme (solid red), and the effective 1D explicit solution of the Taylor-
Aris model (dashed line), at time ¢ = 100 seconds. Left figure shows the simulation on the coarse
mesh, the right figure shows the simulation on a fine mesh.

The next step is the moving mesh simulation. We take the parameters to be the same as in the fixed mesh
case. The mesh deformation is defined by the function (@3], with the amplitude taken to be a = Ay/30. The
simulation results are shown in Figure Bl Here we compare the 1D explicit solution of the effective model
to the averaged 2D numerical solutions from standard ALE-FEM scheme and the ALE-FCT scheme. The
ALE-FEM solution, as with its fixed mesh counterpart, performs poorly with oscillations in the vicinity of
the steep front. The ALE-FCT scheme, gives us well resolved fronts with no oscillations. Upon refinement,
the ALE-FEM solution improves, but is still worse than ALE-FCT, as there are small oscillations present.
The numerical solution in the moving mesh case also shows excellent agreement with the effective 1D model.
This means that the mesh deformation does not significantly affect the numerical solution.

In this section, we simulated transport with irreversible wall reactions. The FCT scheme performed very well
on both fixed and moving meshes compared to the standard FEM scheme. Also, the numerical solution was
in very good agreement with the explicit solution of the 1D effective Taylor-Aris model. We next consider
a slightly more diffusive case, involving reversible linear adsorption-desorption wall reactions.

5.1.2. Linear adsorption-desorption in a fixed semi-infinite channel. In this section we study the reactive
transport with linear adsorption-desorption on the wall of the fixed channel Ry x (—H, H). The transport
will be slight more diffusive than in the case of irreversible reactions in section [5.1.1l The computational
domain is Q = (0, L) x (0, H), as in section BTl with axial symmetry on y* = 0. On the wall of the channel
y* = £ H we have the linear adsorption-desorption described by

oc

o E*(c* —¢/K.),

(52) — D*Oy-c* =
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Figure 8. Irreversible wall reaction; fixed channel case and moving mesh. Comparison
between the cross-sectional average of a solution obtained using the standard ALE-FEM scheme
(solid red), the ALE-FCT scheme (solid blue), and the effective 1D explicit solution of the Taylor-
Aris model (dashed line), at time ¢ = 100 seconds. Left figure shows the simulation on the coarse
mesh, the right figure shows the simulation on a fine mesh. The mesh is moving with amplitude
a = Ay/30.

where /%",K8 < +o00.

In the numerical experiments that follow, we will compare the average of the numerical solution of the
full 2D problem given by [@3)) and (B2), to the solution of the 1D effective Taylor-Aris model ({@3). The
effective model ([@9), however, has no explicit solution when K, < oo, which is our case now. Therefore, we
will compare the averaged 2D numerical solution obtained using the FEM-FCT scheme to the 1D numerical
solution of the effective model, obtained using a finite difference scheme. Moreover, we will simulate transport
on moving meshes defined on the fixed domain to show that the implementation of the FEM-FCT scheme
for the adsorption-desorption problem is independent of the mesh motion.

A simulation with a characteristic time of 350 seconds is performed using the data in Table Pl In this case
the reaction parameters from scaling are given by k* = eQ* and K, = H. The simulation times of interest
are t* = 100,211 and 350 seconds. The inlet boundary condition for this problem is ¢*(0,¢*) = 1, and the
initial condition is ¢*(z*,0) = 0. The mesh parameters for the mesh are given by Az* = L/150, Ay* = H/30
and At* = 0.1, where L = 2Lp is the channel length. The mesh Péclet number is given by Pe; = 126.4.
The CFL number is given by CFL = Q*AAI = 0.035601, which is fairly small.

t

Table 2. Full linear wall adsorption-desorption parameters

Parameters Values
Width of the slit: H 0.5x 1072 m
Characteristic length: Lp 0.632 m

e= £ 0.7911 x 102

Characteristic velocity: Q*

Diffusion coefficient: D*

Longitudinal Péclet number: Pe = LrQ*/D*
a = log Pe/log (1/¢)

Transversal Péclet number: Per = HQ*/D*
Characteristic reaction velocity: k* = eQ*

Transversal Damkohler number: Dar = e(HQ*/D*)

0.3x 1072 m/s
0.2 x 1075 m?/s
9.48 x 103
1.670972

75

0.237 x 1074 m/s
0.5933
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The results for the fixed and moving mesh simulations are shown in Figure[@ There is very good agreement
between the 2D full model numerical result, and the 1D effective model result. The effective model is of
order 0(62(2_0‘)), and this corresponds to approximately 0.0414 asymptotic error. Corresponding to this, we
look at the point-wise error

H

* * * * 1 * * * * *
E(ZIZ ): Ceffective(m T )_ E 0 Cfull(x Y T )dy ’

*

between the effective model ¢} toc1spe, and the averaged full model c},,,. For the fixed mesh we have the
error within [—0.0273,0.0065], and for the moving mesh we have the error to be within [—0.0270,0.0052].
These values are less than the asymptotic error, or are of the same order as the asymptotic error. This
means that there is very good agreement between the 1D effective model, and the 2D numerical scheme for
both fixed and moving meshes.

1 1
0.9 \ Fixed mesh g 0.9 \ Moving mesh g
08~ \ b 0.8

0.7
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Figure 9. Linear adsorption-desorption; fixed channel, fixed (left) and moving (right)
meshes. Left: Comparison between the cross-sectional average of a solution obtained using the full
FCT scheme (solid line) and the effective Taylor-Aris model (dashed line) on a fixed mesh. Right:
Comparisons between the cross-sectional average of a solution obtained using the ALE-FCT scheme
(solid line) and the effective Taylor-Aris model (dashed line) on a moving mesh. The concentration
profiles are given at times ¢ = 100,211 and 350 seconds. The mesh deformation amplitude is
a = Ay/3.

5.1.3. Infinite adsorption in a fized semi-infinite channel. In this example we consider the steady flow of
dissolved solutes coupled with infinite adsorption rate on the walls of the semi-infinite channel Ry x (—H, H).
This is a unique problem that arises in reactive transport with strong sorption on the wall [25[[60]. In the
bulk fluid, the solute dynamics are described by equation ([@3]). However on the wall we need to note that
the adsorption rate is unbounded, that is k* = 4+00. This requires a slightly different formulation of the flux
equations on the active wall I';.. This equation is given by

*

)
(53) — D0y = Kea—;, only*| = H, z* € Ry, t* € [0,T"],

where K, is the equilibrium adsorption constant as in the previous examples [25].

The study here, as in the previous cases, is to show that the FCT scheme is designed correctly for different
reactive transport problems. So, we will consider the full 2D model discretized by the FEM-FCT on the
fixed mesh, and on the moving mesh, and compare the solutions against the solution obtained from the 1D
effective model, which we state next.
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To do this first recall the characteristic variables we have stated in section 5. 1.1l The only difference with

the problem in this sub-section is that we now have a new characteristic time scale. The time scales T4,

and Tpg are rendered invalid as k* = co. Therefore, we introduce T = ng which is a superficial chemical

reaction time scale[25)60]. Moreover, we choose Tg & Ty, & T¢. The result is the following non-dimensional
problem in the two dimensional fixed domain QF =R, x (0,1):

805 0 0cf L 0*¢f 0 20%ct L
+Q(1_y )% = De 922 + De 8y2 R in Q" x (O,T),
oc® oc®
a—2 _ +
— De 8y _K_at on X" x (0,T)

(z,y,0) =1, for QF

c®(0,y,t) =0, for (y,t) € (0,1) x (0,T)
oct
dy

(z,0,t) =0, for (z,t) € (0,400) x (0,T).

For the domain aspect ratio ¢ < 1, the following effective model, obtained through anisotropic singular
perturbation expansion was derived in [48][60]:

(152 ) G+ 325 - p B
L

ot "3 o Yo

8 @ a0, 4Q° Tc K(2+7KTC/TL)821 o)
945 D 135D T, (1+ KTc/TL)? '

where D =D + —

Here, K is the non-dimensional Damkohler number. In dimensional form, this model reads:
ock 2Q* Oc, 4 2  Dag(2+7Dag)7\ 0%c

54 1+D Ko 2% K:D(l —PQ[ D K

(54) (L4 Dar) e + =5~ G Tty (1+ Dax)? 1) a(x*)?’

where Dax = K./H is the transversal Damkohler number, and Per = Q*H/D* is the transversal Péclet
number. This effective model has an explicit solution obtained by the Laplace transform:

1 oo 2 z¥o +oo 2
c}(x*,t*)zl——{/ e dn—l—eT/ e " dn}

T P p— +ot*
(55) \/— 24/Bt* 2/Bt*

1 1{ . z — ot” e z + ot” }
= erfc erfc( ——— | |.
2Bt 2y/pt*
The qualitative analysis of this result is presented in [48], where the non-dimensional effective concentration

ck is compared to the full non-dimensional concentration ¢. We will use this result to verify our numerical
simulation of the full 2D, infinite wall adsorption problem in the next paragraph.

Our main interest is to compare the numerical results from the FCT scheme to those of the effective model
based on the data in Table More precisely, we compare the analytical solution to the average of the
2D solution (cj) = fo (z*, z,t*)dz. We run a long simulation which corresponds to physical time of
T* = 5755 seconds. Particular attentlon is given to the test times t* = 863,2877, and 5755 seconds. Note
that t* = 5755 seconds corresponds to the characteristic time for the whole transport process, corresponding
to the stipulated characteristic length. The computational domain Q = (0, L) x (0, H) has L = 10 meters.
The uniform mesh has Az* = L/800 and Ay* = H/40 meters, and the time step is At* = 0.125 seconds.
From this we see that the CFL number is v = Q*At/Ax = 3 x 1072, The mesh Péclet number in this case
is Pej, = £2% = 187.5.

We also investigate the effect of the mesh movement. The mesh movement is not expected to have a significant

effect on the numerical solution by the geometric conservation law. We thus compare the full 2D numerical

solution obtained using the ALE-FCT scheme, with amplitude for mesh deformation given by a = %.
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Table 3. Parameter values in the case of an infinite adsorption rate k* = 400 in a semi-infinite
channel with fixed meshes.

Parameters Values

Width of the slit: H 5x 1073 m
Characteristic length: Lp 0.8632 m
e=H/Lp 5.7924001 x 1073
Characteristic velocity: Q* 3x 1073 m/s
Molecular diffusion: D* 2 x 1077 mol/m?s
Longitudinal Péclet number: Pe = LrQ*/D* 1.2948 x 10°

a = log Pe/log (1/¢) 1.83815052

Transversal Péclet number: Pep = HQ*/D* 75
Transversal Damkohler number: Dag = K./H 1

The results for the fixed and moving mesh comparison to the analytical solution are given in Figure
Clearly, there is good agreement between the numerical and effective model solutions. The asymptotic error
of the effective model is of order O(e2(2~®)), as before, which amounts to approximately 0.1887 error, for
the data used in this simulation. This means that the pointwise error should be less than or equal to this
number. Indeed, if we sample 100 points at ¢ = 5755 seconds, we get that the maximum and minimum
pointwise errors are given respectively by 0.055886 and —0.020591 for the moving mesh case, and for the
fixed mesh case they are given by 0.0481 and —0.0319. The upper bound is less than 0.056 for the moving
mesh, and 0.05 for the fixed mesh, clearly well below the asymptotic error.
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= = = eff 5755
I I T T
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Figure 10. Infinite adsorption; fixed channel, fixed (left) and moving (right) meshes.
Left: Comparison between the cross-sectional average of a solution obtained using the full FCT
scheme (solid line) and the effective Taylor-Aris model (dashed line) on a fixed mesh. Right:
Comparisons between the cross-sectional average of a solution obtained using the ALE-FCT scheme
(solid line) and the effective Taylor-Aris model (dashed line) on a moving mesh. The concentration
profiles are given at times t = 863, 2877 and 5755 seconds. The mesh deformation amplitude is
a = Ay/3.

5.1.4. Nonlinear adsorption in a fived semi-infinite channel. In this example the adsorption isotherm under
study is a nonlinear function A, as shown in equation ([@4]). This means that we have the following boundary
condition on the adsorbing wall:

—D*0yc" = O = kq(A(c") —¢), for, |y*| = H, ¥ € Ry, t* € (0,T7).
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For this experiment, we choose the Langmuir isotherm, which is common in various solute transport problems

such as chromatography and groundwater contaminant transport [35]. This isotherm is given by

k*C*

Alc®) = —1——.
(e*) 14 k3¢

In the Langmuir isotherm, we have the desorption rate given by k3 = ki = K., where K. is as in the previous

sections.

To state the effective model, derived in [60], we consider the following characteristic variables: the desorption
rate is given by k1 = kJ/k1 g, where k1 is the characteristic size of the desorption rate; the second parameter
k3 similarly has ke = k3 /kop as its non-dimensional counterpart. The remaining mass transfer parameters
are treated as in the linear adsorption-desorption case, studied in sections .11l and In addition to
what has been considered, we introduce the timescale Ty = cRéli = which is the characteristic adsorption
time, and Tyeqct = H/k1gr, which is the superficial chemical reaction time scale for the nonlinear Langmuir
isotherm. Moreover, we will have that T, ~ T4 ~ %, and kq and ks are of order 1. The effective model for

transport in (0,00) x (—H, H) x (0,7*), derived in [60], is given by:
éN 0 QQ* PeT
. * =N R Sk 2 iy )
% (CN+ H) +6x*( 3 N g Al
8 o?ch 2k3 Per
::1)*(1 - p 2) N d
Yo )o@ T T4
Opén = A(cy + Perck) — kién, (z*,t%) € Ry x (0,T%),
2H 1
E}V = 4—5390*07\7 — gat*é]\], (x*,t*) S R+ X (O,T*),
ar=0 =1, cyltr=0 =0, ¢[t»=0 = 0.

8z*éNa (x*at*) € R-F X (OaT*)a

N

We perform simulations with the data in Table @ and with the adsorption rate kgki = 0.190 x 10~* and
k3 = K. = H. We simulate this problem on the domain of length L = 2Lg, with Az* = L/150, Ay* = H/30
and At* =0.1.

Table 4. Data for nonlinear adsorption-desorption in a semi-infinite slit

Parameters Values

Width H 5x 10~ 3m
Characteristic length Lp 0.632m
e=H/Lg 7.9113 x 1073
Characteristic velocity Q* 3 x 107%m/s
Diffusion coefficient D* 2 x 107 "m?/s
Longitudinal Péclet number Pe = LrQ*/D* 9.48 x 103

a =log (Pe)/log (1/¢) 1.8921440

Transversal Péclet number Per = HQ*/D* 75

The results for this simulation are given in Figure [[I1 For both the FCT scheme and the ALE-FCT (with
moving meshes), we have good agreement between the full 2D numerical solution and the 1D effective
model. The pointwise error at the end of the simulation (T* = 100 seconds) falls within the interval
[6.4172 x 10717,0.0386] for the fixed mesh, and in [-5 x 107°,0.0384] for the moving mesh, which indicates
excellent agreement.

5.2. Grid convergence for fixed and moving meshes. In this section we study the grid convergence
of the solution for both fixed and moving meshes. This will be done by comparing the difference between
solutions defined on coarse meshes, and the solution defined on a fine mesh, called the reference solution.
Moreover, we will also consider the mesh movement error. The examples we consider are the irreversible
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Figure 11. Nonlinear Langmuir adsorption; fixed channel, fixed mesh (left) and moving
mesh (right). Left: Comparison between the cross-sectional average of a solution obtained using
the full FCT scheme (solid line) and the effective Taylor-Aris model (dashed line) on a fixed mesh.
Right: Comparisons between the cross-sectional average of a solution obtained using the ALE-
FCT scheme (solid line) and the effectiveTaylor-Aris model (dahed line) on a moving mesh. The
concentration profiles are given at times ¢ = 50 and 100 seconds. The mesh deformation amplitude
is a = Ay/9.

transport problem, and the reversible transport problem. We compare the numerical solution to the reference
solution utilizing error expressions given as follows

(56) Ei(h) = Y milei = crep(@i yi)| = llen — ¢ 1o,

2
\/Z mile; = crep(2i,4i) 2 = llen — ¢ 2.
%

(57) Es(h)

These formulae for error computation will be applied to a sequence of nested grids. FE;(h) will denote the
error on the coarser mesh, and E;(h/2) is the error on the refined mesh. The order of convergence p is given
by
Es(h) }
= lo — .
b [Ez(h/2)

The relative error is defined as

Ey(h) llen — ¢ 1
58 Er(h ~ ,
(58) 0= S e @n gl e T
(59) Ey(h) = Ea(h) o len e le

\/Eimi|cref(xiayi)|2 ||c'refHL2

We consider the linear adsorption-desorption reaction, and nonlinear Langmuir transport. The
reference solution is the standard Galerkin solution calculated at the finest mesh.

5.2.1. Linear adsorption-desorption reactive transport. We consider the adsorption-desorption problem as
computed in section (.T.21 As in the reversible case, the coarsest mesh has Ax = L/200, Ay = H/10 and
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At = 0.01. We refine by halving mesh sizes, and the finest mesh is attained at (%, %, %). Table [l shows
the results obtained for the fixed mesh, while Table [6] shows the results for the moving mesh.

At | Az Es(h) Ei(n) B3 (h) (%) | ETT(h)(%) | llen — ¢l
0.0 | L/200 0.0013 43709 x 1077 | 4.7162 4.6851 0.0950
0.005 | L/400 || 6.8863 x 10~* | 2.2475 x 1075 |  2.5200 2.4090 0.0508

0.0025 | L/800 || 3.5237 x 10~* | 1.12902 x 1075 | 1.2895 1.2104 0.0261

Table 5. Space and time grid convergence for adsorption-desorption at constant CFL number for the FCT fixed
mesh scheme at ¢ = 50 seconds, the end of the simulation

At | Az B () Ei(h) B W) [ B (W) (%) [ llen — ¢ o=
0.01 | L/200 0.0027 8.9016 x 10~° | 11.5122 11.9333 0.1563
0.005 | L/400 0.0012 3.8037 x 107° | 4.9846 5.0992 0.1074

0.0025 | L/800 || 4.8922 x 10~* | 1.5825 x 1075 | 2.0930 2.1215 0.0682

Table 6. Space and time grid convergence for adsorption-desorption at constant CFL number for the ALE-FCT
moving mesh scheme at ¢ = 50 seconds, the end of the simulation

Let p; = log, (Es(Ax)/E2(Ax/2)), and let po = log, (Fa(Ax/2)/Es(Ax/4)) denote the orders of accuracy
on the coarser and finer meshes respectively. Then, effective order of accuracy for the FCT scheme is given
by p1 = 0.9178 on the coarser meshes, and py = 0.9656 on the finer meshes. The effective order of accuracy
for the ALE-FCT scheme is given by p; = 1.1699 on the coarser meshes, and ps = 1.2945, on the finer
meshes. Moreover, Table [7] shows the L? errors between the moving mesh solution and the reference fixed
mesh solution on the finest mesh.

Ao [ o [Tt ) [ Tospe Sl
0.01 | L/200 11.5662 11.9923
0.005 | L/400 5.0353 5.1567
0.0025 | L/800 2.1430 2.1786
Table 7. At t = 50 seconds, the moving mesh error W#W values for space and time grid conver-

gence with constant CFL number

5.2.2. Nonlinear Langmuir adsorption reactive transport. We consider the nonlinear Langmuir adsorption
problem as computed in section B.1.4l The data used in this case is similar to the linear reversible problem
with kgk; = 0.190 x 10~* and kj = K, = H. The coarsest mesh has Az = L/50, Ay = H/10 and At = 0.01.

We refine by halving mesh sizes and the finest mesh is attained at (%, %, % . Table 8 shows the results

obtained for the fixed mesh, while Table [0 shows the results for the moving mesh.

At | Az E(h) Ei(h) B3 (h) (%) | ETT(h)(%) | llen — Tl
0.05 | L/50 0.0012 55056 x 1075 | 3.2915 3.1096 0.0437
0.025 | L/100 || 6.0652 x 10~* | 2.6985 x 107° |  1.6233 1.5241 0.0289

0.0175 | L/200 || 2.6450 x 10~* | 1.1829 x 10~ |  0.7079 0.6681 0.0127

Table 8. Space and time grid convergence for nonlinear adsorption at constant CFL number for the FCT fixed
mesh scheme at ¢t = 100 seconds, the end of the simulation

Let p1, and let p2 denote the orders of accuracy on the coarser and finer meshes respectively as in the previous
section. Then, effective order of accuracy for the FCT scheme is given by p; = 0.9844 on the coarser meshes,
and py = 0.9542 on the finer meshes. The effective order of accuracy for the ALE-FCT scheme is given by
p1 = 1.1973 on the coarser meshes, and p, = 1.0388, on the finer meshes. Moreover, Table [[0] shows the L?
errors between the moving mesh solution and the reference fixed mesh solution on the finest mesh.
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At | Az E(h) Ei(n) B3 (h) (%) | ETT(h)(%) | llen — " [[=
0.05 | L/50 0.0031 37288 x 10~ %[  3.1029 2.9489 0.0587
0.025 | L/100 0.0016 1.9812 x 107 | 1.6015 1.5668 0.0422

0.0175 | L/200 || 7.7879 x 10~* | 9.6313 x 10~° |  0.7877 0.7617 0.0276

Table 9. Space and time grid convergence for nonlinear adsorption at constant CFL number for the ALE-FCT
moving mesh scheme at ¢ = 100 seconds, the end of the simulation

Ax At ||Cmoﬁtc'r;zze(cif|'|1[12€d”L2 (%) Hcmoﬁlcr;imjff,zfdnm (%)
0.05 L/50 3.0990 2.7836
0.025 | L/100 1.8861 1.7680
0.0175 | L/200 1.6435 1.4481
llemoving —CcfizedllL*

Table 10. At ¢ = 100 seconds, the moving mesh error values for space and time grid

lefizedllr*
convergence with constant CFL number

5.3. Linear and nonlinear reactive transport in moving domains. We consider reactive transport in
a micro-channel which is compliant and defined by Q(t) = (0, L) x (0, H +n(x,t)), where H = 0.15 mm, and
L > 0 large. The boundary deformation is defined by the following top boundary function

n(z,t) = acos (2rx) sin (27t), with, a = H/20.

We study targeted adsorption-desorption on the moving micro-channel wall in which a catalyst material on
the wall draws solute molecules to it by a heterogeneous chemical process at the upper part of the domain.
The heterogeneous process is either the linear Henry’s law, or the nonlinear non-equilibrium Langmuir
isotherm. For this process, one component solute species are modelled using the convection-diffusion equation
defined on the moving domain €2(t), as given by equation (). The flow of the fluid is described by the
numerical solution to the Navier-Stokes equation in moving domains, previously calculated using a solver
developed in [33]. See problem (2).

For an initial condition of the bulk solute, we consider a tracer slug in the fluid. This slug, resembling a
controlled injection of solute into the flow, is convected by the flow of the above viscous fluid of density
p = 1072 g/mm3 and viscosity v = 1g/mm s. The calculations are performed with the no slip boundary
condition on the deforming top boundary ( v; = 0, and v2 = 9 ), and the no-slip condition at the fixed
bottom boundary (v = 0). The flow is driven by a pressure gradient p through the normal stress on = —pn.
The pressure gradient is approximately 250 g/mm? s2, resulting in longitudinal velocity ranging between
[—4.23 x 1073,1.45 x 107!, and the transversal velocity ranging between [0.0,0.777626] for a convection
dominated flow regime.

We will also consider the mass transfer actions under different values of the diffusion coefficient D in mm?/s.
We will consider the values D = 1.0 x 1072 and 1.0 x 1072. As part of the simulation, we will monitor how
increases in chemical diffusivity affects the targeted adsorption process.

The reaction rate constants for the heterogeneous process considered here are from experimental adsorption
of acetone from a water solution to a carbon adsorbent on the wall [58]. We also vary adsorption constants
to monitor the performance of the scheme in response to given values k, = 0.190,0.760 all in mm/s. We
keep the equilibrium adsorption-desorption rate the same at K, = 0.146, so the desorption constant also has
to change to give the values kg = 1.3014, 5.2055 also in mm/s.

The effects of chemistry on the transport process are effectively characterized by the values of the transversal
and longitudinal Damkdhler numbers Dar and Day,, respectively. The longitudinal Damkohler number is
given by Day, := £k the transversal Damkohler number is given by Dar = k,H/D. The mesh Damkohler

(v)

number is given by Dayj, = hk,/{(v), where (v) is the average velocity in the channel, or characteristic velocity
in the timescale of the chemical reaction. The effects of dispersion on the transport process are characterized
by the values of the Péclet number. The longitudinal Péclet number and transversal Péclet number are
defined respectively by Per, = (v)L/D and Per = H(v)/D.
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The data for convection dominated flow in a deformable microchannel is given in Table Il From the
data in Table Il we get that the longitudinal and transversal Péclet numbers are given respectively by
Pey = 311.1,3.11 x 103 and Per = 5.832, 58.32, corresponding to D = 1 x 1072, 1 x 10~3. The longitudinal
Damkéhler number has values Day, = 3.909, 15.6373 corresponding to k, = 0.190 and 0.760. The transversal
Damkéhler number is given by 2.850, when k, = 0.190, and the diffusion coefficient is given by D = 1 x 1072

L (mm) Length of reference domain 8
H (mm) Height of reference domain 0.15
T (s) Total time of simulation 10.0
AP (g/mm?s?) Pressure drop 250
(v) (mm/s) | Average longitudinal velocity | 3.888 x 1071
At, Az, Ay Mesh dimensions 0.005

Table 11. The parameters with step sizes on the reference mesh. The x direction is kept the same, while the
mesh nodes move vertically due to wall movements, and the velocity is v = (v1, v2).

5.3.1. Mass conservation in the moving domain. Let My (t) = fOL OHJrn(Lt) ci(x,y,t)dydx and M, (t) =

fOL ¢y (x,t)dz to be the bulk solute mass and wall solute mass respectively. The sum M (t) = My (t) + M, (t)
is the total mass of the chemical species involved in the process. We plot the results for both linear and
nonlinear isotherm simulation in Figure The variation of the adsorption rate k, and the variation of the
diffusivity of the solute D do not affect the total mass, showing the resilience of the scheme. Indeed for all
the different cases, M (t) does not change in a short 10 second simulation where we do not have the species
reaching the end of the computational domain.

5.3.2. OQutlet solution average in the moving domain. The next test is the study of concentration values the
end of the deformable channel. In chromatography models, this corresponds to the detector position where
solute peaks show separation when many species are involved [35]. In this case we have only one species
in a narrow column affected by the flow of the fluid carrying the species under study. For both linear and
nonlinear isotherms we observe the profile typical to those observed in elution experiments and models.
The first two plots in Figure [[3] correspond to D = 1 x 10~2 show very little difference for both linear and
nonlinear isotherms even with great variation in k, which is 0.190 on the left and 0.760 on the right. Increase
in the diffusion coefficient to D = 1 x 1072 results in large solute quantities reaching the compliant wall
which is shown in the last two plots of Figure[I3l The difference between the linear and nonlinear cases here
show the need to choose carefully which isotherm to use with increase in species concentration.

5.3.3. Wall solute concentration in the moving domain. It is also essential to carefully consider the wall solute
concentration values for positivity and response to varying parameters such as diffusion and reaction. Figure
[[4 shows the wall solute concentration ¢}’ at varying times in the simulation. The linear and nonlinear cases
show significant differences on how much chemical is adsorbed. The difference between the linear isotherm
and nonlinear isotherm is magnified with increase in diffusion coefficient D from 1 x 1072 to 1 x 10~2. Notice
that the wall solute concentration is consistently non-negative for all the values of D and k, considered.

5.3.4. Full 2D moving domain profiles. The next study considers full 2-dimensional snapshots of the simu-
lation at different times for a simulation of 5 seconds for both linear and nonlinear problems. We show the
full bulk fluid concentration ¢/ profiles where D = 1 x 1072 and k, = 0.190. The linear problem solution
is shown in Figure [[5] and the nonlinear problem solution in Figure The snapshots are taken at times
t = 0,0.6,1.1,1.6 seconds. In these snapshots, the solution maintains the property of non-negativity, and
the solution is always below 1.The color scheme has been set to range from 0 to 0.1 to capture more vividly
the concentration profile at later times where much dispersion has occurred. While the linear and nonlin-
ear cases show similar concentration profiles within the fluid, it will be shown in the next section that the
concentration at the wall is significantly influenced by the type of isotherm (linear v.s. nonlinear) chosen to
model the wall adsorption.
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Figure 12. The total mass M(t) = My (t) + M, (t) for the linear and nonlinear isotherms. The first two figures
are for diffusion coefficient D = 1 x 10™% and reaction rate k, = 0.190 for linear (left) and nonlinear (right)
isotherms. For the middle two figures (left and right) we have the same diffusivity, but the reaction rate is given
by kq = 0.760. The last two figures are for the same reactions rates, but with D = 1 x 102, Notice that in this
case we have at a point in time more mass on the wall than in the bulk fluid. The total mass is conserved in all
cases.

5.3.5. Fized vs moving wall adsorption. We now consider a comparison of the wall solute concentration
¢*(z,t) between a fixed and a moving channel wall. We compare ¢ on ¥ = {(x,y) | z € (0,L), y = H}, to
c® on X(t). In a controlled separation of various solutes, it is often essential to change the physical apparatus
to enhance the separation. In this case, it is of interest to see if a controlled movement of the adsorbing
wall can enhance uptake of the solute on the wall. In this process, the quantity ¢/ is converted to ¢* by the
flux equation (). This is also relevant in medical applications, for example, in adsorption of nano-particles
carrying cancer drugs by the vasculature. One of the open questions is whether enhanced adsorption of
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Figure 13. The chromatogram for the single solute species at the outlet. In time progression we observe the peak
for the solute. The first two figures are for diffusion coefficient D = 1 x 10~2 and reaction rates k, = 0.190 and
ka = 0.760. The last two figures are for the same reactions rates with D = 1 x 10~ 2. The difference in the second
row of pictures show the nonlinear isotherm sensitivity when high concentration quickly reaches the adsorbing wall.

cancer drugs can be achieved by exciting the cancerous tissue with ultrasound. Our results presented in this

section show that this is, indeed, the case.

We simulate reactive transport for ¢ = 5 seconds, with diffusion coefficient D = 1 x 1073, and adsorption
rate ko, = 0.3812. We start with ¢*(z,0) = 0, for all = € (0, L). In both the linear and nonlinear cases, the
moving wall case shows enhanced adsorption to the solid wall from the bulk fluid. The snapshots of this are
shown in Figures [[7 and [[8 We also observe that the adsorption occurs when the dissolved solutes reach
the wall by dispersion. Figure [I9 shows a comparison between the fixed and moving wall simulations with
nonlinear Langmuir isotherm. The left panels correspond to the fixed channel case, while the right panels
correspond to the channel with the moving top wall. A significant increase in wall adsorption due to the

motion of the channel wall can be observed.

6. CONCLUSION

In this paper we considered a model for reactive solute transport in deformable media undergoing general
non-equilibrium adsorption-desorption processes on the moving solid surface. We developed a novel Patankar-
based linearization technique, which ensures mass-conservative time discretization. Furthermore, the classical
FCT scheme was extended to the ALE-FCT scheme for reactive transport models in moving domains. The
scheme was shown to be mass conservative and positivity preserving. The positivity was ensured under a

CFL type constrain on At.

Several numerical experiments were presented. First, problems on fixed domains were considered for linear
adsorption-desorption, irreversible reactions, infinite adsorption and nonlinear Langmuir kinetics. To verify
the correct implementation of the scheme for the moving domain case, both fixed and moving meshes were
considered first on the fixed domain, and the solutions on both the fixed and moving meshes were shown to be
in good agreement. In all the cases our (averaged) 2D solutions were compared with the known 1D solutions
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Figure 14. The linear Henry’s law and nonlinear Langmuir wall concentration ¢,, at varying times. The first two
figures are for diffusion D = 1 x 10~ and the bottom two figures for the diffusion D = 1 x 10~ 2. In the first two
there is not much difference in the amount of solute adsorbed on the wall. In the second case with high diffusion,
the difference in enhanced by the amount of solute reaching the wall.

of the corresponding reduced models, showing excellent comparison. Our scheme showed to perform better
than the standard FEM scheme on both fixed and moving meshes, producing no oscillations around steep
concentration fronts, which were visible with a standard FEM scheme. Finally, we considered the nonlinear
Langmuir adsorption and tested our scheme based on Patankar linearization. Again, the numerical results
obtained using the FCT scheme were in excellent agreement with those from established effective models on
fixed domains.

We studied next the grid convergence of the numerical solution to a reference solution on a fine mesh. We
observed that the FEM-FCT scheme and the ALE-FCT scheme were both first order accurate when we
refined the mesh in both space and time (keeping the CFL number constant). This shows the expected 1-st
order behavior of FCT schemes. We also studied the error resulting from mesh motion. We saw that for
both linear adsorption, and for nonlinear Langmuir adsorption, the L? relative error decreased with mesh
refinement to only 2% after second halving of the mesh size.

The last study concerned deformable channels with thin elastic, chemically active walls. For both linear
and nonlinear adsorption, the ALE-FCT scheme was mass conservative, and positivity preserving. Next we
compared the influence of linear and nonlinear isotherms. We observed that when very small amounts of
the solute reach the wall, the linear and nonlinear isotherms behave in the same way, as expected. If we
increase diffusion, there is big difference in the wall concentration between the linear and nonlinear isotherm
cases. Lastly, we compared the wall adsorption between a fixed and moving compliant channel. We observed
that the moving channel wall enhances the solute uptake as the wall solute concentration was shown to be
larger on the moving wall than on the fixed wall throughout the simulation. This is an important piece of
information relevant for many applications, including cancer drug delivery using nano particles. Our results
indicate that periodic excitation of the cancerous tissue using e.g., ultrasound, would enhance drug uptake
by the vascular walls into the cancerous tissue, paving a way for new methodologies in cancer drug delivery.
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Figure 15. Advection-diffusion of a solute (Taylor dispersion regime) with linear adsorption-desorption at the
top wall of a channel of length 2, at 4 different times. The initial condition is shown by the first figure. The top
wall of the channel is moving in a sinusoidal fashion. The values of concentration are between 0 and 1. The legend
shows compressed colors around red for concentration values between 0.1 and 1.
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Figure 16. Advection-diffusion of a solute (Taylor dispersion regime) with nonlinear adsorption at the top wall
of a channel of length 2, at 4 different times. The initial condition is shown by the first figure. The top wall of
the channel is moving in a sinusoidal fashion. The values of concentration are between 0 and 1.The legend shows
compressed colors around red for concentration values between 0.1 and 1.
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Figure 17. The comparison between fixed and moving channel simulation for transport characterised by
the linear Henry’s law. These are ¢, versus x snapshots for the fixed and moving domain at times ¢t =
0.7,1.2,2.2,3.2,3.7,4.7, 5.0 seconds.

cmoving ()
w 9

- - - Cfimed(x)

o 02 o0a 08 08 1 12 1a 18 1a 2 o 02 o0a 08 08 1 12 1a 18 1a 2 o 02 o0a 08 08 1 12 1a 18 1a 2

x10° x10° x10°

Figure 18. The comparison between fixed and moving channel simulation for transport characterised by the
nonlinear Langmuir isotherm. These are c¢,, versus x snapshots for the fixed and moving domain at times t =
0.7,1.2,2.2,3.2,4.7, 5.0 seconds.
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Figure 19. Comparison between the fixed wall (left) and moving wall (right) simulations at ¢ = 1.2 seconds for
nonlinear Langmuir adsorption. The top figures show the plots of ¢ versus x, and the bottom figures show the
full ¢/ profile in Q (left), and Q(t) (right).
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