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Abstract. A spatially two-dimensional model for the flow of a mixture of a continuous phase
with a disperse phase that consists of particles (or droplets) of N species in general geometries consists
of a system of N conservation laws for the concentrations of particles, coupled with a Stokes-type
system of equations governing the velocity of the mixture. This model is studied for the special
case of sedimentation of polydisperse solid-liquid suspensions. This coupled transport-flow problem
is approximated by a numerical scheme in which the Stokes equations are discretized on a primal
triangular mesh using a finite element approach, while the concentration equations are approximated
on a dual diamond mesh by a finite volume scheme. The resulting finite volume element (FVE)
scheme is second-order accurate in space and time. The concentration vector is required to take
values in a set of physically relevant states (i.e., its components are non-negative and sum to at most
a prescribed maximum value). It is proven that this invariant region is preserved by the numerical
solutions produced by the FVE scheme. This property is ensured by applying a pair of linear scaling
limiters to a second-order MUSCL reconstruction of the concentration field. The FVE scheme is
applied to simulate the settling of polydisperse suspensions in various types of vessels.
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1. Introduction.

1.1. Scope. We are interested in second-order in space and time finite vol-
ume/finite element (in short, finite-volume-element, FVE) approximations of coupled
transport-flow models of the form

(1.1a) X+ V- (dru+ fil(@)k) =0, fi(®) =dv(®), 1=1,...,N;
(L.1b) V- (u(@)e(w) + Vp=g(9), e(w) = 5 (Vu+ (Vu)");
(1.1c) V-u=0,
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where ® == (¢1,...,0N)T, ¢ == ¢1+---+¢n, and (1.1) is posed on a bounded domain
Q C R? for t > 0, along with the initial and boundary conditions

(1.2) ®(x,0) = Do(x) for all € Q, where By = (p10,...,0n0)",
(1.3) u=0 and (fi(®)k)-n=0, I=1,...,N, on 9,
(1.4) / p(x,t)de =0 for allt > 0.

Q

The system (1.1) can be understood as a transport-flow model for a two-phase mixture
consisting of a disperse phase with IV species of particles or droplets moving in a
viscous continuous phase. In particular it models a polydisperse suspension of solid
particles of N species with diameters dy > - -- > d and densities p1, . .., py dispersed
in a viscous fluid. The unknowns are the volume fractions ¢; = ¢;(x, t) of each particle
species | (having diameter d; and density p;), which depend on spatial position x
and time ¢, the volume-averaged mixture velocity u = wu(x,t), and the pressure
p = p(x,t). Here k denotes the downward-pointing unit vector while vy (®), ..., vx (D)
are prescribed velocity functions that describe the relative motion of each particle
species with respect to the mixture. The physically relevant set of states ® is

D= {(¢17"'7¢N)T€RN : (bl207"'7¢N207¢::¢1+"'+¢Ng(bmax}?

where ¢nax denotes a given maximum total particle volume fraction.

It is the purpose of this work to introduce a FVE scheme for the solution of the
initial-boundary value problem (IBVP) (1.1)—(1.4) that is second-order accurate in
both space and time, and that provably satisfies the invariant region preservation
(IRP) property, that is, if ®g(x) € D for all x € , then the numerical solution
assumes values in D for all times. The main novelties are as follows. While previ-
ously developed IRP methods for (1.1) were limited to the one-dimensional version
of (1.1a) [2] or rectangular domains [3], we herein introduce a FVE approximation of
(1.1) on general polygonal domains. Such domains include trapezoidal (roof-shaped)
vessels and configurations of real solid-liquid separation equipment such as the reflux
classifier [24]. To achieve this we define a primal triangular mesh for the nonconform-
ing approximation of the Stokes problem (1.1b), (1.1c) by Crouzeix-Raviart finite el-
ements along with a dual diamond mesh on which the concentration equations (1.1a)
are discretized by a finite volume (FV) scheme with MUSCL reconstruction. Based
on this dual-mesh construction the numerical flux may be approximated in a straight-
forward manner because the mixture velocity w is uniquely defined along the edges
shared by adjacent control volumes of the dual mesh. On the other hand, the proof
of the IRP property for the FVE scheme depends on a novel proof that the first-order
LLF scheme on general meshes produces physically relevant solutions to the transport
part of the model (1.1), as well as on an extension of the limiters introduced in [2, 3]
to polygonal meshes. Finally, the version of the Masliyah-Lockett-Bassoon (MLB)
model [21,22] of polydisperse sedimentation utilized herein is more general than the
one considered in [2,3] since we admit a more general definition (see [4]) of hindered
settling velocities (in a sense made precise in later parts of the paper).

1.2. Related work. Mathematical models for polydisperse sedimentation de-
scribe the coupled settling of particle species with different sizes and concentrations.
Classical formulations of hindered settling include the models of Masliyah [22] and
Lockett and Bassoon [21], while Richardson and Zaki [25] provided a widely used
correlation for sedimentation and fluidization. Subsequent work has addressed the
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mathematical structure of multispecies sedimentation models, including their hyper-
bolicity and instability regions [7,9], as well as extensions involving particle-size-
specific hindered-settling factors [4]. Specifically we refer to [9] for a derivation of the
MLB model from principles of continuum mechanics, and to [7] for alternate models
of polydisperse sedimentation. On the other hand, the governing model (1.1) also
describes transport-flow processes for other a multispecies disperse phases, such as
the settling and creaming of liquid-liquid dispersions [1, 26].

Numerical approximations of sedimentation and related transport-flow systems
have been developed using FV, FE, and FVE techniques. In [8] Biirger et al. proposed
a stabilized FVE formulation for sedimentation-consolidation processes. For trans-
port problems on unstructured meshes, Castro et al. [11] developed a second-order
FV method, providing a basis for the MUSCL reconstruction employed herein. The
flow system (1.1b), (1.1c) is discretized using Crouzeix-Raviart nonconforming finite
elements [14], together with stabilization techniques for piecewise H! fields [6,15,19].

A major challenge in high-order approximations of sedimentation models is main-
taining the physically admissible concentration region D. For the appropriate treat-
ment of this issue in the general context of conservation laws we refer to [20]. Stan-
dard high-order reconstructions may violate the constraint ® € D, particularly near
steep gradients. The authors’ previous work addressed this issue through weighted
essentially non-oscillatory (WENO) schemes equipped with the IRP property (IRP-
WENO) schemes for one-dimensional multispecies kinematic flow models [2] and
through a second-order finite-difference IRP method for a transport-flow model of
polydisperse sedimentation on Cartesian meshes [3]. The present work extends these
ideas to general polygonal domains and a FVE discretization. The scaling limiters
used to enforce the IRP property are related to the positivity- and maximum-principle-
preserving methodology developed by Zhang and collaborators. Zhang [28] intro-
duced positivity-preserving high-order DG techniques for compressible Navier—Stokes
equations. Zhang and Shu [29] developed maximum-principle-preserving high-order
schemes for scalar conservation laws, establishing a general scaling strategy for con-
straining reconstructed polynomial solutions. Zhang et al. [30] subsequently extended
maximum-principle and positivity-preserving ideas to high-order DG schemes on tri-
angular meshes. These contributions provide the conceptual foundation for the scaling
procedures adopted here, although the present application requires their modification
to accommodate a vector-valued concentration field, the coupled transport-flow struc-
ture, and the invariant set defined by simultaneous lower and upper constraints.

The present second-order FVE approximation that preserves the admissible con-
centration region under an appropriate CFL restriction is particularly relevant to
geometrically complex sedimentation and classification problems. Previous applica-
tions include enhanced sedimentation in inclined configurations [23,27] and particle
classification in reflux classifiers [24]. Thus, the principal contribution of the pres-
ent work is the combination of second-order accuracy, the IRP property, and a FVE
treatment capable of operating on polygonal meshes, thereby extending previous IRP
sedimentation schemes to more general geometries.

1.3. Outline of the paper. The remainder of the paper is organized as follows.
In Section 1.4 we state the assumptions of the analysis, in particular those related
to the transport model (1.1a). These assumptions are met by the MLB model for
equal-density spheres (see Section 1.5). Section 2 is dedicated to the formulation of
the first-order versions of the FE and FV methods that form the basis of the FVE
scheme. To obtain a discrete version of the problem (1.1), we first describe, in Sec-
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tion 2.1, a FE approximation of the Stokes problem (1.1b), (1.1¢) subject to boundary
conditions (1.3), (1.4) on the primal triangular mesh, and then outline, in Section 2.2,
the approximation of (1.1a) by a FV scheme defined on the dual mesh that is based
on the local Lax-Friedrichs (LLF) numerical flux. In particular, since the discrete
velocity field wp, coming from the FE solver satisfies a discrete divergence-free (DDF)
property, we may prove that the F'V scheme satisfies the IRP property under a suitable
CFL condition (cf. Theorem 2.1). Next, in Section 3, we extend the FV scheme to
second-order accuracy. To this end we outline in Section 3.1 the second-order MUSCL
reconstruction that is mainly based on the work by Castro et al. [11]. The MUSCL
reconstruction, applied to the piecewise constant approximations of ® defined on the
control volumes of the dual mesh 7;*, delivers a piecewise linear, second-order accu-
rate approximation of ® on the control volumes of the dual mesh and involves a slope
limiter to avoid spurious oscillation. The MUSCL reconstruction does, however, not
ensure the IRP property. The latter property is achieved by applying scaling limiters
akin to those by Zhang [28] and Zhang and Shu [29], which are modified in Section 3.2
to handle the discretization of (1.1). The result is a second-order in space accurate
FV scheme that has the IRP property, see Theorem 3.1. Then, in Section 3.3, we out-
line the strong-stability preserving (SSP) second-order TVD Runge-Kutta (SSPRK)
time discretization [17, 18] applied to the FV scheme and describe the FVE scheme
for the complete transport-flow problem (Algorithm 3.1). Numerical examples are
presented in Section 4, including an accuracy test for a manufactured exact solution
(Section 4.1), three cases of settling of a polydisperse suspension (Sections 4.2 to 4.4),
and one case of the flow and settling through a tank with continuous in- and outflow
(Section 4.5). Conclusions are collected in Section 5.

1.4. Assumptions. We assume that there exist continuous, piecewise differen-
tiable functions w; = w;(¢), I = 1,..., N, which are differentiable on [0, ¢max], and pa-

rameters k1 > kg > --- > Kk > 0 such that the vectors v(®) = (vi(®),...,vn(®))T,
k= (k1,...,68)7, and w(¢) = (wi(d),...,wn(¢))" satisfy
(1.5) v(®)T® = kT(®xw) forall ® D,
where for a = (ay,...,an)", b= (by,...,bx)T we define (a*b) = (a1by,...,anby)T.

The functions w; must satisfy wi(¢) > 0 for all ¢ € [0, pmax], Wi(Pmax) = 0, and

wy(¢) < wj(¢) if 0 < ¢ < ¢ < Pmax. Note that this implies that wj(¢) < 0 for all
@ € (0, pmax), for L =1,..., N. Furthermore, the one-dimensional system

(1.6) 0+ 0. F(D) =0

where f(®) = (f1(®),..., fn(®))7T, is assumed to be hyperbolic on D. Let \;(®) >
-+ > AN (®) denote the eigenvalues of the Jacobian matrix J(®) of f(®) at & € D.
It is assumed that there exist piecewise continuous functions 1, = 1;(¢) such that
KT (®x 1) < min{on (), \n(P)} and w](¢) > ¢y (¢) for all ® € D, 1 =1,..., N; that
v1(®) > 0 for all & € D; and that there exists a known upper bound My = M (D)
such that M (®) > max{v;(®), A1 (®)} for all ® € D. Summarizing, we assume that

My (®) = &¥(® x ) < min{v;(®),\;(®) : 1 <i < N}

1.7
(L.7) < max{v;(®),\(P) : 1 <i< N} < My(®) forall®eD.

1.5. The MLB model with particle-size-specific hindered-settling fac-
tors. For particle of diameters d; > --- > dy and equal density ps, parameters
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S =d?/d?, & = (61 = 1,09,...,6n)", and fisea == gd3/(181¢), where g is the acceler-
ation of gravity, pr is the density of the fluid, and u¢ is the viscosity of the fluid, the
MLB model states that

(1.8)

vl(q)) :Msed(l _¢)<6ZW(¢) _6T(<I)*V(¢)))v l= ]-w"aN; Hsed = (ps _pf)/lsed7

where V(¢) = (V1(6), ..., Vn(¢))T and Vi(¢) are hindrance factors assumed to satisfy
(1.9) Vi(0)=1, V/(¢)<0 for 0< ¢ < dmaxs Vi(bmax) =0 forl=1,...,N.

One can prove (cf., e.g., [7, Lemma 4.1]) that if v;(®), l = 1,..., N are given by (1.8)
and the functions V;(¢), besides (1.9), satisfy

Vi(¢) > Vj(¢) for all ¢ € [0, pmax] if I < 7,

then (1.1a) is strictly hyperbolic on the interior of D, and the eigenvalues A1,..., An
and velocities v, ...,vy (all depending on @) satisfy the interlacing property

N
My(®) = psea y_ (1 — $)V/ (9) — 2Vi(9))
=1
<AN<UN <A1 << A <1 :SMQ(q)) for all ® € D.

Notice that for ps > pf, there holds v1(®) > 0 for all & € D. It is straight-
forward to prove that the present MLB model with equal-density particles satis-
fies the assumptions of Section 1.4 for w;(¢) = pseda(l — ¢)?Vi(4), k = &, and

Vi(9) = pisea((1 — @)V} (¢) — 2Vi(9)). Note that wj(¢) = (1 — ¢)¥u(9).

2. Numerical scheme. Let 2 C R? be a bounded polygonal Lipschitz domain
and let L3(€2) denote the space of L? functions with zero average. We assume that
¢ € L*°(Q) with 0 < ¢ < ¢max a.e. is given and assume that p satisfies 0 < pimin <
p(8) < fmax < 00 for all s € [0, pmax], and that g(¢) € [L2(Q)]%.

2.1. Approximation of the Stokes system. We define the bilinear forms
a(gp;u,v) = / p(p)e(u) : e(v)de, b(v,q) = — / (V-v)qde.
Q Q

Then, the variational formulation of the Stokes problem (1.1b), (1.1c) reads: find
(u,p) € [HY(Q)]? x LE() such that

a6, v) + b(v, p) = /Q g(6) - vdz Yu e [HIQ),

b(u,q) =0 Vq e Lj(Q).

(2.1)

By Korn’s first inequality the bilinear form a(¢;-,-) is [H}(2)]%-elliptic, and the pair
([HE(Q)]?, LA(Q)) satisfies the inf-sup condition

Vv,
inf sup M > 0,
g€L3(Q) wermi ()2 [VI1,llalloe

hence (2.1) has a unique solution [16].
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To discretize (2.1) we assume that {7, }r>0 is a regular family of triangulations
of 2 made up of triangles T" of diameter hr, where h stands for both a sub-index of each
triangulation T, as well as for the largest diameter, that is h = max{hr : T € Tp}.
Next, given k € Ny and a subset A C R?, we denote by Py (A) the space of polynomials
of degree less than or equal to k. We employ the Crouzeix—Raviart finite elements [14]
where the degrees of freedom (DOFS) consist of the values of the shape functions at
the centers of the edges/faces. We denote by &, the set of the edges of all T € Ty, by
Ent c &, the set of edges interior to 2, and by X' := &,\EM the set of boundary
edges We now define the (nonconformlng) Crouzelx Raviart space

P1CR(7}L) = {vh € [LQ(Q)]2 jvp|r € []PH(T)]2 VT €T, /[[vh]]eds =0Vec 5};”,

/vhds =0Vee Sﬁ"t},

where we define the jump across an interior e € " shared by T and T as [vp]. =
vp|r_ —op|7, , and [vp]e = wvple, for e € EXF. We set V, == PSR (T;,) and endow this
space with the broken norm [|vs |7, = Y rcr. [vnl 7. We approximate pressure by
piecewise constant functions from

Qn = {an € LYQ) : qnlr €Po(T) VT €Ty}

Since V3, ¢ [H}(Q)]?, the forms in (2.1) must be replaced by their broken counterparts.
Moreover, the Crouzeix-Raviart space does not satisfy a discrete Korn inequality for
the symmetric-gradient form [6, 15, 19]. Following [8, 19] we therefore add a weakly
consistent jump stabilization and define for v > 0

an (¢ un,vn) = / ce(vp)dx + v Z e /[[uh [vn] ds,

TETh ecép

br(vn,an) = — Y / (Vo) qp de,

TeTh

where [i. denotes the average of p(¢$) over the elements sharing e. The discrete
problem now reads: given ¢ € L>®(£; [0, dmax]), find (wp,pr) € Vi, x Qp, such that

(2-2a) an(@; un, vi) + bp(vn, pr) = /Qg(qS) vy dx Vo, € Vi,

(2.2b) brn(wn,qn) =0 Van € Qn.

The Korn inequality for piecewise H' vector fields [6] implies that there exists a
constant Cx > 0 such that

lonll%n < Cx < D lewn)liz+ > hell[[vh]]?),e)

TeTh e€lp
Then using g > fimin and fie > fimin and taking o, = min{l,~v}/Ck, we obtain
an($; Vn, Vh) > Qs pimin |01 1l3 ), VO € Vi,
so the bilinear form ay, is coercive. In addition, it is well known that the pair (V},, Q)
satisfies the inf-sup condition [14, 16]

nf sup M > 8.

dn th v EVY




FVE SCHEME FOR POLYDISPERSE FLOW AND SEGREGATION 7

(b)

clear fluid

polydisperse
suspension

sediment

Fic. 1. (a) Settling of a polydisperse suspension in a polygonal (here, roof-shaped) domain;
(b) schematic of the primal mesh Ty, (dashed) and the corresponding dual mesh T.* (solid lines).

where 8, > 0 is a constant independent of h and ¢. Consequently, from the Babuska-
Brezzi theory we conclude that (2.2) has a unique solution.

By testing (2.2b) with g, = x7 — m(T)/m(€), it follows that [,V -y, dz = 0.
Since V - uy, is constant on T', we obtain the local DDF property

(2.3) (V-up)lr =0 YT €T

2.2. Approximation of the concentration equations. Given the primal tri-
angulation 7, we construct a dual FV mesh 7, by using the edges of the primal
triangulation. For a given edge ex € S,ilnt of the triangulation, the vertices of the
corresponding finite volume K are given by the endpoints of ex and the barycenters
of the two triangles containing ex. If ex € EF, then the vertices of K are given by
the endpoints of ex and the barycenter of the triangle containing the edge ex (see
Fig. 1). We denoted the midpoint of ex by k. Let us denote by £ the set of edges
of the dual mesh 7,* and by ok, the edge of K shared with its neighbor control
volume L € 7% (see Figure 1). In addition, we define m, as the measure of the edge
o € &, and nk,, as the unit normal vector at o pointing outward to K. We also
consider the set N (K) of neighboring control volumes to K and the measure m(K)
of K, and define S, C L?(Q2) as the space of piecewise constant functions on each
control volume of 7,7, i.e.

Sp={we L*(Q): w|x € Py(K) VK €T}

We also define S, := (Sp,)". Then, the sought unknown is approximated by ®,(t) =
(p1.0(t), ..., dN.1(t)) € Sh, L., for each t > 0, ®), is a piecewise constant function
on 7; . Here we also assume that the piecewise linear discrete velocity wy, is known
(it has been computed in a previous step). The system (1.1a) is now written as

(2.4) 0@ + 0, F1(P,u”) JFayFZ(q)auy) =0,

where Fy(®,u®) = u®® + k7 f(®), Fo(®,uY) = uY® + kY f(®), and k = (k*, k¥)T.
Integrating (2.4) over K and using the divergence theorem yields

d
7/ @;L(m,t) dx —|—/ F(@h(a},t),uh(;c)) -ngds =0,
dt Jr oK
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where F(®,u) = (Fy(®,u?), Fy(®,u¥))T. Let us define

1
Pr(t)=—+= | @ t)d P =P d u} = tn).
k) = i [ W@t de, B = ), and = wnlh)
Discretizing the time derivative by a forward Euler step, we arrive at
(2.5) ‘I)n—H (I)n Z / (I)h x,t ) uh(matn)) "NK,L ds.

Le/\/

The integrand F(®y(x,t,), ur(x,t,)) has to be specified appropriately, since @y, is
not necessarily continuous across the element boundary. If H denotes a numerical flux
function associated with the projection of system (1.1a) in the direction of the normal
vector nk 1, (see [3] for details), then the integrals in (2.5) can be approximated by a
Gauss quadrature rule. This yields the discrete approximation of (1.1a)
(2.6) O = P — Af > H(®%, O}, uk . nkL)m

: m(K) K> *L) YK L, "WK,L)"MK,L,
LeN(K)

where u}‘(,L =u}(xk ) and xx  denotes the midpoint of o . This suggests
defining H as some approximation of the flux at z = 0 of the solution of the one-
dimensional Riemann problem

(2.7)
Dy if 2 <0,

aU + 0.(F(U, : —0 inRx(0,00), Uz0)=
WU+ 0.(F(U,uk,r) nk.L) in R x (0, 00) (2,0) {<I>L 20,

defined for @,y € D. To this end, we propose an LLF numerical flux given by

1
H( % E»U?(,La"K,L) = §(F< TLLvU?(,L) + F@’”K»“?(,L)) *NK,L

1
— 0% (B~ B,
where o ;= a(®},®7) is a local upper bound for the eigenvalues Ai(U) of the
Jacobian matrix associated to the system (2.7). As in [3] this bound can be derived
from those arising in (1.7) if we choose a direction n € R?, ||| = 1, and assume that
U varies only in that direction in a neighborhood of a point xg; if we set &(z,t) =
U(zn + xg), then £ satisfies 9;€ + 0,(F(&,u) - i) = 0. Thus, taking into account
the definition of F(&,u), we obtain the bounds M;(U) < A\i(U) < My(U) for all
t=1,...,N, where in light of (1.7),

- _Ju-n+(k-n)MyU) if k-n>0,
(2.9) M,(U) = {u b (k)M (U) i kn <0,

(2.8)

p=12,

for any unit vector n. Consequently, a suitable definition of a(®%, ®7) is given by
a(Pg,Pp) = maX{| MiNg e[, o] M, (®)],] MAXP [P, b ] ]\;[2(@)|},

where we define [Pg, @] = {sPx + (1 — )P : s € [0,1]}.
The time step At = At, is computed for each iteration by enforcing the CFL
condition

Aty,
m(K)

(2.10) o Z mrrL <1l VKeTS o= max{ max aKL}

KeTr \L K
LEN(K) h EN(K)
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Remark 2.1. Since wuy, is piecewise linear on every triangle in 7, using the diver-
gence theorem and the local DDF condition (2.3) we obtain

Z (uk,L MK )Mk, L = / up - ngds = / V- updzx

LEN(K) oK K

= Z V- -updx =0.
Ter, JTNK

TNK#2

Let K € T;* and L € N(K) be given. For A € RT, we analyze the function
G(Pk,Pr,uk,L,miL) = Px — AH (P, Pp, uk, 1, N, L)-

We set Gk, = (G}CL, e G%L)T = G(Pg, P, uk 1, K, 1) to simplify notation.

LEMMA 2.2. If the velocity functions vi(®) satisfy the assumptions of Section 1.4,
Dy, Py, €D, and X > 0 satisfies

(2.11) (g, PN <1,

then the function G satisfies

(2.12) Gl >0 foralll=1,...,N,
(2.13) G}(,L et GIA(’,L < Pmax — APmax (UK, - MK L)

Proof. In this proof it is always understood that u = ug 1 and n = ng . First,
by using the definition of the flux H we notice that

)\OéK’L A

210 Glo = (1= 2L = Suenot (oo m)u(@x) o+

Aag, L
2

Al
Gk

forl=1,...,N, where CNJlKL =¢L — (Y ag o) ((w-n)g L+ (k-n)g Lvi(Pr)). Let
us check (2.12) first. We notice from (1.7) and (2.9) that

lu-n+ (k-n)u(Py)| <akr, Ue{L K}

Therefore, G”KL > 0, and thanks to (2.11),

1

7)\04K,L )\(
2 2

u-n+ (k:~n)vl(<I>K)) >1—dag, >0,

so we deduce (2.12) from (2.14). To prove (2.13), we first rewrite (2.14) as

AOZK,L A

GiK’L = (1 - - “(u-n+ (k- n)Ul(q)K)))¢l,K + Aar.L

2

5 L

- %((u )¢ + (k-n)Lo(®r)).

Summing over [ = 1,..., N yields

N
Sl = (1= 25 Jon — Gt monc + (- maku(en)
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+ 2L g, (e mhor + (e m)0Fo(@))
=(1-dag,L)dx + )\a;’L@( — %((u n)ox + (k- n)(P?{v((I)K))
/\CYK,L A

+

¢r — 5 ((u-n)¢r + (k-n)@rv(Pr)).

2 2

Using (1.5) and adding and subtracting the term (u - 1)@max, we obtain

N
(215) Z K, L — 1 - /\aK L) ¢K + AOZK L¢max + yl + y2 (u : n)gbmaxy

where the terms ); and )» are defined by

)\OéKL

V= T7(¢L — (bmaX) - %((u : n)(¢L - (bmax) + (k' ) n)HT((I)L * w((bL)))’
y2 = )\aK L ((bK (bmaX) - %((u : n)(¢K - (bmax) + (k : ’I’L)KT((I)K * w(d)K)))

Let us now show that Vi < 0. If ¢, = dmax, then wi(Pmax) =0 foralll =1,...,N
implies that Y1 = 0. If ¢ # @Pmax, it follows that Yy = %((ﬁL — ¢max) VK, L, where

Ver=agr—u-n—(k-n)&"(®p*w(or))/(r — Pmax)-

Now, we notice that there exists a number §g) € [dL, Pmax] sSuch that

wl(¢L) _ wl(¢L) - wl(¢max) _ w/( (l))
= w; .

d)L - ¢max ¢L - ¢max
For &, := (¢, .., 6T and w'(€1) = (w) (€M), ..., wiy (€™)T we obtain

Ver=oagr— (u-n+(k-ne"(Opw(£L))).

If k-m > 0, then (k- n)kT(®L xw'(€1)) <0, thus Vg 1, > ok, —uw-n. In addition,
My(®r) > v1(®r) > 0, hence

Vir > agrp—uw-n—(k-n)My(®Pr) = g, — My(®r) > 0.

On the other hand, if k- n < 0, then we may use that w; is nondecreasing to obtain
that w; (fL ) > wl(qu) Moreover, the assumptions of Section 1.4 imply that w;(¢) >

Vi(¢). Let (o) = (¢1(9), . .. ,¢N(¢))T~ Then
(—k )K" (Pr xw'(€r)) > (k- n)&" (P x w' (1))
> (—k-n)r" (DL x (1)) = (—k-n)M(Py)
implies that
Vi >agp—u-n—(k-n)M(®L) = ag, — My(®) > 0.

In both cases, we get Vi 1 > 0, hence ); < 0. Repeating the same argument with ® g
instead of @, yields M, < 0. Then, since ¢ € [0, pmax], (2.15) implies (2.13). 0

Using Lemma 2.2 we may now prove that the first-order numerical scheme used
to approximate the polydisperse system (1.1a) preserves the region D.
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THEOREM 2.1. If the CFL condition (2.10) is in effect and the velocity functions
v (P) satisfy the assumptions of Section 1.4, then the LLF scheme defined by (2.6)
with the numerical flux (2.8) satisfies the IRP property

L ecDforall K€ Ty = @' €D forall K € T and all n € N,

Proof. Let K € T;* be given. For practical reasons, during the proof we omit the
superscript n on the right-hand side of the marching formula ie., we set Py = D%
ak,r_= & 1, and At := At,. Let us define A\g 1, = m(K)mKL’ )\ = ZLeN(K) )\K L,
and )\KL = Ak,L/A, so that ZL@N K) )\KL = 1. Then we can write

At
P = Py — m(K) Z H(®k,®r,uk 1, NK,L)MK,L
m LeN(K)
> Akrn(Px —MH(®x, O, ukr,nrn) = >, AkrGr.L.
LeN(K) LeN(K)
Thus,

?j(l: Z S‘K,LGZK,L fori=1,...,N.
LeN(K)

Then, (2.12) implies that G ; >0, so ¢/L' >0 for all I = 1,...,N. In addition,
employing (2.13) and Remark 2 1 yields

=Y Akn(Giop + < > Akrfmax(l = Muk - nir))
LeN (K) LeN(K)
At(rbmax _
= Pmax — m(K) LE%(:K)(UK,L NK.L)MK,L = Pmax-
This completes the proof. 0

3. Second-order finite volume scheme.

3.1. Second-order MUSCL reconstruction. We will look for a linear ap-
proximation function on K of the form Py (x) = ®x + VO - (x — cx)?T for z € K,
where ¢k is the barycenter of K and V& represents a constant approximation of the
gradient of ® over the control cell K. To describe this approximation, let us consider
K € T;* such that 9K N9Q = @, so K has four neighboring elements K1), ... K®).
Then we define four triangles TI(<), . TI(? ), where Tm 1s the trlangle formed by
joining the barycenter cx of K with the two barycenters c! W ) and ¢, of two neigh-
boring elements (see Figure 2), where £(j) = j+1for j=1,...,3 and (4) =1. On
each triangle TKJ we use the values ®x and @y, ..., <I>K(4> to obtain the following
linear approximation of the gradient V ®:

V|0 = VA 4 & VAD 4+ @) VALY,
where Aﬁ?’, Aﬁ?, and /\%J ) are the barycentric coordinates of the vertices of T](g).
Finally, we consider the first-order approximation of the gradient V& (x) in K

i1 m(Tz(cj))V‘I’\TQ

(3.1) V()| ~ Vo = S
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Fic. 2. Triangles TI((l)7 e TI(?) associated with MUSCL reconstruction on K € T;r.

To handle discontinuities in the solution, we modify the gradient approximation by
introducing slope limiters that control spurious oscillations near discontinuities. Let
us employ the notation V®@x = (Vo1 k,. .., ngN,K)T and define the operator

(3.2) Pg(x) =Pk + ﬁ)K(QE —ck)', where ﬂ)K = g * VP,

and pr = (P1.K,-- -, <pN7K)T is the vector of componentwise slope-limiter coeflicients
related to the control volume K. These coefficients are given by

(33) YLK = minLEN(K){<plI(,L}a CPZK,L = max{(), min{rlK,Lﬂ 1}}a l=1,...,N.

The quantities rlK ;, are defined as

(7R — d1,k) /(9] k.1, — LK) if @]y, — 1,5 >0,
i =9 ( iR — oK)/ (8] k.1 — LK) if ¢ e — b1k <0, I=1,...,N,

1 if ¢ 1 = 1K,
where ¢ = min{¢;, rc, minpen (k) ¢r.z}, P = max{¢y x, Maxpen (k) ¢i.z}, and
. T T
}},L = (‘biK,La ) ¢*N,K,L) =Px + V‘I’K(fBK,L - CK) ,

where ck is the center of mass of K. To obtain a second-order approximation we
replace (2.6) by

At in ex n
(84) O =f - —— > H(OR, 0w ncr)micr,
m(K) ’ ’
LeN(K)

where @?E(LK) and (I)';?fL(K) denote the MUSCL reconstructions of the cell-average

concentration vector on the interior and exterior sides of K, respectively, evaluated
at the midpoint @k 1, of the edge shared by K and L, i.e.

(3.5) ‘I’?(LK) = Pg(zK, 1), ‘I)(;?,tng) = Pr(Tk.L)

where the reconstruction polynomials are given by (3.2).

Although MUSCL reconstructions generally reduce numerical oscillations, they
do not eliminate them entirely. In some numerical tests, the remaining oscillations
prevent the scheme from guaranteeing the IRP property. In particular, the positivity
of each component and the bound-preserving property of the total concentration may
be violated; see Examples 2 and 3 in Section 4. This issue is addressed by introducing
two scaling limiters that ensure the IRP property.
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3.2. Scaling limiters. To adapt the Zhang and Shu [28,29] scaling limiters to
handle (1.1), we first limit each concentration ¢;. Let us assume that &% € D and
let S be a prescrlbed subset of K. The polynomials p )( ) are then replaced by

P(l)( )= 9( ( ) = &I'kc) + ' i, Where

9l—m1n{’¢lK/(¢>lK m(l)) , 1=1,...,N.

m(f? = min PI((Z) (x)
xes

Then the cell average of ]51((1) (z) over K is still ¢}'s and

(3.6) 15[(?(33)20 forallz € Sandl=1,...,N.

Next, we define the polynomial P () := 0( I(()( )+ JrP(N)( ) — %)+ P, where

0 == min{|(Gmax — O3/ (M — &3%)[, 1}, My = ngc(ﬁﬁ(”(x) +o P ().

Thus, PK(:B) < Gmax for all x € S. We now define the modified polynomials

(3.7) PP (@)= 0(PY(x) — ¢i'x) + ok, L=1,...,N,
and setting Py := (15]((1), e PI((N))T, replace (3.5) by

‘D}?EK) Py (xrk.1), ‘P?tL(K) Pr(xk,L).

Remark 3.1. The accuracy analysis of [2, section 4.4] shows that the limiters
01,...,0n and 0 do not destroy the order of accuracy of the reconstruction.

We first prove the following lemma.
LEMMA 3.2. If ®% € D, then Px(x) € D for allz € S.
Proof. Let € S. By definition (3.7), (3.6), and since 0 € [0, 1],

(3.8) P (x) = 0PP () + (1 - 0)pf'sc =0, 1=1,...,N,
P (@) 4+ P (@) = 0(PP (@) + -+ P (@) - o) + 0k
(3.9) = P () < dmax.
Combining (3.8) and (3.9) we deduce that Pk (z) € D for all z € S. 0

To show that the marching formula (3.4) produces solutions belonging to D, we notice
that if K € 7, is an interior volume, i.e. 9K N 0N = &, then the diamond can be
decomposed as K = Tk 1 U Tk 2, where T ; are triangles having the diagonal of K
as a common side. Following the approach of [30], on each triangle Tk ; with vertices
Vi, Va5, and V3 j, we introduce the mappings

G j(u,v) = (5+0) Vig + (3 +u) (3 -v) Vo + (3 —u) (3 —v) Vay,
Goj(u,v) = (3 +v) Vo + (5 +u) (3 -v) Va; + (5 —u) (5 —v) Vi,
G3j(u,v) = (3 +v) Vo + (5 +u) (3 —v) Vi + (5 —u) (5 —v) Vay,
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which map the top edge of the rectangle [—%,1] x [~2, 1] into one vertex and the

other three edges to the edges of Tk ;. We define the quadrature points by
Sk = Sk, USK,2,
(3.10) Sk.j = {G1,;(0,-3),G2,(0,~5), Gs,;(0, —3)}
={3(Vij + Vo), 5(Va; + Va), 5(Va; + Vi) ), =12,

that is, Sk,; consists only of the midpoints of the three edges of Tk ;. Let us define
the averages of the reconstruction polynomials over each sub-triangle Tk ; of K
1

e = Py (x)dx, j=1,2.
Tk,j m(TK,j) Tic, ( )

and the set N ; of neighbors of the triangle Tk ;. Thus
N(K) = (N1 UNk 2)\{Trk 1, Tk 2}

Using the quadrature (3.10) and following [30], we can write

o 1nt(K) .
o = Z PR =12
LENKJ

Now, if K is a boundary element, i.e. 0K N0 # @&, then there exists a segment

o € & such that o C 9K N 9. We denote by 55" the midpoint of this segment and

set N( )° ={LeN(K): ok, CIK\0N}. We also denote by x r,, the midpoint

of the edge shared by K and the interior neighbor L;, j = 1,2. In this case we define

the stencil as Sk = {Zk 1,, Tx L,, 25"} and adopt the convention Tk 1 = Tk 2 = K.
Hence, in general the stencil is

(3.11) Sk = {SK,l U Sk,2 if OKNOO =@,

{Tx 1., Tr L, 23X} if OK NN #£ 2.

THEOREM 3.1. Consider the F'V scheme (3.4) associated with the reconstruction
polynomials Py (x) defined by (3.7) and S = Sk (cf. (3.11)). If the CFL condition
(3.12)

VK eTr, o= max{ max o }
e ket \ren(r) F

Wl =

alt
m <
min{m(Tx 1), m(Tk 2) LE%%K) KL <

is in effect and @' € D for all K € T,", then ‘I)?(H €D forall K €7T;.

Proof. Let us focus first on the case when K € 7;* is an interior volume. Since
we can write the average of ® over K as

(3.13) EDD %@gﬂm,

the marching formula (3.4) can be expressed as

2
m(Ty ;
(3.14) ot = 777(1 ([’?g)HTW Hr, , == § Hg.1;,
LENK i
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where
int(K 3At int(K ext(K
Hp 1 j = P ( ) WKJ)H((I)K(L )aq’K,L( )7UK,L,nK,L)mK7L
VL e Nk, \{Tks-;}
int(K
HK,TK,g,fJ,J = K,'.gl—'K,)j'

Applying Lemma 2.2 yields for j = 1,2

(3.15) Hng >0, Vi=1,...,N, YLE¢ENk,,
3Atdmax

3 16 H max — T\
121 Ky =0 m(Tk ;)

N
(3.17) ZHKTKS i < Pmax-

(ug,L-nrr)mrr YLeNk\{Tkszj}

Therefore, (3.13), (3.14) and (3.15) imply that ¢"+1 > 0. Moreover, from (3.13),
(3.14), (3.16), (3.17), and the DDF property (2.3) it follows that

2

sz L DD ZHKLJ

LENK =1

: z; n;(l?(ff)]) <¢max N mE;SK) 2 (ukr - mx.L) mK,L>
1= P

77 LeNk \MTr,3-5}

At
— @Pmax — &;‘X Z (uK,L . nK,L) mge,.L = d)max-

m(K LeN (K)

Hence it follows that ®};*' € D. For the case when K is a boundary element, the
zero-flux boundary condition implies that

(I)rlz(+1 3( Z GKL+PK( ext)>’

LEN(K)°

GK7L = (I)i;;tL — 7.[‘1((1)2[?7:[(/[() (I)em(K),’U,K)L,TLK)L)mK,L VL e N(K)o.

Then proceeding as before and using Lemmas 2.2 and 3.2 yields qﬁﬁ}l >0 and

¢?{ < ; < Z <¢max - ?)AWZE?}?)&)((UK,L . nK,L)mK,L> + ¢max>

LeEN(K)°
At¢max
= (bmax - Z (’UJK7L : nK,L)mK7L
m(K) LeEN (K)°
At(ﬁmax
= ¢max - / Up - Mg ds.
m(K) OK\ON
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By construction of the dual mesh, K is the triangle whose vertices are the endpoints
of ex and the barycenter of the unique 7' € T, containing eg; in particular K C T,
so up |k is affine, and 0K N OSY = ex. Thus, the divergence theorem and (2.3) give

(3.18) / uh~ans:/V~uhdm:O,
oK K

whereas, since ey is a straight segment, ny is constant on ex and the definition of
the space P$R(Ty,) yields

(3.19) / up -ngds =ng - (/ uhds) =0.
OKNON ex

Subtracting (3.19) from (3.18), we get faK\aQ up, - ng ds = 0. Thus, it also follows in
this case that ®; € D. O

3.3. Time discretization and FVE scheme. To describe the SSPRK time
discretization we assume that ®" is the vector of approximate solution values of
®' = L(®) at t = t,,. Then the vector ®"+! for ¢, ; = t,, + At is computed by

o) = " 4 AtL(®"),
1 1

Pl = " 4 — (M) 4 AtL(dW)).
5@+ 2 (e + AtL(e™))

Due to convexity in the intermediate stages, this time discretization preserves the
IRP property. The two subproblems are solved sequentially within each Runge-Kutta
stage: given a concentration vector, the flow problem (1.1b), (1.1c) is solved first, and
the resulting velocity is then held fixed while the conservation law (1.1a) is advanced.
We denote by STOKES(®;) the solution operator of (1.1b), (1.1¢) and set

At ®;,,up,) ;= = min « = max
max(®h, ) 3KETy a)pcn(k)MKL KeTy:

1 minjeqr 2y m(Tkj) e
LEN(K) KL

so that At < Atpax is precisely the CFL condition (3.12) and the time step At is
computed adaptively at every time step so this condition is satisfied. The procedure
is summarized in Algorithm 3.1.

4. Numerical examples. In part following [23], we define dimensionless (star-
red) variables via & = Xyerx™, t = Trert™, and u = (Xyer/Trer)u*, where Xyt is a refer-
ence length and Tyer == X,of/vst is a reference time, where vsy == (ps— pr)gds /(18us) is
the Stokes velocity, i.e., the settling velocity of a single particle of the largest species,
where pf is the viscosity of the fluid. We now omit the asterisk to simplify notation.

We assume that the functions Vj(¢), | = 1,..., N, are given by the modified
Richardson-Zaki function [25]

Vi(o) for 0 < ¢ < ¢ys,
Vi(#) = S V(1) + Vi (61,) (¢ — b1x)  for ¢ru < & < dumaxs
0 otherwise,

Following [4] we employ hindered settling functions with different exponents:

B 1— n;—2 f(I)eD7
_{( ¢) ! n >3, n;<n;fori<j, 4,5l=1,...,N.

0 otherwise,
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Algorithm 3.1 Coupled FVE algorithm with IRP MUSCL reconstruction
Require: meshes Ty, 7.; datum ®¢ with ®g(x) € D; tena; CFL € (0,1]; model
parameters
1 B m(K)™ ! [ ®ode, KT} t«0; n<0
2: while t < to,q do
uj < STOKES(®™)
At — min{CFL - Atmax (P, u}), tend — t}
®M) ¢ ®" + At RESIDUAL(D™, u})
ulV « Stokes(®M)
<I>”+1 1om + L(®M 4+ At RESIDUAL(®M) "))
8: t<—t+At n<—n+1
9: end while
Ensure: {(®", u})}n>0, P4 € DVK € TF, Vn

10: procedure RESIDUAL(®p, up)
11: for K € 7,7 do

12: Compute V@, from (3.1) and ¢ from (3.3).

13: V(I)K(—QOK*V(I)K

14: PK( )<—<I>K+V<I>K(9c—cK)

15: mg() — mmwesK P(l)( ), O mln{’gbl /(9K m | 1}, 1 N
16: <—9( ¢IK)+¢IK

17: MK — maxges, Sy PV (@), 6 min{|(¢max — o)/ (Mx — 67)],1}
1s: PY (P — ) + g, 1=1,...,N

19: end for

200 for K € 7, and L € N(K) do

21: (I)}I(ITEK) — PK(meL), q)?’tl(/K) — PL(-'BK,L); UKL < 'U/h(-'BK,L)

22: end for

23:  return —m(K)71Y, K)H(émt(K) <I>CXt(K) JukL,nKL)mK,L, K €T
24: end procedure

16 71(6) = Vi(1.e) + V/(91,:) (& — 61..) is the tangent 0 Vi(9) at (61.-, Vi(6.)), then
¢1,+ is chosen such that 7(dmax) = 0, i.€., @1« = (M — 2)Pmax — 1)/ (1 — 3).

We define the function p(¢) = (1/10)(1 — max(n, min(¢/Pmax, 1 —n))) ¥, where
the parameter n = 1 x 1078 is introduced to ensure that p(¢) remains bounded as
¢ — Omax- In addition we set g(¢) = (ps — pr)dk/pr, with k = (1,0)T. In all
examples we employ Xyof = 1m, v = 2, p; = 2790kg/m?, pr = 1208kg/m?, and
pue = 0.02416 Pas. The stabilization parameter for the Stokes problem is set to v = 1.
We use the constant CFL = 0.45 (see Algorithm 3.1). We denote by “FVE” and
“IRP-FVE” the numerical scheme without and with the limiters, respectively. The
numerical scheme and all simulations presented in this work have been implemented
in MATLAB, and the current solver can be found in the following Github repository:

https://github.com/juanbarajascalonge/fve-polydisperse-sed.
4.1. Example 1: N = 3, numerical order of accuracy. To verify numerically

the convergence rate of the IRP-FVE scheme, we choose the ingredients in (1.1) in
such a way that an exact solution is known. We set Q = (0,1) x (0,1) and N = 3


https://github.com/juanbarajascalonge/fve-polydisperse-sed
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SO SR

— ‘\.‘ ‘\“
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0 025 05 07571 0 025 05 0754 1 10 Ny 102

Fic. 3. Ezample 1: (a), (b) quasi-uniform triangulations of the unit square with (a) h = 272,
(b) h = 273; (c) errors of the numerical solution against the number of control volumes Ny, at
simulated time t = 0.01.

TABLE 1
Example 1: convergence test using a manufactured exact solution, based on approximations
of ®, u, and p on a sequence of uniformly refined triangulations of the unit square.

h e(®)  r(®)  eo(w) ro(w) efu) n(u) eop) rolp)

2.50e-01 3.62e-03 —  1.59e-01 — 2.59e+0 — 1.46e+0 —

1.25e-01 8.82e-04 2.038 3.86e-02 2.045 1.29e+0 1.000 6.32e-01 1.208
6.25e-02 2.27e-04 1.957 9.61e-03 2.008 6.53e-01 0.986 2.97e-01 1.092
3.12e-02 6.14e-05 1.888 2.41e-03 1.998 3.28e-01 0.995 1.45e-01 1.033
1.56e-02 1.61e-05 1.933 6.02e-04 1.999 1.64e-01 0.999 7.20e-02 1.010
7.81e-03 4.06e-06 1.986 1.51e-04 1.999 8.21e-02 1.000 3.59e-02 1.002

with § = (1,0.8,0.6)T. We choose ¢pmax = 1.0, g = 1 and n; = 4.6, [ = 1,2,3. We
modify the system by adding forcing terms that impose a known solution. In this
case, the solution is

(I)ex(zv Y, t) = (¢1,ex(xa Y, t)a ¢2,ex(x7 Y, t)v ¢3,ex(xa Y, t))T = (7250(1', Y, t)(l/Qa 1/37 1/6)Ta
bo(z,y,t) = 0.2sin(mx)? sin(ry)? cos(t),
tor (2, . ) = <— cos(2mx) sin(27my) + sin(27y)

sin(2mx) cos(2my) — sin(27x) > » Pex(2,y,#) = cos(mz) + cos(my),

which satisfies (1.3) and (1.4). Therefore, the equations that are solved are

8tqsl + V- ((z)lu + fl(q))k) = at¢l,0x + V. (¢l,cxucx + fl(q)cx)k)a l= ]-7 23 37

-V (N(¢)E(u)) + vp = Q(Qb) -V (M((bex)s(uex)) + vpex - g(¢ex);
V-u=0,

where ¢ex = P1,0x + P2,0x + ¢P3,0x. We first apply the proposed IRP-FVE method on
meshes obtained by successive subdivision of §2 into quasi-uniform triangulations 7y,
of meshsizes h = 27¢ £ = 2,3,...,7 (see Figure 3(a), (b)). The system is evolved
according to the restriction (3.12), until ¢ = 0.01. The errors between each component
of the numerical solution ¢1 5,2 n,d3,n, Un, Pn, computed with a meshsize h, and
the exact manufactured solution, are given by

e(®) = [[p1,n — PrexllLr) + P2, — P2.exllr) + |03.0 — P3.exllLr (),
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TABLE 2
Ezample 2 (N = 2): Minimum values of the solutions ¢} -, | = 1,2, and mazimum values of
the solution ¢ obtained with the FVE and IRP-FVE schemes for different values of h, up to times
t=0.5 and t = 1.5, for domains Qg with inclinations § = 0° and 6 = 30°.

Syl

h 2, %, ¢ 2, %,
FVE, t =0.5 FVE, t =15

5.00e-01 1.87e-02 2.40e-02 0.4750 -2.05e-03 2.26e-03 0.5601
2.50e-01 1.23e-03 1.19e-02 0.5372 -1.22e-03 -3.04e-05 0.6001
1.25e-01 -1.38e-03 1.89e-05 0.5865 -1.38e-03 -5.03e-03 0.6022
6.25e-02 -1.16e-03 -1.71e-03 0.6002 -1.31e-02 -6.63e-03 0.6020

IRP-FVE, t =0.5 IRP-FVE, t =1.5

5.00e-01 2.10e-02 2.45e-02 0.4657 6.05e-05 2.54e-03 0.5286
2.50e-01 1.36e-03 1.20e-02 0.5098 2.03e-10 8.03e-05 0.5594
1.25e-01 1.20e-06 9.74e-04 0.5416 1.83e-26 3.06e-09 0.5840
6.25e-02 9.16e-15 4.86e-06 0.5724 3.87e-36 1.27e-13 0.5967

FVE, t=0.5 FVE, t=1.5

5.00e-01 2.42e-02 2.43e-02 0.4735 -3.99e-04 2.27e-03 0.5651
2.50e-01 8.94e-04 1.07e-02 0.5280 -5.06e-03 -1.80e-04 0.5988
1.25e-01 -2.07e-03 3.01e-05 0.5863 -4.92e-03 -3.49e-03 0.6075
6.25e-02 -6.16e-03 -3.48e-03 0.6012 -1.88e-02 -4.48e-02 0.6324

IRP-FVE, t =0.5 IRP-FVE, t =1.5

5.00e-01 2.42e-02 2.51e-02 0.4622 4.28e-05 2.55e-03 0.5275
2.50e-01 1.15e-03 1.11e-02 0.5075 3.34e-11 3.43e-05 0.5623
1.25e-01 1.05e-06 8.11e-04 0.5402 1.47e-20 3.30e-08 0.5833
6.25e-02 5.06e-13  1.65e-05 0.5708 5.29e-36 5.18e-13  0.5969

0=0°

0 = 30°

eo(u) = ||lup — Uexllo,0,  €1(w) = |[|[up — Uex|l1,n, €0(P) = ||Ph — Pexll0,0-

The rates of convergence associated with the numerical errors e and €’ obtained using
successive mesh sizes h and b’ are defined as

(D) = log(e(®)/e'(P)) ro(u) = log(eo(u)/ey(u))

‘ log(h/h) = VT log(h/W)
() == log(e; (u) /€ (u)) ro(p) = log(eo(p)/ep(p))
N T oy W T T Tog (/)

As observed in Table 1 and Figure 3(c), the scheme attains its optimal convergence
rates in all variables, i.e., the concentration error e(®) decays at rate two in the L'
norm, the velocity error eg(u) at rate two in the L? norm, while e; (u) and eq(p) decay
at rate one, as expected for the nonconforming P$R /Py pair.

4.2. Example 2: N = 2, effect of limiters. Here, we consider domains §2y rep-
resenting a rectangular vessel rotated by an angle 6 € {0°,30°,45°,60°} with respect
to the vertical axis along with N = 2 particle species with diameters d; = 2.9x 1072 m,
dy =2.0x103m, n; = ny = 4.6, and pg = 1000. We set a maximum total con-
centration of ¢max = 0.6 and the initial concentration profile ®q(x) = (0.06,0.02)T.
At t = 3, Figure 4 shows that the settling efficiency of both particle species in-
creases as the inclination angle is increased. In this test, we measure the quantities
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TABLE 3
Ezample 2 (N = 2): Minimum values of the solutions ¢} -, | = 1,2, and mazimum values of
the solution ¢ obtained with the FVE and IRP-FVE schemes for different values of h, up to times
t=0.5 and t = 1.5, for domains Qg with inclinations 6 = 45° and 6 = 60°.

SN

h ) 25 ¢ ) 25

FVE, t = 0.5 FVE, t=15

5.00e-01 2.44e-02 2.57e-02 0.4637 -2.03e-03 2.27e-03 0.5521
2.50e-01 1.96e-03 1.31e-02 0.5170 -1.99e-03 -2.82e-06 0.5913
1.25e-01 -3.71e-03 1.18e-03 0.5714 -3.71e-03 -3.71e-03 0.6015
6.25e-02 -4.51e-03 -2.07e-05 0.6002 -4.51e-03 -7.43e-03 0.6300

0 = 45°
IRP-FVE,; t =0.5 IRP-FVE,; t =15
5.00e-01 2.44e-02 2.57e-02 0.4585 1.31e-05 2.65e-03 0.5298
2.50e-01 1.92e-03 1.33e-02 0.5012 9.36e-11 5.59e-05 0.5606
1.25e-01 9.60e-06 1.76e-03 0.5394 2.22¢-20 2.64e-07 0.5855
6.25e-02 2.35e-12  1.98e-05 0.5689 4.86e-35 4.84e-12 0.5967
FVE, t=0.5 FVE,t=15
5.00e-01 2.01e-02 2.47e-02 0.4758 -8.28e-04 3.57e-03 0.5649
2.50e-01 1.03e-03 1.22e-02 0.5358 -5.62e-03 -8.80e-06 0.6001
1.25e-01 -2.09e-03 8.87e-05 0.5847 -4.57e-03 -5.98e-03 0.6079
0 — 60° 6.25e-02 -4.24e-03 -3.65e-03 0.6001 -6.29e-03 -1.20e-02 0.6360
IRP-FVE, t =0.5 IRP-FVE, t=1.5
5.00e-01 3.34e-02 2.68e-02 0.4661 4.05e-04 7.45e-03 0.5289
2.50e-01 9.52e-03 1.79e-02 0.5088 3.70e-09 1.63e-04 0.5570
1.25e-01 3.50e-05 4.88e-03 0.5386 2.86e-20 2.69e-07 0.5845
6.25e-02 1.00e-12  1.62e-05 0.5714 1.11e-33 4.43e-12 0.5967
¢, = ming ik} L= , N, and ¢ == maxg ,{¢%} to verify satisfaction of the

IRP property. These Values are presented in Tables 2 and 3 for the cases with and
without the use of limiters, up to times ¢ = 0.5 and ¢t = 1.5. For the scheme without
limiters it occurs that qb <0 or (b > @max, while in the case of the scheme with
limiters the numerical solu‘mon remains within D for all , as expected.

4.3. Example 3: N = 2, trapezoidal geometry. This example is motivated
by an experiment performed in a vessel with downward-facing inclined walls [27], see
Figure 5(a). The parameters and initial condition are the same as in Example 2,
but we set ug = 100. The quantities (/5 for I = 1,2 and ¢, with and without the
use of limiters, are presented in Table 4. up to ¢t = 1. Without the scaling limiters,
some computations yield ¢ <0 0r ¢ > ¢max, while in the case of the scheme with
limiters the numerical Solutlon remains within D. Figure 6 displays the evolution
of the total concentration and the fluid velocity field, where we observe clear-liquid
interfaces together with the recirculation pattern induced by the downward-facing
inclined walls.

4.4. Example 4: N = 4, reflux classifier geometry. We consider the ge-
ometry of a reflux classifier taken from [24], see Figure 5(b). (A reflux classifier is
an advanced gravity separation device that combines a vertical fluidized bed with a
set of parallel inclined lamella plates to sort fine particles based on their density and
size. The applied fluidization in- and outflows and the parallel plates are, however,
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FiG. 4. Ezample 2 (N = 2): concentrations ¢1, ¢2 (top) and total concentration ¢ (bottom) at
t = 3 computed with the IRP-FVE scheme in the rotated vessels Qg for § = 0°,30°,45°,60° (left to
right), with 11.896 triangles and 18.036 control volumes for all domains.

y [m]

F1G. 5. Ezamples 3 to 5: (a) roof-shaped domain (Example 3), (b) polygonal domain shaped
as a refluz-classifier vessel (Example 4), (c) rectangular tank whose boundary is subdivided into an
inflow part Uiy, an outflow part Tout, and zero-fluz solid walls Ty, (Ezample 5).

not considered here.) We set N = 4 and d; = 2.9 x 1073 m, dy = 2.5 x 1073 m,
d3 = 2.0 x102m, and dy = 1.3 x 107> m along with the vector of initial concen-
trations ®o(z) = (0.05,0.05,0.05,0.05)™. In this test we vary the mixture viscosity
through the parameter po and the exponents of hindered settling functions. The re-
maining parameters are set as in Example 2. Figure 7 shows the four components
of the concentration vector, the total concentration, and the fluid velocity field at
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Fic. 6. Ezample 3 (N = 2): Top three rows: concentrations ¢1, ¢2 and total concentration ¢
att=1,3,5,7 (left to right). Bottom row: velocity components u® and u¥, speed ||ul|, and pressure
p at t = 3 with 3.840 triangles and 5.844 control volumes.

05 ¢ (x,7) 05
04
03
02
0.1
0
05 bo(x,7) 05
0.4 0.4
0.3 03
0.2 0.2
0.1 0.1
0 0

TABLE 4
Example 3 (N = 2): Minimum values of the solutions k> L= 1,2, and mazimum values of
the solution ¢ obtained with the FVE and IRP-FVE schemes for different values of h up to time
t =1, for the roof-shaped domain.

-

h 2, 2 25

FVE, t =1 IRP-FVE, ¢t = 1
5.00e-01 2.092¢-04 6.865¢-03 0.54500 3.601e-04 6.966e-03 0.51791
2.50e-01 -7.512e-04 1.421e-04 0.58050 3.864e-06 1.062e-03 0.53733

1.25e-01 -5.535e-03 -3.175e-04 0.60024 1.309e-12 1.946e-05 0.57438
6.25e-02 -5.487e-03 -5.601e-03 0.62836 1.300e-28 6.561e-10 0.59294

-
1o
"

t = 4. Panels (a) and (b) correspond to pug = 100, with n; = 4.6 for [ = 1,...,4 in
panel (a) and (n1,n2,ns,ng) = (3.1,3.5,4.0,4.6) in panel (b). Panel (c) corresponds
to po = 1000 and n; = 4.6 for I = 1,...,4. The results show size-driven segregation
of the four species and its sensitivity to the Richardson—Zaki exponents n; and the
mixture viscosity in the reflux classifier.

4.5. Example 5: N = 4, vessel with continuous inflow and outflow. In
this final example we employ the FVE scheme in a regime where suspension is fed into
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Fic. 7. Ezample 4 (N = 4): refluz classifier at t = 4. Concentrations ¢1,...,¢a, total
concentration ¢, and velocity magnitude ||u|| for (a) po = 100 and n; = 4.6 for 1 = 1,...,4; (b)
po = 100, ny = 3.1, na = 3.5, n3 = 4.0, and ny = 4.6; and (c) po = 1000 and n; = 4.6 for
l=1,...,4. All cases use a mesh with 8.652 triangles and 13.170 control volumes.

]
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0.4
0.3

0.2

a rectangular vessel {2 whose boundary is split into three mutually disjoint relatively
open parts Lip U Tout UTTw = 09, where Ty, is the feed (inlet) section, located on the
upper part of the left wall, Ty, is the discharge (outlet) section, located on the upper
part of the right wall, and T'y, := 9Q \ (Tijn U Loyt ) collects the impermeable walls (see
Figure 5(c)). This configuration is of interest for continuously operated solid-liquid
separation equipment [12]. The problem is closed with the boundary conditions

u =0, (fl(q))k) n =0 only,
U= Uiy, L=, on Iy,
U= Uous, On® =0 on Loy,

where the boundary data satisfy the following compatibility condition

/ uin‘ndS-‘r/ Uoyt - ds = 0.
Tin T

out
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Fic. 8. Ezample 5 (N = 4): concentrations ¢1,...,¢a, total concentration ¢ and wvelocity
magnitude ||u|| at t = 4.25 for the vessel with continuous inflow and outflow of Figure 5(c), with
9.600 triangles and 14.590 control volumes.

For this example, 'y, = (0,0.3) x {0} and 'y = (0,0.3) x {4} and the inlet and
outlet velocities are Poiseuille-type parabolic profiles given, for = € (0,0.3), by

x x T T
'Uzin(x, O) = GHin . E <1 — €1n> (—n), uout([L’,4) = 6ﬁout . E (1 — EOUt> n,

where li, = m(Tin), lout = M(Tout), and Wi, = Tour = 2.5. In addition, we employ
®;, = (0.03,0.03,0.03,0.03)T, po = 100, n; = 4.6, for [ = 1,...,4 and the remaining
parameters are set as in Example 4. The vessel is initially filled with clear fluid, that
is, ®g(x) = (0,0,0,0)T so that the entire solids content of the vessel at time ¢ > 0
originates from the feed through I'y,. We simulate until ¢ = 4.25 and the results are
shown in Figure 8 where we observe the formation of a sediment layer at the bottom of
the vessel. Specifically, the larger particles tend to settle onto the bottom close to the
inlet while the second and third largest and the smallest particles are carried to more
distant positions, as should be expected since they have smaller settling velocities.

5. Conclusions. We have introduced an invariant-region-preserving finite vol-
ume element scheme for the coupled transport-flow system (1.1) posed on a polygonal
domain. The construction rests on two meshes: the Stokes system (1.1b), (1.1c) is
discretized by nonconforming Crouzeix-Raviart elements with a jump stabilization on
a primal triangulation, while the concentration equations (1.1a) are discretized by a
finite volume scheme on the dual diamond mesh. The key structural ingredient is
the local discrete divergence-free property (2.3), which is inherited by the dual mesh
and makes the discrete velocity field compatible with the flux balance on each control
volume. On this basis we proved in Theorem 2.1 that the first-order LLF scheme
preserves the invariant region D under the CFL condition (2.10), and in Theorem 3.1
that the second-order MUSCL reconstruction equipped with a pair of linear scaling
limiters retains this property under a more restrictive condition (3.12).

The numerical experiments confirm the optimal convergence rates for all vari-
ables and the preservation of region D in various vessel geometries. Future work will
focus on increasing the spatial order beyond two while retaining the IRP property,
either through central WENO (CWENO) reconstructions [10,13] on the dual mesh or
through a discontinuous Galerkin discretization of the transport part, in both cases
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combined with the same scaling-limiter strategy. In addition, we are interested in the
inclusion of sediment compressibility, which transforms (1.1a) into a strongly degener-
ate convection-diffusion system [5] and calls for an IRP analysis of the corresponding
implicit or IMEX discretization of the diffusive term.

Another open issue is the inclusion of particle species that differ not only in size,
but also in density. In fact, the original MLLB model is based on the assumption that
particles of species [ have diameter d; and density p;. If we define the solid-fluid
density difference p; == p; — pg, the vector p == (p1,...,pn)T and py(®) == p;, — pL®,
then the MLB velocity of particle species [ is given by

(5.1)  v(P) = fisea (01 (P)Vi() — (61011 (P)V1 (D) + - + SndN PN (R) VN (),

for I =1,..., N. This equation is more general than (1.8) since (5.1) reduces to (1.8)
in the equal-density case p; = --- = py = ps. However, for different-density particles
(p1 # pj for at least one choice of I # j), the system (1.1a) with v;(®) given by (5.1)
is in general not hyperbolic on D, as is shown in [9] (see also [7]), at least unless
further restrictions on the particle sizes and densities and ¢, and other parameters
are introduced. Since the present numerical approach is based on the hyperbolicity
of (1.1a) (or equivalently, that of (1.6)), it remains to establish under which conditions
it may handle different-density systems using (5.1) as well.
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