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Abstract. A polydisperse suspension is a mixture of a number N of species of small solid
particles, which may differ in size or density, dispersed in viscous fluid. The sedimentation of such a
mixture gives rise to the segregation of species and flow of the mixture due to density fluctuations. In
two space dimensions, and for equal-density particles, this process can be described by a hyperbolic
system of N nonlinear conservation laws for the particle volume fractions coupled with a version of the
Stokes system for the volume-averaged flow field of the mixture. A second-order numerical scheme for
this transport-flow model is formulated by combining a finite-difference approximation of the Stokes
system with a finite volume (FV) scheme for the transport equations, both defined on a Cartesian grid
on a rectangular domain. The FV scheme is based on a central weighted essentially non-oscillatory
(CWENO) reconstruction [M. J. CASTRO AND M. SEMPLICE, Int. J. Numer. Methods Fluids, 89
(2019), pp. 304-325] applied to the first-order local Lax-Friedrichs (LLF) numerical flux. By the
application of scaling limiters to the CWENO reconstruction polynomials (following [X. ZHANG AND
C.-W. SHu, J. Comput. Phys., 229 (2010), pp. 3091-3120]) and utilizing that the Stokes solver
generates a discretely divergence-free (DDF) velocity field, one can prove that the FV scheme has
the invariant region preserving (IRP) property, i.e., the volume fractions are nonnegative and sum
up at most to a set maximum value. Numerical examples illustrate the model and the scheme.

Key words. Coupled transport-flow problem, system of conservation laws, Stokes system, sedi-
mentation, CWENO reconstruction, discretely divergence-free velocity, invariant region preservation.

MSC codes. 76T20, 65M06

1. Introduction.

1.1. Scope. We are interested in high-order finite volume schemes for coupled

transport-flow models of the following form, where ® := (¢1,...,0n)T:

(1.1a) Qi+ V- (g + fil®)k) =0,  fi(®) =dw(®), I=1,...,N;
(1.1b) V- (u(@)e(@) +Vp=g(6), ) = 5(Va+(Va)"),
(1.1c) V.q=0,

where ¢ == ¢1 + -+ + ¢n, posed on a rectangular domain Q = (x4, zp) X (Ya, ys) for
t > 0, along with the initial and boundary conditions

(1.2) ®(x,0) = Do(x) for all € Q, where By = (¢1,0,...,0n0)",
(1.3) g=0 and (fi(®P)k)-n=0, [=1,...,N, on 99,
(1.4) / p(x,t)de =0 for all t > 0.

Q
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The system (1.1) arises as a model of sedimentation of a polydisperse suspension of
N species of solid particles with diameters d; > --- > dy and densities py,...,pN
dispersed in a viscous fluid. Here ¢; is the sought volume fraction of species ! (having
diameter d; and density p;) as a function of spatial position  and time ¢. Other un-
knowns are the volume-averaged velocity of the mixture ¢ = g(x,t) and the pressure
p = p(x,t). The vector k is the downward-pointing unit vector, and vy (®), ..., vx(P)
are given velocity functions that describe segregation, that is, the local movement of
particle species [ with respect to the mixture. A common choice of these functions or
equivalently, of the flux vector f(®) = (f1(®),..., fn(®))T, is the Masliyah-Lockett-
Bassoon (MLB) model of polydisperse sedimentation [26,27]. Furthermore, we assume
that the viscosity pu = pu(¢) of the mixture is a function of the total solids fraction ¢,
and g(¢) is a term describing the density fluctuations of the mixture. (The model
ingredients will be stated precisely in Section 2.) Notice that the system of conser-
vation laws (1.1a) is a transport equation for the solid species and (1.1b), (1.1c) is
a version of the Stokes system describing the motion of the mixture. The transport
and the flow equations are strongly coupled since g arises as a transport velocity in
(1.1a), and at the same time, the functions p and g arising in (1.1b) depend on ¢.

It is the purpose of this contribution to introduce a numerical scheme for the
approximation of (1.1)—(1.4) that is second-order accurate in space and time, and
that has the so-called invariant region preservation (IRP) property, which means that
if the discretized initial datum ®q belongs to the set of physically relevant values

D= {(¢17"'7¢N)T€RN : (bl207~"7¢N20a¢::¢1+"'+¢Ng(bmax}v

then the discrete solution vectors ® take values in D at all times. The scheme is defined
on a Cartesian grid on  and is based on alternating between a finite-difference (FD)
discretization for (1.1b), (1.1c¢) and a finite volume (FV) scheme for (1.1a). The FV
scheme employs the first-order local Lax-Friedrichs (LLF) numerical flux combined
with a central weighted essentially non-oscillatory (CWENO) reconstruction [10]. The
IRP property is proven directly for the LLF scheme and remains valid for the CWENO
reconstruction through the application of scaling limiters (akin to those introduced
in [34,35]). The main novelty is the application of positivity-preserving and bound-
preserving high-order discretizations to a coupled transport-flow problem where the
transport part is a nonlinear system of conservation laws of arbitrary size. Moreover,
to the authors’ knowledge this is the first time the MLB model is directly used for a
two-dimensional simulation of polydisperse suspension flow and segregation.

1.2. Related work. Weighted essentially non-oscillatory (WENO) reconstruc-
tions (cf., e.g., [23, 24, 31]), including the particular CWENO procedure [10] used
herein, lead to schemes that sharply resolve discontinuities of solutions of systems of
conservation laws but in some cases produce unphysical solution values, such as neg-
ative densities. In fact, for the model (1.1) or its one-dimensional version (discussed
below), WENO-based reconstructions usually fail to preserve the invariant region D
(see [7,18] or Examples 2—4 in Section 5). This general shortcoming of FV schemes
with WENO-based reconstructions, as well as other high-order discretizations of con-
servation laws such as discontinuous Galerkin (DG) schemes, have led to the construc-
tion of so-called property-preserving numerical schemes for conservation laws (see [25]
for an overview). Specifically, the method proposed herein is based on the approach by
Zhang and Shu [34,35], who applied linear scaling limiters to WENO reconstruction
polynomials to ensure the IRP property in conjunction with Legendre Gauss-Lobatto
quadrature to express cell averages in terms of bound-preserving intermediate states
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(cf. [25, Remark 2.46].) These techniques were subsequently extended to compress-
ible flow problems including high-order DG schemes for compressible Euler equations
with source terms [36], high-order FV Hermite WENO schemes for compressible Euler
equations [9], high-order DG schemes for compressible Navier-Stokes equations [34],
bound- and positivity preserving FV WENO schemes for a five-equation model of
two-medium flows [32], and arbitrary Lagrangian-Eulerian (ALE) FV schemes for
compressible two-medium flow equations with stiffened gas equation of state [33].

To prove conservation and IRP properties of the FV scheme for (1.1a), we need
to ensure that the discretized flow field q satisfies a certain discretely divergence-free
(DDF) property. This property is achieved by a marker-and-cell (MAC) arrangement
of unknowns and the particular FD approximation of the Stokes system (1.1b), (1.1c).
Thus, the respective discretizations of the transport and flow parts should be com-
patible in the sense of [15]. Approaches to handle the intricate relationship between
the DDF constraint and the IRP property include a new high-order FV method for
ideal magnetohydrodynamics equations [17] and positivity and maximum-principle-
preserving DG finite element schemes for coupled flow-transport problems [19].

The MLB model is based on the assumption [26,27] that the motion of one particle
of species i is driven by the density difference p;(®) = p; — p(®), where p(®) =
101+ -+ pndn + (1 —@)pr is the local density of the mixture, and pf is the density
of the fluid. For the derivation of the model from mass and linear momentum balances
and constitutive assumptions and its hyperbolicity analysis, we refer to [4,6,8,18]. For
this model the authors recently advanced WENO methods with an IRP property [1]
for the one-dimensional zero-flux initial-boundary value problem

(1.5) Hh®+ 0, f(®)=0, ze€(0,L), t>0,
(1.6) @(x,t=0)=P¢(x) €D, z€(0,L); flosmzo=0, flo=r. =0, t>0.

Other multispecies kinematic flow models that in one space dimension give rise to sys-
tems similar to (1.5), and which can be handled by similar WENO methods with IRP
property, include multiclass vehicular traffic [1,3,18] and the separation of liquid-liquid
dispersions [30]. On the other hand, two well-known phenomena of sedimentation re-
quire description in two space dimensions, and are captured by (1.1)—(1.4). One of
them is the so-called “Boycott effect” [5] that refers to the increase of settling rates in
a cylinder that is inclined compared with a vertical orientation. The phenomenon is
associated with a rapidly upwards-streaming layer of clear liquid beneath an inclined
wall. The other one, the so-called “Diehl test” [16], originally devised for identifying
the flux function of a scalar conservation law modelling sedimentation, involves an
initial condition where suspension is initially located above clear liquid.

1.3. Outline of the paper. The remainder of this work is organized as follows.
In section 2 we state preliminaries, starting in section 2.1 with the assumptions on the
functions f;(®) = ¢;v;(P) that allow us to prove the IRP property. In section 2.2 we
show that the velocity functions v;(®) of the MLB model and equal-density particles
satisfy these assumptions. In section 3 we describe the scheme to numerically solve
the transport-flow problem (1.1)—(1.3), starting with the (simple) discretization of €2
by a Cartesian grid. In section 3.1 we discretize the Stokes system (1.1b), (1.1c) by
second-order accurate finite differences that yield a linear system with a symmetric
and positive definite matrix block, as we prove in section 3.2. (Achieving a higher
order of accuracy while maintaining symmetry is not possible with finite differences,
due to boundary conditions.) Furthermore we demonstrate that this system for g
and p (for given @) is uniquely solvable. Next, in section 3.3, we outline the first-
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order F'V scheme for the solution of (1.1a) over one time step assuming that g is given
(by the method of section 3.2). This FV scheme is based on the LLF numerical flux,
and we prove that it satisfies the IRP property under a suitable Courant-Friedrichs-
Lewy (CFL) condition. Section 4 is devoted to the CWENO reconstruction (based
on the one proposed in [10]) of concentration vectors ® on the Cartesian grid. We
limit ourselves to third-order reconstruction, which is described in section 4.1. The
reconstructions define polynomial traces of ® along the boundaries of each cell. The
numerical fluxes across the cell boundaries depend on integrals of the reconstructions
along the corresponding boundary. These integrals are approximated by a suitable
Gauss quadrature rule that is introduced in section 4.2 along with another family
of Gauss-Lobatto quadrature rules. The construction (which involves the Gauss-
Lobatto quadrature) of scaling limiters for the high-order CWENO reconstructions
to ensure that these have the IRP property is detailed in section 4.3. In section 4.4 we
outline the high-order time integration and state the complete scheme for (1.1)—(1.4)
in algorithmic form. In section 5 four numerical examples are presented: an accuracy
test with IV = 2, two scenarios for N = 2 including the Boycott effect and the Diehl
test, and settling of N = 4 species. Some conclusions are collected in section 6.

2. Preliminaries.

2.1. Assumptions. We assume that there exist a piecewise differentiable func-
tion w = w(¢) which is differentiable in [0, ¢max] and parameters xy > Ko > -+ >
kn > 0 such that

v(®)T® = w(p)kT®, where v(®) = (vi(®),...,vn(®)T and & = (k1,...,kx)"T,

where w(¢) > 0 for all ¢ € [0, dmax], W(Pmax) = 0, and w'(¢) < w'(¢) if 0 < ¢ < ¢ <
®max- Note that this implies that w’(¢) < 0 for all ¢ € (0, pmax). Furthermore, we
assume that the system (1.5) is hyperbolic on D. Let A\ (®) > --- > Ay (®P) denote
the eigenvalues of the Jacobian matrix J(®) of f(®) at & € D. It is assumed there
exists a piecewise continuous function ¢ = 1(¢) such that 1 (¢)kT® < Ay (®) and
w'(¢) > P(¢) for all € D, that v1(P) > 0 for all & € D, and that there exists
a known upper bound My = Ms(®) such that My(®) > max{v;(P), A\1(P)} for all
® € D. Summarizing, we assume that

Myi(®) = ¢(¢)r"® < AN(®) < -+ < Ni(®)

2.1
1) < max{vy(P), A1 (P)} < My(P) forall ® € D.

2.2. The MLB model of polydisperse sedimentation. For particles of di-
ameters dy > -+ > dy, different densities, parameters 6, = d7/d}, § = (6, =
1,09,...,6n5)T, and fiseq == gd?/(18us), where g is the acceleration of gravity and g
is the viscosity of the pure fluid, the MLB model states that

(2.2) v(®) = fiseaV () (0151(®) — (01191 (P) + - -+ 4+ ondNpN(P))), I=1,...,N.

Here V(¢) is a hindrance factor that is assumed to satisfy V(0) = 1, V'(¢) < 0, and
V(émax) = 0. Since for different-density particles (p; # p; for at least one choice of
i # j), the system (1.5) with v;(®) given by (2.2) is in general not hyperbolic on D [8],
we assume equal solid densities, i.e., p1 = -+- = py = ps. Then (2.2) reduces to

(2.3)  w(®) = psea(l — @)V () (61 — JT@)’ I=1,...,N; fisea = (ps — pt)fised-



IRP SCHEME FOR POLYDISPERSE SEDIMENTATION 5
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Fic. 1. (a) Settling of a polydisperse suspension in an inclined vessel at some time t > 0
(magenta and green dots represent large and small particles, respectively), (b) approzimation of ®@,
p, and q on the cell boundaries and cell center according to the marker-and-cell (MAC) strategy.

One can prove that if v;(®), I = 1,..., N are given by (2.3), then (1.5) is strictly
hyperbolic on D (see [1,6,18]), and the eigenvalues A1, ..., Ay and velocities vy, ..., vnx
(all depending on @) satisfy the so-called interlacing property; specifically,

My(®) = peea (nV(¢) + (1 = 9)V'(¢) — 2V (¢))5" @)
<AN <oy <An_1 << A <wvp = My(®) forall ® € D.

Notice that for ps > pg, there holds v1(®) > 0 for all ® € D.
A standard choice of V(¢) is the modified Richardson-Zaki function [29]

(@) =1 =g~ for0<¢ <.,
(¢*) V/(¢*)(¢ - d)*) for d)* < (b < ¢maxa nRz > 3.

otherwise,

V(9) =

© < <

Here 7(¢) == V(¢.) + V' (¢x) (¢ — ¢.) is the tangent to V(¢) at (¢, V(¢)), where ¢,
is chosen such that 7(dmax) = 0, i.e., ¢ = ((NRZ — 2)Pmax — 1)/(nrz — 3).

It can be proven that with this function, the MLB model with equal-density
particles satisfies the assumptions of section 2.1 for w(¢) = psea(1 — ¢)2V (), k = 4,

and $(¢) = psea((1 = §)V'(¢) — 2V (¢)). Note that w'(¢) = (1 — @)y (¢).

3. Numerical scheme. We discretize €2 by km control volumes of size hyh,,.
We define the intervals I = [7;_1/2,¥i11/2] and [JZJ = [Yj—1/2,Yj+1/2) and the cells
K;; =17 x I;-’, where x; /9 = x4 +ih, for i = 0,...,k and yj41/2 = ya + jhy for
7 =0,...,m. The concentration ® and the pressure p are approximated in the center
of each cell while the velocity g is discretized on a staggered grid by a marker-and-cell
(MAC) strategy, see [21] and Figure 1(b). Consequently, and partly motivated by the
Dirichlet boundary conditions for g and the absence of boundary conditions for p,

1 ) .
q)?,,_](t)zﬁ/[{ (p(m7t)dm7 pl,j%p(zlvyj)v ZZla"'akv ]:177m7
oy JK; ;

q?+1/2,j%qx(mi+1/27yj)a i:17"'7k_1a j:17"'7m,

qZ]+1/2%qy($“yj+1/2)’ i:17...,k7 jzl,...7m—1.
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For later use we introduce the following difference operators for expressions of the

1 2 v . . . . .
type w(ai’j, Qi ooy ai’j)7 where in each line either the upper or the lower sign holds:
x 1 2 v — 1 2 v 1 2 v
iw(ai)j,ai,j, cee am) = :F(w(al-’j,ai’j, ce ai,j) - w(aiil’j, Aigy jreees aii17j)),
y 1 2 vy . 12 v 1 2 v
AYw(ajjaf ;... a8;) =TF(wla;j,a7 5, a0 ;) —wl(aj jo1,07 j41,- 08 j11)).

3.1. Finite-difference approximation of the Stokes system. The system
(1.1b), (1.1c) for the velocity q = (¢*,¢¥)T and the pressure p has the structure of
a Stokes problem. By writing out in detail the partial derivatives in V - (uVq) and
V- ((Vq)T) and setting g(¢) = (g1(¢), g2(¢))* we may rewrite (1.1b), (1.1c) as

(3.1) —(1g3)e — 5(0ad)y — 5(udy )y + pe = 91(9),
(3.2) —(1a))y = 3(14Y)e — 3(1a)z + y = g2(9),
(3.3) —q; —qy =0,

We henceforth write u = ¢*,v := ¢¥ for simplicity of notation. Equations (3.1), (3.2),
and (3.3) will be evaluated at (x;41/2,¥;), (i, Y;41/2), and (z4,y;), respectively.

The pressure gradient Vp is approximated by centered finite differences; these do
not involve boundary conditions:

(3.4) Pe(@ig1/2,Y5) R ALpij/he, i=1,...,k—=1, j=1,...,m,
(3.5) py(Ti,yj12) = Apij/hy, i=1,...0k j=1,...,m—1
To describe these and other approximations in usable form, we define the k£ x m matrix
[p] = (pi,;) (of approximate values of p), the (k—1) xm matrix [p,] and the kx (m—1)

matrix [p,] of the approximate values of p, and p,, respectively. Analogous notation
will be used for other quantities. Thus, we may cast (3.4) and (3.5) in matrix form as

(3.6) [p:] = —h;ng[p], | = _h;l[p]Drrﬂ
here and for later use we define the n x (n — 1) difference matrices
1 0 0 2 0 - 0
-1 1 : -1 1 .
D,=|0 0|, D;=1|0 0
1 : -1 1
0 0 -1 0 0 -2

We approximate (g )a (@412, Y5) & hy 2A% (i jA  wip1/0;) fori=1,... k-1
and j = 1,...,m, where p; ; = pu(¢};). If we define the (k — 1) x m matrix [u] =
(4i41/2,;) and impose the boundary conditions by u/2; = ups1/2,; = 0, then the
approximation of (pu,), can be expressed by the (k — 1) x m matrix

[(pz)a] = —hg > Dy ([u] * (Di[u))).
(We recall that for matrices A = (4, ;) and B = (B, ;) of the same size, the Hadamard
product A x B is defined by (A * B),;; = A, ;B;;.) Moreover, we approximate
(Muy)y($i+1/2,yj) ~ h;QAzi (u¢+1/2,j+1/2Aiui+1/2’j) for 1 = 1, N k—1 and ] =

L,...,m. The boundary conditions u;;1/2,1/2 = Wit1/2,m+1/2 = 0 are implemented
by Setting ui+1/270 = *Ui+1/271 and ui+1/2,m+1 = —Ui+1/2,m+1- Next, we define
ave(fhit1,55 Hijs Hit1,j—1, Hij—1), J=2,...,m,
— 3 1 3 1 :
Hit1/2,5-1/2 = an(§,L"i+1,1 — SMi+1,2, i1 — 5#1‘,2), Jj=1

3 1 3 1 .
avg (5 it1,m — gHit1,m—1, 5Him — ghim—1), J=m+1
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fori=1,...,k—1land j =1,...,m+1 and the corresponding (k—1) x (m+1) matrix
(1] == (tti41/2,j—1/2), where the average function avg can be linear or harmonic. We
may now represent the approximation of (pu,), by the (k — 1) x m matrix

[(Muy)y} = _hy_Z([ﬂ] * ([u](DfnJrl)T))Dle.

This approximation is first-order accurate for j = 1 and j = m. The term (pvy),

is approximated by (uvs)y(ip1/2,y5) ~ hy hy 'AY (iv1/2,541/28% i1 j41/2) for
t=1,...,k—1and j=1,...,m. Analogously to [u], we define the k x (m — 1) matrix
[v] = (v;,j+1/2)- The latter approximation can be written as a (k — 1) x m matrix

[(va)y] = —hz "yt (AN, 2 2 m) + (D [v])) Dy,

where [f1](:,2 : m) denotes the (k — 1) x (m — 1) matrix formed by columns 2 to m
of [1]. Next, we approximate (pvy)e (i, Yjs1/2) = hy 2A% (fig1/2,541/20% Vig1,j4+1/2)

fori=1,...;kand j =1,...,m — 1. To express this in matrix form, we define
avg (i j+1, Mijs Hi—1,j+15 Hi—1,5), 2<i1<k,
fi1y2,541/2 = Q avg(3p1 i1 — 3H2,j41, 315 — $H2.5), i =1,

3 1 3 1 s
aV€(§Mk,j+1 — gMk—1,5+1, 5Hk,j — 5:“1671,]')7 i=k+1

for 1 <i<k+4+1land 1l < j < m—1 along with the (k+ 1) x (m — 1) matrix
(1] = (fii—1/2,j+1/2)- The approximation of (uv, ), is given by the k x (m — 1) matrix

[(02)e] = =Dz * Dyt ([ * (Djya [v]))-

(This approximation is first-order accurate for ¢ = 1 and ¢ = k.) In addition, we

approximate the term (pvy)y by (pvy)y(zi,yj41/2) = h;gAzi (i, j+1A% v; j41/2)) for
t=1,...,kand j=1,...,m — 1, which is expressed as a k x (m — 1) matrix:

[(oy)y] = —hy? ([1] * ([0 D3,)) Do

Similarly, (puy)m(mz, yj+1/2) ~ h;lh;lAw_ (/J,i+1/27j+1/2Ay_Ui_;’_l/g,j_;'_l) for i = ]_7 ey k
and j =1,...,m — 1, which can be written as the k x (m — 1) matrix

[(uay)o) = —hz hy D ([)(2 + K, 2) * ([u] D))

(notation is similar to that of [(uvs),]). Finally, we approximate V - g by the sum

of ug (i, y;) = hy 'A% uiy1/9 5 and vy (24, y;) = hy 'A% v; 119 for i = 1,...,k and
7 =1,...,m. Thus, we obtain the k x m matrices
[uz] = hngk[u]a [vy] = h;l[v]Dzz

3.2. Linear system for the Stokes problem. We first recall that for a p x ¢
matrix A = (a; ;) and an r x s matrix B, the Kronecker product A ® B is

a17lB e anB
A® B = : : : (an rp x sq block matrix).

apaB - apeB

If col(M) denotes the column vector obtained by stacking each column of a matrix M
and diag(v) is the diagonal matrix of the entries of a vector v, then col( BM AT) =
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(A®B) col(M) and col(BxM) = diag(col(B)) col(M). To identify the linear system

to be solved, we now use these identities to convert the formulas for [pg], [py], [(#ts)s]

etc., which depend linearly on [u], [v], or [p], into expressions for col([ps]), col([py]),

col([(puz)z]) ete. that depend linearly on col([u]), col([v]) and col([p]). For simplicity,

we write col(p;), col(py), col((pus)s), instead of col([py]), col([py]), col([(pug)s]), ete.
In what follows, I,, denotes the n x n identity matrix. Clearly, (3.6) implies

col(pe) = —h; ' (I, ® Dg) col(p), col(py) = —h;l(D;fI ® Ij,) col(p)

for the gradient of pressure Vp. For the terms V - (u(¢)Vq) and V - g we get

col((jtiz)) = —hy *(Ln @ DY) ding(col(1) (I © Dy) col(u),

col(juty)y) = —hy(DFy ® T _y) diag(col () (D3 1 © T 1) col(u)

col((pvg)y) = —hy "hy (D ® I—y) diag(col(fi(:,2 : m))) (In—1 ® D} ) col(v),

col((ive)s) = —hy* (Ln—1 ® Dyyy) diag(col(i)) (Tm—1 ® Dy y4) col(v),

col((jiy)y) = —hy2(DY, & I)(diag(col (1)) (Dr © Ii) col(v),

col((jty)2) = —h; 'y (In—1 © Dy) ding(col (2 : k, ) (DY @ Iy1) col(u),
col(ug) = hy (I, ® Dg)col(u), col(v,) = h;l(Dm ® I) col(v).

This allows us to formulate the FD approximation of (3.1)-(3.3) as a linear system

A®T ATV B*| [col(u) col(G1(¢))
(3.7 AYv*  AYY BY| | col(v) | = | col(G2(9)) | ,
(B5HYT (BT 0 col(p) 0

where the blocks of the matrix are given by

A% = h 31, ® Dk ) diag(col(p)) (I, ® Dy)
+ 3h, 2(Dy, 41 ® Ii_y) diag(col(i)) (D}, 11 ® Ii—1),
AP = Ih ' h N (Dy, @ Iy diag(col(fi(:, 2 : m))) (In—y @ Dy,
AY® = $hi thy N (Ty—1 ® Dy) diag(col(i(2 : k,2)))(D,, @ Ty 1),
AYY = h* (D, @ I,) diag(col(11)) (D, ® I
+ %h;2(1m—1 ® Dg—i—l) diag(col(f2))(Im-1 ® D;:—Q—l)a
B = —h;'(I, ® Dy), BY=—h, (D, ®Iy).
The right-hand side is defined via [G1(¢)] = ( 1(¢);) for i = 1,...,k — 1 and
j=1,...,m and [G2(9)] = (G2(¢);,;) for i =1,. kand]—l m — 1, where
91(0) (@ig1/2,y5) = G1(d)ij = g1 ((ds; + ¢i+1,j)/2)7
92(0) (@5, yj11/2) = Go(d)ij = g2 ((d5,j + bij+1)/2).

Let us write (3.7) as

cq\ (g _|A B _|AmT ATY | B*
b ar(@) = (2). a4 B A AT A7) s 2]

P

where ¢q == (col(u)T, col(v)T)T, ¢, = col(p), and g = (col(G1 ()T, col(Ga(¢))T)T.
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LEMMA 1. The matriz A is symmetric and positive definite.
Proof. We have that A = P+ Q + %R, where P is a 2 x 2 block diagonal matrix:

P = blockdiag(3h, *(D,,, 41 ® Ij—1) diag(col(1)) (D}, 11 — Dimi1) © Tx_1),
30 2 (In—1 ® Dyyy) diag(col(i)) (Im—1 @ (Df 4y — Dii1)),

which turns out to be diagonal with nonnegative entries, since D7, | diag(a)(Dj,, —
Dyy) = diag(ai,0,...,0,ae.1) for all @ = (a1, ...,ars1)T; moreover,

Q = blockdiag (h,* (I, ® D}, ) diag(col(n)) (I, ® D),
h, (D, ® Ii,) diag(col(p)) (D ® Iy,)),

where both blocks are symmetric and positive definite, since ; ; > 0 and the rank of
I,,® Dy and D,, ® I} is mk, i.e., the columns of both blocks are linearly independent;
and R is a 2 x 2 block matrix with blocks

Ryy = hy*(D), 1 @ I —y) diag(col(1)) (D1 ® Ir-1),
R, = Ry = hy'hy, ' (Dyy ® Iy diag(col(fi(:, 2 : m))) (Im—1 ® Dy),
Rz = hy*(In—1 © Dyyy) diag(col(i)) (Zn—1 @ D).

Since [f1] == [@](2 : k,:) = [E](:,2 : m), the matrix R is symmetric. Moreover, since
D} = —Dy1(2: ¢,:) for £ = k,m, there holds

R12 = (hy_lD;'Ir‘LJrl @ Ik‘fl)i(Im—l & h;le+1)
for the (k —1)(m + 1) x (k + 1)(m — 1) matrix L given by

fji-1, 2<i1<m,2<q<k, i—1=p, j=q—1,

Li-1)(k=1)4.(p-1) (k1) 4+q = {0 otherwise

i=1,....m+1, j=1k-1 p=1,....m—-1, g=1,...,k+1.
We have R = STRS with S = blockdiag(h; *Dyni1 ® Ij—1, In—1 ® hy ' Dyy1)) and

= _ [diag(col(f1)) L
R = [ iT diag(col(ﬁ))} .

The matrix R is positive semidefinite since for C € RE=Dx(m+1) ' ¢ Rk+1)x(m—1)

(col(C)T, col(D)T)R (coigg;)

co
k—1 m—1 k—1m—1
=Y Y miChi X mDht X 3 (Gt Disny) 20,
j=14ie{l,m+1} i=1 je{l,k+1} j=1 i=1

Consequently, as the sum of two symmetric semipositive definite matrices and one
positive definite matrix, the matrix A is symmetric and positive definite. ]

To see that (3.8) is solvable for any g, we consider the homogeneous system

v(e) = 1o o) (@)= ():
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The first block of equations yields ¢, = —A ' Be,. Inserting this into the second
block we get BT A~1Be, = 0, hence chTAlecp = 0, which holds exactly for
those ¢, such that Bc, = 0, which by the particular structure of B holds if and only
if ¢, = ae, wherea« € Rand e == (1,...,1)T. For these vectors ¢, we get ¢, = 0. Con-
sequently, the image of M, im(M), is given by im(M) = ker(MT)+ = ker(M)+ =
{a(0",e™)T : @ € R}+. However, for any vector g, there holds (g7, 0T)(0T,eT)T =0
and therefore (g7,0™)T € im(M), so that the Stokes system is compatible. Since

(07, &) {A B} _ [eTBT 0} o,

3

BT o 0 0

one can remove any of the equations in the last block of (3.7), since it depends linearly
on the rest, and set the corresponding pressure (component of ¢,) to zero, and the
resulting systems has only one solution.

3.3. Approximation of the concentration equations. To discretize the con-
centration equations (1.1a) we can view the system in vector form

(3.9) 0:® + 0, F(¢%, @) + 0, FY(¢¥,®) =

where F*(¢%, ®) = ¢*®+k® f(®) and FY(¢¥, ®) = ¢V ®+kY f(®), where k = (k*, k¥)T.
We denote by @7, = ®; ;(t,) the average of ® on a control volume K;; at time
t, =n7,n € N, where 7 > 0 is a time step specified later. For the computation of the
numerical flux we use the FD approximation of g obtained from solving (3.7). This
discretization implies the discretely divergence-free (DDF) property

—1/ z,n x,n —1 N 1 —
(3.10) he (412 = 41 y2) g (@ 1y — 45 1/2) = 0,

to be used in the proof of Theorem 4. For an explicit approximation in time we get

tn+1
/ / ’I’LK dS
tn 0K,

(h H( z+1/2 J’(I)ZLJ’(I)ZLJA 3o e1) +haH(q zg+1/2’¢w’¢w+17e2)
+h7{’(1 1/2]7<I) q)?lga 61)+h7't( 7,] 1/2)<I) csz 1 62)),

’LJ’ ZJV

where F := (F*, FY)T, e; and e, are the unit vectors in R?, and H is some numerical
flux function associated to the projection of system (3.9) in the direction +e;, i =
1,2. We follow [11, sect. 3] to construct this projection and formally define [V®]; :=
(019;,0.®;)™. For a generic vector n = (ny,72)T € {+e1,+es} and denoting n* =
(=nm2,m)T, let us assume that the solution ®(x,t) of (3.9) does not vary in the
direction nt, that is, V® - nt = 0. If we define &(z,t) == ®(x(2),t) with x(z) =
2m + g for some g € R?, then 0.£(z,t) = V®(x(z),t) - n and

0. (Fm(qm Em + F¥(¢",&)n2) (2, 1)
_ Z (OLF*(¢", B)my + O.FY (¢, ®)ne) [V (2(2), 1) -1

(8 F*(¢", @) + 8yFy(qy,<I>)) (sc(z),t)7
hence £(z,t) is a solution of the one-dimensional system of conservation laws

(3.11) %€ +09:(F(g.€) - m)) =0, where F(q,&) -n= (g -m¢+ (k-n)f(&).
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Let us analyze the eigenvalues Sxi(q, &, n) of the Jacobian matrix T (q,&,m) associated
o (3.11). Clearly, J(q,&,m) = (qg- I+ (k-n)J (&), where J (&) is the Jacobian
matrix associated with (1.5). If A;(€), i =1,..., N, are the eigenvalues of J (&), then

According to (2.1), My(q-n,&€,m) < X\ < Ma(q-n,&,m) foralli =1,..., N, where

(3.12)

‘M@£ny:{wuhnwma fhen>0

g+ (k-m)My_(€) ifk-n <0,
Combining all approximations yields the marching formula
(3.13)

q)n—H q)n — A A? ,Hx( 7,+1/2j7(b1]’¢?+1 J) )‘ A? /Hy( z]+1/2’ (I)z J’cbn,ﬁ-l)

for the concentration vectors ®, where A\, == 7/hg, Ay = 7/h,, and

(3.14)  H(q,&v) = 5(F7(q,8) + F7(q,v)) — 50°(¢,&,v)(v = &), o=y,

are the three-point local Lax-Friedrichs (LLF) numerical fluxes, where we define

a’(q,&,v) = maX{lorgig My(q, 26+ (1= 2)v,7°)

i

(3.15)
max Mg(q7z£+(1—z) 1 )‘}7 o=ux,Y,

0<z

for n* = e; and Y = es.
The time step 7 = 7, is computed after each iteration from the CFL condition

with O‘?il/&j = Oéz(qzlq/%j, o7 T Dy J) and aZjil/Q = ay(qz;‘nil/w o7 qu)z ]:l:l)
Remark 2. Using the DDF property (3.10) we get from (3.13)

n+1 n. x n n z,m n
(I)z;r =& — AA “F(a; z+1/2 T8 HPRS iy j) 3 (4 z+1/2 ;P — qi71/2,jq)i71,j)

n 1 , N n
- >‘ ALFY ( q; J+1/2’ (I)z 2J? ®; ]+1) 5)‘74 (qiy,jﬂ/zq)i,j%-l B q?,jfl/Q(I)i,j—l)
—1 T z n n
+ 77-( A 7,+1/2 J Ay 7?,Jj+1/2)q)

— 1 x,m x,m
- (I);L — AAY "Fz( 1+1/2 g’q) ,17@?+1 ]) 5)‘ ( 1+1/2 ](D?H,j - qi—l/Q,jq);L—l,j)
Yy,n 1 Y,m Y,n
— A ALFY (qi,j+1/27 o NE CDZLJ-H) 2y (qz ]+1/2¢)l j+1 qi,j—1/2q)?7j—1)’
where we define the numerical fluxes

F(q,®L, Pr) = k7 (f(PL) + f(Pr)) — 307 (¢, PL, Pr) (PR — PL), 0 =um,¥.

This notation allows us to prove the IRP property of the first order scheme and also it
will help us in the description of the high-order reconstruction procedure in section 4.

The proof of the IRP property for the LLF scheme relies on the following theorem.
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THEOREM 3. Let us consider the “one-dimensional” scheme, 0 = x, v,

(317) (7)L+1 = 58 - A(TU(Q+7E(§L’€?) - fU(Q—7£7117£61)) - %)\(q"réﬂf - Q—E‘El)v
where A € RY, q_,q, € R. If the CFL condition

(3.18) Amax{a’ (¢, &0,€1),07(q—,€-1,&0)} <1
is in effect, €_1,&0,€1 € D and £"+1 ( f'gl,..., ]@:Bl)T, then
(3.19) "+1>0, l=1,...,N,
(3.20) 5 €N S Pmax — 3A(04 — 0-) Pmax-
Proof. We omit in this proof the superscript n and let £ :=&; +--- 4+ &n and
(3.21) ag = a’(qx, €0, €x1)s

where either the upper or the lower sign holds here and in the rest of the proof.
To show that §"+1 > 0 for all [, we start from (3.17) to get for all { =1,..., N

(3.22) Tat = (1= Aoy +a2)) 8o+ A G (&) + $ha_ G (€-1),
(é) &(1F ai'(g= + k7u(§))).

From (2.1), (3.21) and (3.15) we get that |g+ + k%v;(€+1)| < ax and therefore
GF(€+1) >0 from & > 0, j € {—1,1}. We thus obtain (3.19) from & > 0, (3.18),
and (3.22).

To prove (3.20), we sum (3.22) over [ = 1,..., N, use that v(&)T¢ = w(¢)kTE (cf
section 2.1) and &y < ¢max to get

0= (1= 2Ny +a2))éo + Ay + Pha &,
Mar& + K w(E)RTE — q&o1 + KTw(é )HTﬁ— )
= (1= Moy + o))+ 3May + o) dmax — 2A (@4 — ¢-)Pmax
+ 3V + V) < bmax — 5A0+ — 4= ) Pmax + 5(34 +Y-),
where
Vi = (€41 = Pmax) F (02 (€41 — Pmax) + kTw(Er)w €x1),

so the proof is complete when showing that V4 < 0.
Since w(pmax) = 0, we observe that

Vi =Wai(6s1) = Wi(fmax), Wi(€) = azé F (g€ + k w(§)r €x1).
By the mean value theorem, we obtain
Vi =WL(041)(Ex1 — Pmax), W) = ax F (q+ + k7w (§)rT€41),

for suitable Y11 € [€41, Pmax|, therefore it suffices to show that W/ (¢941) > 0, since
€41 — Pmax < 0. Since, by assumption, w’ is increasing in (0, dmax), V(&) < w'(€) <0
for all £ € (0, pmax), M2(€) >0 for all £ € D, and 91 € (fil, $max), it follows that

Mi(€x) = (€x1)k €1 S w'(Ex1)R € <w' (V1)K €xr <0 < My(€xn),
therefore ayx = a%(g+, &0, €+1) and the definition of @ in (3.15) and (3.12) imply
ax > gz + k7w (1)K €|,
which yields W/ (941) > 0. This concludes the proof of Theorem 3. d
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Now we are in a position to establish the following result.

THEOREM 4. If the CFL condition (3.16) is in effect and the velocity functions
v;(P) satisfy the assumptions of section 2.1, then the LLF scheme defined by (3.13)
with the numerical flux (3.14) satisfies the invariant region preservation property

(3.23) @, €Dforal K;; = @Z;‘l € Dfor all K; j; foralln=0,1,2,....

Proof. According to Remark 2, @”jl ~: 5\ HY, + 5\ HU for a given cell K j,
where we define A := Ay + Ay, Az = Ay /A, Ay y//\ and the vectors

H, =0} — \, A" F7 (g
H! = o}, — \,AY FY(q!

x,n n x,n n
Ao (g z+1/2 P — qi71/2,jq)i—17j)’
o

z+1/2]’ m? 2—0—1)

T DT

ESY

2
) 1

1j+1/2’ 4,7 Ti,5+1 2

( ”+1/2 i+l T qgf—lm@%—l)'
By the CFL condition (3.16), Theorem 3, and denoting Hf; == (HY, ;, ..., HXMJ)T,
we get HY;, ;> 0,0 =z,y, forl=1,..., N, and

N

T A x Iﬂ A Yy yYm
ZHlviaj S d)max - §(A +1/2] ¢max; ZHlij = ¢max - *(AJ jj+1/2)¢max
=1

These inequalities imply that gb?j]l = +HJ; Gt )\ Hy ;=0 forl=1,...,N. Using

the DDF property (3.10) we may complete the proof of @?jl € D by noticing that

R Yoy

= )‘I(Hl,z‘,j e Hyyg) + N (HY +"'+H1yw,j)

< Rutmae = Dra (B G e + Ay — P (AL, )

= Pmax — 37 (h PAT G oy by AT f}ﬂ/g)‘bmax = Omax- 0

4. CWENO-based reconstruction on Cartesian grids. Since the order of
accuracy of the solution of the Stokes problem is two, an order of accuracy of at least
two is needed in the transport part. We nevertheless pursue third-order accuracy.

4.1. Third-order reconstruction. We assume that the (at most) second-de-
gree so-called optimal polynomial P, (x,y) approximates the nine cell averages of
the stencil Sy = Qg U --- U Qg (see Figure 2(a)) in the least-squares sense. Then,
four first-degree polynomials P,.(z,y), r = 1,...,4, are computed as least-squares
approximations of the cell averages over the respective sub-stencils S; to S4. A second-
degree central polynomial Py(x,y) is then defined such that Popt(z,y) = doPo(z,y) +
d1 Py (z,y)+- - -+d4Py(z,y), where d, > 0 are the so-called linear weights which satisfy
dp + -+ +ds = 1. The final reconstruction polynomial P; ;(x,y) over the cell K; ;
is a convex combination P; j(z,y) == woFPo(x,y) + wiPi(x,y) + - + waPs(z,y) with
the so-called nonlinear weights w, = &, /(&g + - -+ + ©4), where &, = 4, /(IS, + €)P,
r=0,...,4. Here € > 0 is a small parameter, p > 2, and IS, is a smoothness indicator
(see [10] for details on the polynomials and smoothness indicators).

Let P; ; = (PZ(;)7 . P(N )T be the reconstruction polynomial vector, where P( )
is the second-degree polynomlal for component [ of 7', obtained by the CWENO—
based procedure described above. In terms of the traces of P; j(x,y) on the edges
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@) S Si (b)

Ti— sy Y5 ¢; T T s Y5
AR (@im1/2:Yjr1/2) ¢ i jy1/a( )T( +1/2,Yj+1/2)
_ K
v | Q4 QO Q5 (I);tl/gyj (y) (I)z_+1/2 J(y)
A Q6 107 | 51 5 L
T I I (wi71/2vyj71/2) ‘I’ijq/z(x) ($i+1/27yj71/2)

Fic. 2. (a) Stencil Sg == QU1 U- - -UQg and sub-stencils S1 = Q2UN3UN5, S == Q5UN7UN,
S3:= QU Qe UQ7, and Sg := Q1 U Q2 UQy, (b) illustration of the traces (4.2).

of K; ; (see Figure 2(b)) the FV scheme (3.13) becomes

n+1 T —
(I)l;r (I)n’j hrhy( Y Ai'rx(qzﬂl/zg( )s <I>Z+1/2j( )7(1):;1/2’]‘(1/)) dy

1 - - _
+ 9 /Iy (qi+1/27j(y)q>i+1/2,j (y) — qi—1/27j(y)(pi_1/2_,j(y)) dy
(4.1) I
- e AZFY (ng+1/2( ), q)ijj+1/2(x)’q);ij+1/2(w))dx
1

T3 /1 (@5 11/2@) 25115 (@) = 4751 o (D)5 () dw>’

i

where the integrals are to be approximated with sufficient accuracy. The traces are
given by

(I)ztl/zj(y) =Pij(@ic1/2:9), P ) = Pij(wipry2,y) foryel,
(4.2) ) 1/2(37) = P, j(z,yj-1/2), ”+1/2( r) = P; j(2,yj41/2) forx eI,

Giv1/2,Y) = dita /2, ql 1/2,5(Y) = ql 12, foryel?,

G 12 =4 1y @@ =0 forz eI,

see Figure 2(b). This approach has been used successfully for a DG discretization
(cf., e.g., [35, Th. 4.3]) and for a FV compact WENO scheme [20, sect. 4].

2. Quadrature formulas. To approximate the integrals in (4.1) with suffi-
cient accuracy, we apply a G-point Gauss quadrature rule, which is exact for single
variable polynomials of degree 2G — 1. We denote by

(4.3) S¥ ::{xf:ﬁ:l,...,G} and S ::{yf:ﬁ:l,...,G}

the Gauss quadrature points (nodes) on I¥ and I, respectively, and by wg the cor-
responding weights on the interval [—1 5 ;] such that their sum equals one. In the
subsequent proofs we will also use the L-point Gauss—Lobatto quadrature rule, where

(4.4) Sy ={#}a=1,...,L} and SY:={jj:a=1,...,L}

are the Gauss-Lobatto nodes on I and IJ@-’, respectively. Moreover, we use the
Cartesian-product notation S7 x S;’ ={(z,y):x€SFye Sjy} to define the set

(4.5) Sij = (SF x S¥)U(SF x 8Y).
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We may now replace (4.1) by the effective scheme
0L =01, = (0 T o) — (il L)
7.8 . - B
H = N A F (G125 P o () @ o (0)

(4.6) +l)\ (Qf+1/2jq):r+1/2,j(yj) qi 1/2; i 1/2 (y ))
(

HYY = N A FY(q! o

B
i,j+1/2($i ), ® 1]+1/2 x

7,]+1/27

2P
+ )\ (ZJ+1/2®j_J+1/2( )7(13] 1/2 i,j— 1/2‘T )) /8:177G

In section 5 we use G = 2 with S¥ = {2; — (V/3/6)hy,z; + (v/3/6)h,}, SY =
{y; — (V3/6)hy,y; + (V/3/6)hy} and weights wy,wy = 1/2; and L = 3 with 57 =
{@i — ha /2,25, 2 + ha/2}, ST = {y; — hy/2,y;,y; + hy/2} and weights @y, b3 = 1/6
and Wy = 2/3. Both quadrature rules are exact for polynomials of degree 3.

4.3. Scaling limiters. We herein slightly modify the Zhang and Shu [34, 35]
scaling limiter to handle the equation (1.1). The first step is to limit each concentra-
tion ¢;. Let us assume that @}, € D and f(i,j is a prescribed subset of K; ;. We then
replace the polynomials P, P! J)(z y) by

H(l n n
Pz'(,j) (z,y) =0, (131'(,3') (z,y) — ¢l,i,j) + ¢l,i,ja
(4.7)

6, = min L(l) 1 m(fj) = min Pz'(,lj)(x’y)’ I=1,....N.
d)l VJ 1,5 (z,9)EK;,;

Then the cell average of ]51(? (x,y) over K, ; is still ¢} ; and

(4.8) P(l)( ,y) >0 forall (z,y) € K;jand [ =1,...,N.

%,]

Next, we define the polynomial

Pyj(x,y) = 0P (@, y) + - + P (w,y) — o7;) +¢zu-7

(4.9) . -
0 := min{ (binﬂ ,1}, M, ;= max ZPU .
M;; — W7 ()€K ; \I

Thus, pi,j(:c, Y) < dmax for all (z,y) € f(m-. We now define the modified polynomials

5(1 05
(4.10) Pi(,j-)(a:,y) = 9(P£}(m,y) —¢liy) + ol 1=1,...,N,
and setting E j= (]51-(3), ey Pi(éy))T, replace the traces of the reconstruction polyno-
mials (4.2) by pointwise evaluations to be sampled by the Gauss quadrature formula:
(4.11) (I)Il:l/Q J(y_] )~ Pz 1i1/2’yjﬂ) (I)Tj:tl/Q( j ) ~ P, j(z; ’yJil/Q)

Remark 5. The accuracy analysis of [1, sect. 4.4] shows that the limiters defined
in (4.7) and (4.9) do not destroy the order of accuracy of the reconstruction.

We first prove the following lemma.

LEMMA 6. Consider P; j(x,y) defined by (4.10). If ®7; € D, then P, j(z,y) €D
for all (z,y) € K, ;.



16 BARAJAS-CALONGE, BURGER, MULET, AND VILLADA

Proof. Let (x,y) € K; ;. By definition (4.10), (4.8), and since 6 € [0,1], we have

(4.12) Pf,?( >=é”3< W)+ (=07, >0 I=1,...,N,
P (wy) o+ P (,y) = <5 )+ PO () - o0) + o7,
(4.13) =P j(z, ) < ¢>max.

Combining (4.12) and (4.13) we deduce that P, j(z,y) € D for all (z,y) € K; ;. O
Now, we are in position to state the following result.

THEOREM 7. Consider the finite volume scheme (4.6) associated with the recon-
struction polynomials P; j(x,y) defined by (4.10) in the sense that (4.11) is used with
K, ; =S, ;, where S; ; is the stencil (4.5). If the CFL condition

(4.14) Ilnax{ozlﬂ/g B,aﬁj+1/2} Az +Ay) < § H11m LwV

is in effect and @7, € D for all i and j, then (I»Zj‘l €D foralli and j.
Proof. Utilizing the Gauss quadrature rule (4.3) for P; ; on I?, we get

G
q’?J:hh /y/me ,y)dxdy*hh 1<Z i,ywﬁh>d

_Zwﬁ( ( Z’y)dy> :w1@23971+...+wG(1>Z;J,G7

where ®Y JB denotes the average of P, gz B y) over ij Analogously, applying the
Gauss quadrature rule (4.3) to the interval I]y yields ®7, = wl@wjl Fwe®) v
where (If”’j denotes the average of R g,y B over I¥. Comblnlng both representatlons
of @7, and considering that A\, + /\ =1, we obtaln

(4.15) O = A (w1®7) + -+ we®] ) + Ay (w1 ®Y) + -+ wedY).
Replacing ®7'; on the right-hand side of (4.6) by the right-hand side of (4.15) we get
(4.16) @ =N (w0 H 44 ngij) + Ay (Wi HY 4+ wGH;{}G)7

where H B = 7 B )\HU Bforoc=x,yand B =1,...,G. To prove that all vectors
H 7 ﬂ assume Values in D We focus on o = z. Next, deﬁne the vectors

si0 =P y(a],y]) fory=1,...,L

OB L+1,6

sy =P l,j(mifl/%yf)a and s; —B+1,j(xi+1/27y§'3)

for the Gauss-Lobatto points (4.4). By Lemma 6, sZ’f € D for these v and 5. The
quadrature rule implies that CIDf”jﬁ = si’f +- ﬁ)LsiLf. Moreover (cf. (4.6)),

- B B
ALF® (q?+1/2 3 q)i+1/27j(yj) "I);Zrl/g,j (yj ))

_ L,p _L+1,8 B 1.8
_]:'l(ql+1/2j’sl_] 845 )_fl(qz 1/2,5° 1]78273)

kB gL+l L-18 L
*"Fw(qv—l-l/Q,J’ ij 25 ﬂ) .’F"’”(O,s” ’Swﬂ)
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+ Z .7:96 7.8 "/+1,5) fx( ST 1,8 5))

72]a1] "LJ ”Lj

+.’Fx(()s’5 ) .’Fx(ql 1/2 Oﬁs’ﬁ)

71372] N 1J’ZJ

We may now rewrite H ’ﬁ as follows, where s7 := s 5 in this particular computation:
Hf]ﬂ =8’ + - +wpst — )\(.’7"”’:(q;-ﬂr1/2d7 st st tl) - .’F'gc(qg'il/zjso7 sh)
L+1 0
- %)‘(qf+1/2,j3 * _%{1/2,;'5 )
=8t -+ st — )\(]:I(qfﬂ/z’j, st sty — F7(0,s871, sL))
L-1
—A Z (F*(0,87, 87 — F*(0,8771,87))
=2
- )‘(-'Fw(ovsla 52) - 730(‘1?4/2,;‘750731)) - %)‘(qﬁ-l/zstﬂ - qf—1/2,j50)
— UT)L{SL o w—l)\(]:w(q;r—i_l/lj, 8L7 SL+1) o .7:-90(07 SL717 SL) o %qf+1/27st+1)}

+ wa{s7 "A(F*(0,87, 87T — F*(0,5771,87)) }

+w1{s —’U)1 A(TI(0’51’52> _j:m(qgj—l/2,j7soasl)+%qf71/2,j80)}
:’Lf)lH?’ll’B—l—-'-ﬁ-’lZ)LHvz’vL’ﬂ,

where H 278 denotes the corresponding term in curled brackets multiplying w., v =
1,...,L. If szi and H, ’7 B 1=1,...,N, denote the componentb of the vectors H

and H 'Y A , reépectlvely, then Theorem 3 implies that H;"; 1 > 0 for [ =1,. N
B=1,...,Gand v=1,..., L, along with

3

¢max + %wfl)\qf_l/Q_’jd)maX) v=1,
ZH;UW< Grmaxs y=2,...,L—1,
Pmax — %wzlAqiz+1/27j¢maxv v=L.
Consequently, H =68 >0 and

l,i,5
N L
ZHZ;-,@ =D i = Z i, ZH?” 7
(4.17) =1 I=1~v=1 y=1

< Gmax (W1 + -+ + L) — §A¢maxA7qi+l/2’j
:Qsmax(l*lAAiqlﬁ_l/Q,j), /8:1,7G

Analogously we get Hlyzﬁj >0fori=1,...,.N,B8=1,...,Gand y=1,...,L, and

(4.18) ZH}’Z@ < Gmax(1 = 30! ), B=1,...,G.

Then, from (4.16) it is clear that ¢"+]1 >0, forl=1,...,N. Finally, by using (4.17),
(4. 18) and the DDF property (3.10) we obtain

N G
S ot =h o (L) + 3, 3w (St
=1 =1 =1
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Algorithm 4.1 Coupling algorithm

Input: pt, ps, pe,nrzZ, 0,0, N,dy, ..., dN,Ta, T, Ya, Yo, k, ™

P~ Py, T+ T, N0

[¢",p] < STOKES(®"), where STOKES means (3.7) given ®"

while t < teng do

fori=1,...,k do
for j=1,...,mdo
(@751 /2,50 ®F i1 o) ¢ CWENO3(9")

compute HZ;B, o = xz,y from (4.6) given a;+1/2.3,Qp j+1/2

HZf(—@Zf—)\f{Zf,U:x,y

LT — X, >s ngz;B + Ay PP ngf{’jB, where ¥" = (g", ")
end for
end for

M)« " 4 7L(T")
(@), ~] +~ STOKES(®M)
compute £(TM), where ¥ = (g1, &) by processes described above
P 2on 4 L (W) + 7L(TW)
[@®, p] < STOKES(®™)
compute £(¥?), where ¥ = (¢(?, ®?)) by processes described above
ol 1om + 2 (@) 4 7L(¥@)), where U = (¢¥), (@)
gt g, prtl
At « CFL- hﬁfﬁy ) mm; =, where a = maXi,j,ﬁ{Owl/m’ Oéﬁ7j+1/2}
t—t+7, n+<n-+1
end while

Output: {(®!, g% pl),..., (@7, q", p")}

S (S\.L + S‘y)(wl +--+ wG)Qbmax - %(bma)()\w(wl +--- 4+ wG)Aa_jqz;-l/Q,j
- %d)maXAy(wl + -+ U}G)Aziqi{j_i_l/Q
= ¢max(1 - %T(hglAiqgﬁﬁ-l/Q,j + hgle!iqzy,j-&-l/Q)) = Pmax-

Hence it follows that @Z;‘l e D. 1]

4.4. Time discretization. We here employ a strong-stability preserving (SSP)
third-order TVD Runge-Kutta time discretization. Due to convexity in the interme-
diate stages, this time discretization preserves the IRP property. To satisfy the CFL
condition (4.14) the time step 7 is computed deceptively for each time step n, see
Algorithm 4.1 for a description of the complete numerical scheme.

5. Numerical examples. In part following [28], we define dimensionless (star-
red) variables via ® = Xa*, t = Tt*, and ¢ = (X/T)q*, where X is a reference
length and T := X/vg; is a reference time, where vsy = (ps — pr)gds/(18u¢) is the
Stokes velocity, i.e., the settling velocity of a single particle of the largest species,
where pg is the viscosity of the fluid. Furthermore, we define the parameter pgy =
(pe/(18(ps — pr)))(X/d1)?. To simplify notation, we omit the asterisk and obtain
the dimensionless Stokes equation (1.1b), where p(¢) = (1/10)(1 — ¢/dmax) ¥ and
g(@) = (ps — pr)pk/ps. In all examples we use the constants nrz = 4.6, v = 2,
X = 1m, dmax = 0.6, ps = 2790kg/m?, py = 1208kg/m3, and us = 0.02416 Pas,
such that pg = 4.086 x 103. We use the initial time step 79 = 0.0003 and CFL = 1.0.
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TABLE 1
Ezample 1: L' error, numerical order, and CPU time for IRP-LFCW and IRP-LF schemes at
t = 0.01 or 0.2 with 8 = 0° or 10°. Reference solutions are computed on kyef X myer = 409600 cells.

Fxm €™ 00T e™ 0P e O cpuld
5x5 2097e-03 — 2.093e-03 — 4.191e-03 —  2.719e-02
iR_P(_)LOFiCW’ 10 x 10 6.282e-04 1.73 6.316e-04 1.72 1.259e-03 1.73 3.981e-02
01 O‘O ’ 20 x 20 9.571e-05 2.71 9.604e-05 2.71 1.917e-03 2.71 2.451e-01
- 40 x 40 1.715e-05 2.48 1.635e-05 2.55 3.35le-04 2.51 1.681
5x5 9.165e-03 — 1.015e-02 — 1.932e-02 — 3.80e-01
1R_P(_)L2FCW’ 10 x 10 4.109e-03 1.15 4.880e-03 1.05 8.990e-03 1.10 9.63e-01
9: O‘O ’ 20 x 20 2.259e-03 0.86 2.854e-03 0.77 5.114e-03 0.81 3.85
o 40 x 40 1.160e-03 0.96 8.565e-04 1.73 2.017e-03 1.34 27.81
5x5 200303 — 2.006e-03 —  4.009e-03 —  1.736e-02
iRﬁP(—)L(ﬁCW, 10 x 10 5.798e-04 1.78 5.833e-04 1.78 1.163e-03 1.78 3.223e-02
91 1'00 ? 20 x 20 8.911e-05 2.70 8.949e-05 2.70 1.786e-04 2.70 2.372e-01
B 40 x 40 1.632e-05 2.44 1.553e-05 2.52 3.185e-05 2.48 1.602
IRP-LF 5x5 2974e-03 —  2.942e-03 — 5.916e-03 —  9.041e-03
=0 01’ 10 x 10 1.708e-03 0.79 1.709e-03 0.78 3.417e-03 0.79 1.330e-02
0: 1'00 ’ 20 X 20 9.152e-04 0.90 9.174e-04 0.89 1.832e-03 0.89 7.980e-02

40 x 40 4.585e-04 1.00 4.598e-04 1.00 9.183e-04 1.00 0.526

For the CWENO reconstruction we employ the same, linear, non-linear weights, ¢,
and p as in [10]. We denote by “LFCW” and “IRP-LFCW” the numerical scheme
without and with the limiters, respectively and by “IRP-LF” the first order method
(3.13). To compute approximate L' errors at different times we denote by (¢k’-m-(t)) for

li,g

t=1,...,kand j=1,...,m and (qu ‘fz’m”‘( Nfori=1,...,kefand j =1,... myer,

l=1,...,N, the numerlcal solution at time ¢ calculated with k& x m and kper X Myer
cells, respectively. We compute the projection of the reference solution by

Tref,k,m Nre _
i, (t) R R Z Z 2 Rfm(i_l)+p7Ry(j—1)+q(t)’ t=1,...,N,

plql

where Ry = kyer/k, and Ry := myer/m. The approximate L' errors of the numerical
solution on the mesh with k£ x m cells at time ¢ is then given by

) i= hyh Zzwfiff” — o), L=1,. Ny el () =Y e ().

=1 j=1 =1

Then we calculate a numerical order of convergence by

ek,m(t) — log f ( ) =1 N: 6 ( ) — log 656:”’(7,‘)
l = 108y m =L NG Urep (1) =082 5p om0
e (1) Chor " (1)

We measure ¢ = min, j . {¢7;;}, 1 = 1,...,N, and ¢ = max, ; ,{¢};} to verify
satisfaction of the IRP property. To verify the DDF property, we evaluate

eh™ (t,) = max{|h; 'A% ¢"

dlvq + h Ay

1<i<k-1,1<j<m-1}.

1—0—1/2] 1g+1/2| .

5.1. Example 1: N = 2, numerical order of accuracy. We verify numeri-
cally the convergence rate of the IRP-LFCW scheme on € := (0,1) x (0,1) for N =2
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TABLE 2
Ezample 2: LY errors, numerical order, and CPU time for IRP-LFCW schemes att =1. The
reference solution is computed with kyer = 1280, my.ef = 320, for a total of 409600 cells.

bm &7 7 & 7 dyr o el
40 x 10 3.352e-02 — 1.421e-02 —  4.774e-02 — 1.46

80 x 20 1.829e-02 0.87 8.792e-03 0.69 2.708e-02 0.82  9.65
160 x 40 8.590e-03 1.09 5.382e-03 0.71 1.397e-02 0.95 96.2
320 x 80 4.645e-03 0.88 2.899e-03 0.89 7.545e-03 0.88 942.8

TABLE 3
Ezample 2: minimum of the solutions ¢}, Ir [ = 1,2, and mazimum of the solution qb?,j obtained
by schemes LECW and IRP-LFCW with k = 160, m = 40, until t = 1.15.

¢, 2 0 L 25 ¢

9 6

0° -3.98e-03 -1.92e-03 0.585346 0° 1.27e-31 3.69e-20 0.585263
LECW 10° -7.25e-03 -4.19e-03 0.600110 IRP- 10° 6.34e-22 1.07e-17 0.599487
20° -1.61e-02 -7.13e-03 0.603366 LFCW 20° 8.82e-20 1.08e-17 0.599877

30° -1.81e-02 -1.34e-02 0.603352 30° 4.29e-20 6.46e-18 0.599906

particle species with diameters d; = 2.9x 1073 m and dy = 2.0x1073 m. The (smooth)
initial datum is ®¢(z,y) = (¢o(z,y), do(z,y))T With ke = myer = 5 x 27. The ap-
proximate L' errors and corresponding numerical orders for § = 0° are displayed in
the upper two blocks of Table 1 for ¢t = 0.01 (before shock formation) and t = 0.2
(after shock formation). The convergence rates for increasing values of k x m confirm
second-order accuracy of the IRP-LFCW scheme when the solution is still smooth.
In the lower two blocks of Table 1 we compare the behavior of the first-order IRP-LF
and the second-order IRP-LFCW schemes at ¢ = 0.01 for § = 10° and observe a
substantial improvement of accuracy of the IRP-LFCW scheme compared with the
IRP-LF scheme.

5.2. Example 2: N = 2, Boycott effect. Here and in Examples 3 and 4
we consider = (0,4) x (0,1), and in this example N = 2 species with diameters
as in Example 1 and ®q(x,y) = (0.06,0.02)T. We vary the inclination angle by
6 = 0°,10°,20°,30° and set k£ = 320 and m = 40. In Figure 3 we observe an increase
in the settling efficiency for ¢1, ¢o, and ¢, respectively, with increasing 6. In Table
2 we show approximate L! errors and CPU time for the scheme at t = 0.01. We
observe the convergence of method with order smaller than one due to the presence
of shocks in the numerical solutions. The quantities ¢ , for I = 1,2 and ¢, with and
without the use of limiters, are presented in Table 3, until ¢ = 1.15. For the scheme
without limiters it occurs that ¢ ;< 0 or ¢_> > @max, While in the case of the scheme
with limiters the numerical solution remains within D for all 6, as expected.

5.3. Example 3: N = 2, Diehl test. We start from ®q(z,y) = (0.12,0.08)"
if 0 <z <2 and ®y(z,y) = (0,0)T if 2 < x < 4. We set an angle of inclination of
0 = 30° and k = 320 and m = 40. Figures 4 and 5 show the simulation of the Diehl
test at four time points. This process forms a characteristic “tongue” of mixture that
settles until all solids accumulate at the bottom. We also plot the flow vectors of
the fluid velocity, which illustrate the circulation effect. Moreover, we observe that
as the particles settle, an increase in pressure develops near the bottom due to the
growing concentration of sediment. Figure 6(a) shows the evolution of ||q||s over
time, illustrating the decrease in fluid velocity as the particles approach a steady-
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Fi1c. 3. Ezample 2: simulation of the settling of an initially homogeneous bi-disperse suspension
in vessels with various angles of inclination at simulated time t = 3.

TABLE 4
Ezample 3: L' errors, numerical order, and CPU time for IRP-LFCW schemes at t = 0.01.
The reference solution is computed with kyes = 1280, myer = 320, for a total of 409600 cells.

kxm ™ O™ ™ 6T el Ol cpuld
20 x5  4.997e-03 —  3.132e-03 —  8.129e-03 —  2.158e-02

40 x 10 3.512e-03 0.51 2.091e-03 0.58 5.603e-03 0.53 6.102e-02
80 x 20 2.741e-03 0.35 1.572e-03 0.41 4.314e-03 0.37 5.057e-01
160 x 40 2.081e-03 0.40 1.104e-03 0.51 3.186e-03 0.43 3.961

state solution. Then, to study the numerical L' error we use m = 5 x 2¥ and k = 4m,
k=0,...,3, and employ a reference solution with k..t = 1280, myer = 320. In Table 4
we show approximate L! errors and CPU times at ¢ = 0.01. Again we observe orders
of convergence smaller than one (for the same reason as in Example 2). The numerical
extrema ¢, for I = 1,2 and ¢ until ¢ = 2.5 are displayed in Table 5. For the scheme
without hmlters we observe some cases of ¢ < 00r ¢ > ¢max, while for the scheme
with limiters the numerical solution remains 1n D.

5.4. Example 4 (N = 4). We consider N = 4 particle species with diameters
di =290 x 107°m, dy = 250 x 107°m, d3 = 200 x 107°m, d4 = 130 x 10~°m, and
6 = 30°. We choose ®¢(x,y) = (0.05,0.05,0.05,0.05)T. The values ¢, forl=1,2and
¢ are presented in Table 6 up to t = 3. In the case of the scheme without limiters, we
observe some instances of c;S < 0and ¢ > pyax. On the contrary, for the scheme with
limiters, the numerical solutlon remains within D, as expected. We observe that the
scheme preserves the invariant region D regardless of the number of different particle
diameters NV, as stated in Theorem 7. A key element in the proof is the DDF property
(3.10), which we verify numerically by computing edw at several times, see Table 7.
Finally, Figure 6(b) shows the time evolution of Hq||oo, illustrating the decrease in
fluid velocity as the particles approach a steady-state solution.

6. Conclusions. Many mathematical models impose some requirements for the
admissibility of their state variables that call for numerical methods that satisfy these
requirements, which usually come as invariant-region properties. In the case of mul-
tidimensional polydisperse sedimentation, with concentrations of each solid species
and bulk velocity as state variables, individual concentrations are bound to be non-
negative, the total solid concentration to be below a prescribed threshold, and the
bulk velocity to be divergence-free. We herein propose a FV/FD solver on rotated
Cartesian meshes for the coupled transport-flow model for two-dimensional polydis-
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TABLE 5
Ezample 3: minimum of the solutions ¢*, 3 I = 1,2, and mazimum of the solution d)Zj obtained
by schemes LFCW (without limiters), IRP-LFCW (with limiters), until t = 2.5.

kxm b, ¢, é kxm é,

| N

3

20 x5 -8.07e-03 -6.21e-03 0.503233 20 x 5 0.000000 0.000000 0.502076

LECW 40 x 10 -9.35e-03 -8.70e-03 0.566773 IRP- 40 x 10 0.000000 0.000000 0.566619
80 x 20 -1.40e-02 -1.45e-02 0.590730 LFCW 80 x 20 0.000000 0.000000 0.591358

160 x 40 -1.58e-02 -1.67e-02 0.606257 160 x 40 0.000000 0.000000 0.600000

Fic. 4. Ezample 3: numerical solution at simulated times (a) t = 0.1, (b) t = 0.5.

perse sedimentation that achieves second-order accuracy through central WENO re-
constructions of the solid concentration designed with a filtering (the application of
scaling limiters) to achieve the cited invariant-region property. The FD solver for
the bulk velocity provably yields velocity fields that are discretely divergence free
(DDF), an essential feature for the proof of the IRP property. The numerical results
reconfirm that the scheme has the advertised properties, and agree qualitatively with
experimental information (e.g., in [14]) on batch settling, in particular concerning
the formation of N layers of different composition in the bottom of the vessel with
nearly horizontal interfaces in conjunction with the upward-streaming layer of clear
liquid beneath the inclined upper wall (see Figures 3 and 7). Future work should aim
at comparing numerical simulations, with appropriate parameters, with experimental
data such as the observed descent of these interfaces (cf., e.g., [14, Fig. 4]).

While the numerical examples have been limited to the MLB model, we empha-
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Fi1G. 6. Examples 3 and 4: simulated evolution of ||q||lcc for (a) Example 3, (b) Example /.

size that the properties utilized for the analysis in sections 3 and 4 are not specific
for that model but only rely on the generic assumptions of section 2.1. Other system-
atically constructed models could therefore replace the MLB model, if we consider
for instance liquid-liquid dispersions [30]. That said, the assumptions of section 2.1
were inspired by the authors’ previous work [1] where they are also verified for a
model of multiclass vehicular traffic [3] (not considered herein). A closer inspection
of the proof of Theorem 3 will reveal that these can possibly be relaxed, for example
to include hindrance factors V;(¢) (instead of V(¢)) specific to each species. Such a
generalization would make the present approach applicable to additional models (e.g.,
those reviewed in [8], which include [12]; or the one proposed in [2]).

With respect to numerical schemes we first comment that the LLF scheme has
been chosen as a first-order scheme with IRP property because the proof of Theorem 3
takes a relatively simple form. Instead of the LLF numerical flux one could also employ
the Harten-Lax-van Leer (HLL) numerical flux [22], for which the IRP property is
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Fic. 7. Exzample 4: numerical solution at simulated time t = 3.

TABLE 6

Ezample 4: minimum of the solutions ¢}, e I =1,...,4, and mazimum of the solution d)?j

obtained by schemes LFCW (without limiters) and IRP-LFCW (with limiters) until t = 3.

kxm 4, s, 6, s, 5

)

20 x5 -1.11e-03 -9.42e-04 -1.20e-03 6.25e-03 0.520070
40 x 10 -4.45e-03 -3.03e-03 -1.53e-03 -1.03e-03 0.581633

LECW 80 x 20 -7.05e-03 -7.33e-03 -5.70e-03 -2.88e-03 0.605112
160 x 40 -8.96e-03 -1.13e-02 -9.75e-03 -1.07e-03 0.641303

20x5  9.56e-11  6.10e-09 1.77e-06 6.35e-03 0.520119

IRP-LFCW 40 x 10 2.62e-18 1.08e-16  3.55e-12  1.46e-06 0.581665

80 x 20  8.56e-21  3.05e-19 4.47e-18 5.53e-12  0.599993
160 x 40 5.80e-26 7.17e-23  3.75e-20  1.46e-17 0.600000

also proven in [1]; the proof is, however, slightly more involved than for the LLF
numerical flux. Furthermore, although rectangular domains allow us to simulate
configurations of theoretical and practical interest (besides the Boycott effect and
Diehl test, an inclined rectangular channel has been proposed as a continuous-flow
device for classification of polydisperse suspensions [13]), our limitation to rectangular
domains is essentially imposed by the FD Stokes solver that will be removed by using
DG schemes on unstructured meshes. It remains to be evaluated whether a DG
approach would allow for higher than second order of global accuracy.
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