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HYPERBOLIC SYSTEMS OF MOMENT EQUATIONS DESCRIBING
SEDIMENTATION IN SUSPENSIONS OF ROD-LIKE PARTICLES*

SINA DAHM' AND CHRISTIANE HELZEL'

Abstract. We study mathematical models and approximations for the sedimentation in sus-
pensions of rod-like particles. The starting point of our considerations is a coupled system of partial
differential equations, previously derived by Helzel and Tzavaras [Multiscale Model. Simul., 15 (2017),
pp. 500-536], consisting of a kinetic equation for the rod orientation that is coupled to a macroscopic
flow equation. It describes the motion of a suspension of rigid rod-like particles under the influence
of gravity. Since the coupled system is high dimensional (five dimensions plus time) we are interested
in the derivation of models which can adaptively adjust the level of detail. Here we restrict ourselves
to simplified lower dimensional flow situations and derive hierarchies of moment equations which can
be interpreted as approximations of the coupled kinetic model. We show that the resulting systems
of moment equations are hyperbolic.
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1. Introduction. We consider mathematical models for the sedimentation
process in suspensions of rod-like particles. Experimental work of Guazzelli and
coauthors [2, 3, 12, 14] shows that the interaction between particles and fluid leads
to complex flow structures, for example, the clustering of sedimenting particles of an
initially well-stirred suspension. The particles are observed to orient strongly in the
direction of gravity and form packets of particles which lead to downward stream-
ers that are balanced by upward streamers. Another interesting pattern is observed
when clouds of particles sediment in a viscous fluid. Clouds of rod-like particles are
observed to evolve into a torus that subsequently becomes unstable and breaks into
secondary droplets which again deform into tori and break; see [14].

Numerical simulations have been performed on different levels of sophistication;
most detailed simulations use a slender body representation for each single rod [15]
and try to mimic the experiments as close as possible. Such detailed simulations put
a limit on the number of particles. Alternatively, a stochastic approach that models
the suspended microstructure with a kinetic equation can be used. For suspensions of
rigid anisotropic particles, e.g., ellipsoids or rods, kinetic models were first introduced
in the physics literature by Doi and Edwards [1].

The starting point for our considerations is a coupled system of partial differential
equations, consisting of a kinetic equation for the distribution of the rod-like particles
that is coupled to a macroscopic Navier—Stokes equation. This model was derived in
Helzel and Tzavaras [6] and is based on the work of Doi and Edwards [1] and earlier
work on suspensions of rod-like particles [4, 13].

A direct numerical simulation of the coupled model is cumbersome due to the high
dimensionality of the problem. In [5, 6] we derived two different lower dimensional
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models. One was obtained by taking the diffusive limit of the full model and the
other was obtained by considering a quasi-dynamic approximation based on the first
three moment equations. Numerical simulations with those lower dimensional models
reproduced the cluster formations that were observed in experiments. In some situ-
ations, simple models which only use very few moments, may produce inaccurate or
unphysical solutions, for example, negative densities of suspended particles. We will
provide a simple example in section 5. Therefore, we now develop a new approxima-
tion, which is based on a hierarchy of moment equations. The number of moment
equations might in the future be adapted based on accuracy requirements.

This paper is organized as follows. In section 2, we review the underlying math-
ematical model, which consists of a kinetic Smoluchowski equation (describing the
density distribution of rod-like particles) that is coupled to a macroscopic flow equa-
tion. In this paper we restrict our considerations to a lower dimensional simplification
of the model which is introduced in section 2. In section 3, we describe a direct nu-
merical method for our model problem, which couples a Navier—Stokes solver for the
flow equation with a spectral method for the Smoluchowski equation. This method
will serve as a reference for theoretical comparisons with approaches introduced in
the remaining part of the paper. In section 4, we derive a hierarchy of moment equa-
tions. These moment equations allow us to approximate the high dimensional scalar
Smoluchowski equation with a lower dimensional system of partial differential equa-
tions. We show that the system of moment equations with a simple moment closure is
hyperbolic. A discretization of the moment system is introduced in section 5 and com-
pared with the numerical method introduced in section 3. Numerical computations
will illustrate our findings throughout the paper. A Jupyter Notebook with Python
programs which illustrate our proofs of hyperbolicity is provided as supplementary
material (supplement_01.zip [local/web 16KB, supplement_02.pdf local /web 204KB]).

2. The mathematical model. In this section, we briefly introduce the math-
ematical model for the description of the sedimentation process in suspensions of
rod-like particles; see [5] for a derivation and [1, 7, 8, 9] for related models of complex
fluids. We consider inflexible rod-like particles with a constant width b and length [
and assume b < [. Furthermore, we assume that the suspension is dilute, which is
characterized by v < |72, where v is the number density of the rod-like particles. The
number density is not constant in space and time, which allows clusters of particles
to form. The orientation of rod-like particles is in general characterized by a director
n € S?, where S? is the unit sphere embedded in R3. The acceleration of gravity acts
in the direction e, where es is the unit vector in the upward direction.

Let d denote the spatial dimension. f = f(¢,x,n) describes the distribution
function of rod-like particles as a function of time ¢, space € R%, and orientation
n € S?!'. Furthermore, u = wu(t,x) describes the velocity and p = p(t,x) the
pressure of the solvent. After nondimensionalisation the model takes the form

hf+Vae (uf)+ V- (PpVeunf) — Ve - (I+n@n)esf)
:DrAnf+7vm’(I+n®n)vmf7

2.1) U:/Sd_1 (dn®@n—1) fdn,
Re(Oiu+ (u-Va)u) =Agu—Vep+dyVgp -0 -6 fdnes,
Sd*l
Ve - u=0.
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We will briefly describe the meaning of the different terms: The second and fourth
terms in the first equation describe the transport of the centers of mass of the par-
ticles due to the macroscopic velocity uw and to gravity, respectively. The third term
describes the rotation of the axis of the particles due to a macroscopic velocity gradi-
ent Vyu. Here P,,1 Vg zun is the orthogonal projection of the vector Vi un onto the
tangent space in n. The terms on the right-hand side of the first equation describe
rotational as well as translational diffusion of the particles. The macroscopic flow is
described by a Navier—Stokes equation with an additional elastic stress tensor ¢ and
a buoyancy term. The form of ¢ is justified by the requirement of thermodynamic
consistency.

In (2.1) we use four nondimensional parameters: Re, a Reynolds number based on
the sedimentation velocity, D,., the rotational diffusion coefficient, ¢, which measures
the relative importance of buoyancy versus viscous stresses, and -, which measures
the relative importance of elastic forces over buoyancy forces. Throughout this paper
we restrict our attention to the case v = 0. In this case, the effects of translational
Brownian motion of the rod-like particles are ignored, and as a consequence the effect
of elastic forces in the flow equation is negligible compared to the buoyancy forces.

2.1. Simplified model for two-dimensional flow. In order to simplify our
studies, we restrict our considerations to two-dimensional flow problems. We assume
that the velocity field has the form u = (u(t,z, 2),0,w(t, z, 2))T, i.e., the velocity
field varies only in the plane spanned by the z-direction and the z-direction, which
is the direction of gravity. Even more importantly, we also restrict the director n
of the rod-like particles to take nonzero values only in S!, i.e., the sphere embedded
in the (x,z) plane. This simplification was also considered in [6]. We now assume
n = (cos0,0,sin )7, with the angle 6 € [0, 27] measured in the (z, z) plane counter-
clockwise from the positive z-axis.

Now f = f(t,x,z,0) describes the distribution of particles as a function of time
t, space (r,z) € R?, and orientation 6 € [0, 27]. In this simplified situation, the drift
term on the sphere takes the form

—siné U, 0 u, cos
Vin (PpiVzun) =0y 0 . 0 0 O 0 f
cosf wy 0 w, sin 0

=0y (((wz — Ug)cosfsing — u, sin? 6 + w,, cos® 9) f)

and the Laplace Beltrami operator simplifies to A, f = g f.
For v = 0 we obtain the two-dimensional simplified model

(2.2)
O f + 09 (((wz — Uy)cosfsind — u, sin? 6 + w,, cos? 9) f)
40, ((u — cosOsin0) f) + 0. ((w — (1 +sin?6)) f) = D, go f,

Re (6tu + uawu + wazu) + Pz = Ugz + Uszz,
2w

Re (Oyw + w0, w + wo,w) + Py = Weg + Wep — 0 fdo,
0

Uy +w, = 0.

2.2. Simplified model for shear flow. An even simpler model is obtained if
we restrict our considerations to shear flow. We now assume u = (0,07w(1§,x))T7
f = f(t,z,0). For shear flow the pressure has the general form p = —k(t)z, where
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k(t) can account for an externally imposed pressure gradient. As in [6], we use k = 0p,
where p is the averaged mass of suspended rods. This ansatz models an equilibrated
flow. For periodic boundary conditions the averaged mass is constant in time, i.e.,

B 1 //271’ 1 27
p=— f(t,x,0 dﬁdx:—// f(0,2,0)d0dx.
o fy IO =g ] fy T00)

Using v = 0 again, we obtain the coupled system

O f + Og (wm cos? 9f) — Oy (sinfcosOf) = D, 0pof,

(2.3) 2
Redyw = Oppw + 6 <ﬁ — / fd0) .
0

3. A detailed numerical method for the coupled system. In this section,
we describe a direct numerical method for (2.2) or (2.3). We use an operator splitting
approach which, during each time step, separately computes the evolution of f and the
evolution of the velocity field. For the model (2.2), the evolution of the velocity field is
computed using a projection method for the two-dimensional Navier—Stokes equation,
as described in Lee [10]. The algorithm uses the high-resolution Wave Propagation
Algorithm of LeVeque [11] for the advective terms and finite difference methods for
the diffusion term as well as for the projection step. For the simpler model (2.3) the
flow equation can be solved using a Crank—Nicolson-type method.

The evolution of f can further be split into the subproblems

(31)  9f + 9 (((w> — uy) cosOsin® — u, sin® @ + wy cos® 0) f) = D, 9po f
and
(3.2) O f + 0x((uw—cosOsin®) f) + 9, (w— (1+ sin® 0)f) =0,

which need to be solved consecutively during each time step. The first subproblem
is a drift-diffusion equation on S!, which needs to be solved for all (z,z) in the
domain of interest. The second equation is a two-dimensional transport equation
which needs to be solved for all values of # € [0,27]. Thus, the evolution of f
is a three-dimensional problem, while the evolution of the velocity field is a two-
dimensional problem. Therefore, the efficient computation of the evolution of f is
essential.

3.1. Spectral method for the drift-diffusion equation on S!. At a given
point (Z, Z) we assume that the components of the velocity gradient are constant and
externally imposed. Then (3.1) can be solved using a spectral method. To derive this
method we make an ansatz of the form

N
(3.3)  f(Z,2t,0) = fo(Z,2,t) + > ci(, 7, t) cos(2i6) + s,(Z, Z, t) sin(2i0)

i=1

and derive ordinary differential equations for fy,c1,s1,...,¢cn,Sny. Details of this
derivation can be found in Appendix A. The equations for ¢y and sy contain terms
involving ¢y41 and sy41, for which no evolution equations are supplied. To close the
system we set cy+1 = sy4+1 = 0. This closure is based on the assumption that higher
order modes in the representation of the solution of (3.1) decay faster than lower order
modes. We will observe this behavior in our numerical simulations shown below. The
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Fic. 1. Approzimations of steady state solutions of f for externally imposed shear flow with
wg /Dy =100 and different values of N.

resulting ODE system can now be solved using standard high-order accurate time
stepping methods.

If we restrict our considerations to shear flow, as described in subsection 2.2,
then u, = u, = w, = 0 and the ODE system simplifies. We consider numerical
simulations for externally imposed shear flow with w, = 1 and D, = 0.01. After some
time the exact solution attains a steady state. Here we compute the steady state
numerically using different numbers of modes, i.e., different values of N. In Figure 1
we show numerical solutions of f plotted over the unit sphere. The approximation
obtained with N = 1 already shows the general trend of the alignment, but the
solution structure is not fully resolved. For N = 3 we observe negative values of
f which are unphysical. The accuracy improves with increasing N. For N = 8 the
solution structure compares well with the structure obtained using N = 50, indicating
that the solution is well resolved.

In Figure 2 we plot max{|s;|,|c;|} versus ¢ for different values of |w,|/D,. As
expected, the magnitude of the coefficients decreases with increasing . This justifies
the proposed closure of the ODE system, setting cxyy1 = sy4+1 = 0. Moreover, we
observe that in the diffusion dominated regime of small |w,|/D, fewer modes are
needed in order to resolve the solution structure than in the drift dominated regime
of large |w,|/Dy-.

3.2. The two-dimensional transport equation. For the approximation of
(3.2) we use the two-dimensional high-resolution Wave Propagation Algorithm of
LeVeque [11], a finite volume method for hyperbolic partial differential equations
on Cartesian grids. Note that the two-dimensional transport equation needs to be
solved for all 6 € [0,27). Let 171 approximate the cell average of f over a grid cell
[wios, @i 1] X [z 1,2;01] x [0_1,0, 1] at time ¢,,. For simplicity, we assume an
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Magnitude of the coefficients ¢;, s; vs. ¢

W, /D=1
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FiG. 2. Modulus of coefficients c;, s; versus i for the spectral representation of f in the steady
state approximation for shear flow with different values of |wz|/Dy.

equidistant grid with mesh widths Az, Az, and Af. For each discretization of 8, we
update the cell averages using a method of the form

At At .
Fife = flyn— x, (FH%,J' —Fi,%’j) AL (Gz‘,ﬂ% - Gm'f%) Vi, J.

The fluxes F; 1, Gt 1 depend on the spatially varying velocity field (u, w) (supposed
to be constant in time during the substep) and on the discrete value of 6.

3.3. Transfer between different degrees of freedom. The methods de-
scribed in subsection 3.1 and subsection 3.2 use different degrees of freedom. While
the spectral method computes coefficients fy, ¢;, s;, @ = 1,..., N, of the representation
(3.3) for all grid cells of a two-dimensional spatial grid, the finite volume method is
based on cell average values f; ;i on a three-dimensional grid in space and orienta-
tion. In order to combine the spectral method for the update of (3.1) with the finite
volume method for the update of (3.2) we need to define a transformation between
these degrees of freedom.

3.3.1. Computation of cell average values. Assume that we have applied
the spectral method in each grid cell (3, j) of the spatial mesh. This provides us with
a representation of f(z;,z;,t,0) according to (3.3). From this representation of f we
can compute

o L [ t,6)do
fi,j,k()_M/ek f(xi7zj7 ) )

[SEN

N . Orsd
1 sin(240) cos(240) 2

%fo(xl,2]7t)+ EZC@(I’i,Zj,t)T—Sz(xi,Zj,t)T .
=1 0, 1

2
3.3.2. Computation of mode coefficients. Now assume that we have per-
formed a step of the finite volume method which provides us with cell average values
fZ"] .- We want to compute the coefficients of the spectral method in each grid cell of

the two-dimensional spatial mesh. This can be done by a projection of the form
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1 27
fo(xiazjat) = % f(xhzjat79) do

LA > figs
-

1 27
ce(zi, 25, t) = f/ cos(200) f (x;, z;,t,0) db
0

Q

™

Q

1
YN 2%01) fiin, £=1,....N,
- zk:cos( 00:)fijk, Y

1 27
s¢(x4,25,t) = f/ sin(200) f (x, zj,t,0) do
0

™

Q

1
ZA0S sin(200) fi i x(t), £=1,...,N.
703 sin(2480) 1)

Here the midpoint rule was used in order to approximate the integrals. Summation
is done over all grid cells used to discretize the interval [0, 27].

In the next section, we will introduce an approach which will allow us to formulate
a method on the two-dimensional spatial grid only. The method doesn’t require
transformations between different degrees of freedom, which further simplifies the
approach.

4. Hierarchy of moment equations. In this section, we derive hierarchies of
moment equations for our model problems (2.2) and (2.3). We present details of the
derivation for the shear flow problem before we provide the moment equations for the
two-dimensional flow problem.

We define the quantities

27

p(x,t) == f(z,t,0)do,
0

27
Cy(z,t) := %/ cos(200) f(x,t,0)do, ¢=1,2,...,
0
1 2m
S, 1) = 5/ §in(200)f(x,1,0)d0, (=1,2,....
0

4.1. Moment equations for shear flow. For the shear flow problem (2.3) we
obtain

27

8tp(z,t) = 8ff(x7t79) g
0

2m
= / —0p (’wZCOSQQf) + 0, (sin@cos@f) + D,.Ogo f db

in(20)0, f (z,t,0) do
0

051 (z

"N)\»—l

Due to the periodicity of the solution, the first and third terms on the right-hand side
of the second line vanish.
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Furthermore, we obtain

1 27
2.0l 1) = / cos(200)0, f (z, £, 0) d
0

2
— %/ cos(2£0) (=0y (wy cos® 0f) + 0o (sin6 cos 6f) + Dy dgo f) db.
0

We now separately consider the different terms on the right-hand side.
1st term:

1 2 rt. int. 2
—3 / cos(200) 9y (w, cos® Of) part. it —wmf/ sin(200) cos® 0.f df
0 0

27
= —wlﬂ/ sin(2€9)% (1+ cos(20)) fdo
0
1 27 ] / 2m 1 ) )
= —wm£§ / sin(240) f df — Wy / 3 (sin(2(£ + 1)8) +sin(2(¢ — 1)0)) f db
0 0
1
= _wxESZ - wxi (S€+1 + Sffl) .
2nd term:
1 2 . 1 27 1 . .
1 / cos(240) sin(20)0, f df = Z/ 3 (sin(2(£ + 1)0) —sin(2(¢ — 1)0)) O, f dO
0 0
1
= 70= (Se1 = Se-1).
3rd term:

%Dr /O " c0s(200)Dgo f df P f%D,ﬁ /0 o 40% cos(200) f df = —40*D,.Cy.
Putting the three terms together, we obtain
0:Cy(x,t) = —ng (Se—1(z,t) + 2Se(x,t) + Set1(x, 1))
+ ia”” (Seq1(z,t) — Se_1(x,t)) — 402D,.Cy
and, analogously,
OpSe(z,t) = ;/OZW sin(200)0, f (x,t,0) df

4
= iwx (Cg,l(x,t) + 20@(1’,t> + C[Jrl(l',t))
1

— Zaz (Cg+1($€, t) — Cgfl(ai, t)) — 4€2DTSZ(:E7 t).
The formulas can also be used for £ = 1 using Sp(z,t) = % 027'r sin(0) f(z,t,0)dd =0
and Cp = § 0277 cos(0) f(z,t,0)d§ = $p(x,t). Thus, we obtain the following infinite
system of moment equations:
(4.1)
Owp = 05571,

1 /
0,Cy = 161 (Sg_H — Sg_l) — iwm (Sz_l + 25, + Sg+1) — 452DTCg, (=1,2,...,

1 L
8,55@ e 181; (0471 - C£+1) + iwz (szl + 2C[ + Cz+1) — 4€2D7‘S€; € S ]., 2, e
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In practical computations we need to consider a fixed number of moment equations,
ie,, we use £ = 1,..., N in the last two equations of (4.1). Note that the equation
for C'n contains a term with Sy 41 and the equation for Sy contains Cny1. In order
to close the system we need a moment closure. As in section 3.1, we choose to set
CNn+1 = Sy41 = 0 and obtain the system of moment equations

(4.2)
8tP: aCESla
1 1
0,C1 = 18152 . 511):C (251 + SQ) — 4DTC1,
0¢S1 = 13 15' C. L 2C 1 C. 4D, S
tl*gmp*ZmQ‘i’iwz 1+§,0+ 2 | — 40,01,
1 l
ath = Zam (S@+1 - ngl) — iwm (Sé—l + 252 + Serl) - 4£2D7‘Cg, f == 27 e ,N — 1,
1 l
Sy = Zaz (Coe1 — Cogr) + awI (Co—1+2Co + Coyq) — 4€2DTSZ7 £=2,....,N—1,

1 N
atC’N = *ZazSN—l - Ewm (SN—l + 2SN) - 4N2DTCN7

1 N
OSSN = ZaxCN—l + 5 We (Cn—1+2CxN) —4N?D, Sy

together with the flow equation
(4.3) Redyw(x,t) = Oppw(x,t) + 6 (p — p(x,t)).

Note that the same moment closure was also used in [5], but there only the first
three equations of the hierarchy of moment equations were considered. In [6], a
generalization of this moment closure, for moment equations derived for the more
general problem with f on S2%, was used, which is based on a projection.

4.2. Hyperbolic structure of the one-dimensional system of moment
equations for shear flow. The system of moment equations (4.2) can be written
in the form

(44) 8tQ(x7t) + AaxQ(x7t) = ¢(Q($, t)),

where Q(z,t) = (p,C1,S1,...,Cn, Sn)T represents the vector of moments.
The coefficient matrix A € REN+UXEN+1) hag the components

(4.5)

1,3 = —1,
A
3,1 -— 8’

1

@2(N—j)=22(N=j)=2 -+ O2(N—j)=2,2(N-j)+1 8 8 (1) _%

. . — 1
- 0o+ 0 o[
A2(N—j)+1,2(N—=j)=2 -+ OQ2(N—j)+1,2(N—j)+1 —i 0 0 0

j=0,...,N—2,

and zeros in all other components.

Now we want to show that the system of moment equations is hyperbolic, i.e., that
the matrix A has only real eigenvalues and a complete set of eigenvectors. The matrix
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A can be expressed as the sum of a symmetric matrix and a rank two matrix. There
is a connection between eigenvalues of the symmetric part of the (4N + 3) x (4N + 3)
matrix and eigenvalues of the original (2N +1) x (2N +1) matrix, which is used in our
proof of hyperbolicity. We first illustrate the approach for N = 1 before we present
the general result.

Ezample 4.1. For N = 1, the coefficient matrix A € R3*3 has the form

00 -1
A= 00 0
-+ 0 0

The eigenvalues and eigenvectors are given by

V2 V2
Al__T7>\2_07 )\3_T
and
2v/2 0 —2v/2
T = 0 , T2 = 1 , T3 = 0 ’
1 0 1

which shows the hyperbolicity of system (4.4) for N = 1.
Alternatively, we can show the hyperbolicity by considering the 7 x 7 matrix

0 00 0 00 0
0 00 -1 00 0
0 0 0 00 0 00 0
A= [ A0 J=[0 -5 0 0 00 0],
04 0 00 0 00 -1
0 00 0 00 0
0 00 0 —§ 0 0

which has the same eigenvalues as A but counted twice and an additional eigenvalue
0. A similarity transformation of the form SAS~!, with

1 0 0 0 00 O 1 0 0 0 0 00
00 1 -100 0 00 0 0 -20 0
00 0 0 01 -1 o%ooo%o
S=l0 0 0 0 4 0 O0f,S'=]0 -2 0 0 0 5 Of,
0 -2 0 0 00 O 00 0 2 0 00
00 1 1 00 0 00%000%
00 0 0 01 1 0 0 -2 0 0 0 %
leads to the symmetric matrix

00 0 0 0 0 O©

00 0 0 -1 0 0

) 00 0 1 0 0 0

A=SAS'=]0 0o + 0 o0 o0 -1

0o -0 0o o0 1 0

00 0o 0o 1 0 o0

00 0 -+ 0 0 0
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Thus, all eigenvalues of A and consequently all eigenvalues of A are real. Furthermore,
the matrix A has a complete set of eigenvectors. Using the special structure of A it
follows that A has a complete set of right eigenvectors. This approach can be extended
to general N.

We now want to discuss the hyperbolicity of (4.4) for general N. In order to do
this we define two auxiliary matrices 4, A € RAN+3)x(4N+3).

0] o
(4.6) A= T A0 |, with AeRENDXENHD defined in (4.5).
04

The components of A are computed according to

(4.7)

A2(2N—4),2(2N—4) -+  G2(2N—j),2(2N—)+3

s, O O O
orli=Oo O
O ORI O
o O ORI

(2(2N—j)43,22N—5) -+ G22N—§)43,2(2N—5)+3 —
j=0,...,2N —1,

all other components are equal to zero.

LEMMA 4.1. Let pa(A) be the characteristic polynomial of the coefficient matriz
A € RCNHOXENHD) defined in (4.5). Then the characteristic polynomial of A €
RUN+E3)XAENT3) Gefined in (4.6) has the form ps(A) = A (pa(N))>.

~ Proof. Let Iy denote the k x k identity matrix. The characteristic polynomial of
A satisfies

pa(\) = det(Aunss — A) = Adet(Man41 — A) det(Aon 11 — A) = Apa(N)2. O

LEMMA 4.2. The matrices A, A € RUNTIXUN+3) Jofined in (4.6) and (4.7) are
similar.

We provide a nonsingular matrix § € RAN+3)x(AN+3) “gych that
A=SAs™.
Details of the proof are presented in the appendix.

Remark 4.3. Note that the matrix A obtained for N = k can be obtained from
the matrix A for V = 2k 4 1 by setting a;,3 = a3z = 0.

We can of course ignore the first row and first column of A and A, but then this
relation between A and A would be lost.

THEOREM 4.4. The one-dimensional system of moment equations (4.2) is hyper-
bolic.

Proof. By Lemma 4.2, the matrix A defined in (4.6) is similar to the symmetric
matrix A defined in (4.7). Thus, the matrix A is diagonalizable with real eigenvalues.

With Lemma 4.1 it follows that all eigenvalues of the coefficient matrix A are real
valued.

From the 4N + 3 linear independent eigenvectors of A we can extract the 2N + 1
linear independent eigenvectors of A. This follows from the structure of A: The unit
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vector e; € R*N*3 is an eigenvector of A to the eigenvalue 0. Furthermore, there are
2N + 1 eigenvectors which must have zeros at the first component and the last 2N 41
components. The remaining 2N + 1 eigenvectors must have zeros at the first 2N + 2
components. Thus the eigenvectors of A can be extracted from the eigenvectors of A
with nonzero components at the positions 2 ,2N + 2. ]

Remark 4.5. We verified numerically that the eigenvalues of the coeflicient matrix
A € RENHDXENHD) defined in (4.5) have the form

A; = sin(z;) cos(x;), i=1,...,2N +1,

(2i-1)r ] i1 N
4+(4.NN) : RERER )
R —37+2 i— )T 3N
1—IN— 1) . .3
TIrAN : Z—7+27...,2N+1
for N even and
Tx - i=1..., %),
—3r+4(i— | ¥ )17 .
T; = ér%LfJ T i= S+ 1. 5+ N+1,
[F]-1)7 .
% : z=L%J+N+2,...,2N+1
for N odd.
The advection speeds a(f) := —sin(f) cos(6) arising in (2.3) satisfy

T
0)=a(5-0)=—a(5+0)=-a(r—0).
a0)=a(5 " 46) = —a(r—6)
This symmetry is reflected in the eigenvalues of the coefficient matrix A.

LEMMA 4.6. If X is an eigenvalue of A, then —\ is also an eigenvalue of A.

Proof. We show that the matrices A and —A are similar, i.e., we provide a
nonsingular matrix S, with

SAS™! = —A.

It is easy to confirm that the similarity transformation is described by a diagonal
matrix S with diagonal entries of the form

diag(S) = (1,-1,-1,1,1,-1,-1,1,1,...). 0

4.3. Moment equations for general two-dimensional flow. For the two-
dimensional flow problem (2.2) the moment system takes the form

1 1
0,Cp = —u0,Cy + Zaa: (Se41 — Se—1) — 0. (405_1 + (w - ) Co + C’e+1)

(4.8) Y 14
—5 (wy —ug) Coq — (ug +w.) Cp + 3 (W, —ugy) Coqa

Copyright (©) by STAM. Unauthorized reproduction of this article is prohibited.
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1 1 3 1
0S¢ = —u0,5; + 18.7; (Co—1 — Cpg1) — 0. (4&—1 + (w — 2) Se + 4Sz+1)

12 /
- i(wz - u.t)SZ—l - (Uac + wz)Sé + §(U}Z - ux)sﬁ—&-l
12 /
+ g(uz + wm)CZ—l + 14 (*uz + wz) CZ + §(UZ + wm)CZ+1

—40°D,.S,, ¢=1,...,N,

with Cy = %p, So = 0, and the closure Cy 1 = Syy1 = 0. This system needs to be
considered together with the two-dimensional flow equation

Re (0yu + udzu + wd,u) + Py = Ugy + Uss,s
(4.9) Re (0yw + udpw + wO,w) + p, = Wyy + W, — Op,

Uy +w, = 0.

4.4. Hyperbolic structure of the two-dimensional system of moment
equations. The system (4.8) can be written in the form

(4.10) 0:Q(x, z,t) + A, Q + B, Q = ¢(Q),

where again Q is the vector of moments and the matrices A, B € REN+TDx(EN+1)
have the form

(4.11)
1,3 = —1,
1
agzl ‘= _ga
ajj=u, j=1,...,2N+1,
1
A2(N—j)=2,2(N—j)=2 -+ @2(N—j)=2,2(N—j)+1 0 0 9 4
. i - 0 0 7 O
o 3 0 0 |’
A2AN-P+L2AN=G)=2 -+ G2AN—j)+12N—j)+1 -3 0 0 0
J = Oa 7N - 27
all other components of A are equal to zero
and
1
b1,2 =1, 52,1 = g’
1 1 .
(4.12) bjj+2 = T bjt2,5 = 7 I=%- 2N =1,
3
bjij:’LU—§7 ]:1,,2N+1,

all other components of B are equal to zero.

Remark 4.7. From the derivation of the moment system one can see that the
homogeneous hyperbolic system was obtained from subproblem (3.2) and the source
term was obtained from subproblem (3.1).
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Using a change of variables of the form # =z — v and § =y — (w — 3) and some

simple trigonometric identities, (3.2) can be written in the form

(4.13) 0.f + s (—; sin(26) f) + 0, (; cos(20) f) 0.

For every value of § € [0,2n] we have a linear two-dimensional advection equa-
tion with advection speeds between —% and % Furthermore, in any direction n =
(cos(¢),sin(¢))T, ¢ € [0,27], we obtain an advection equation with propagation speed

—% sin(20) cos(¢) + % cos(20) sin(¢) = % sin(¢p — 0),

i.e., the propagation speeds arising in any direction of the transformed two-dimensional
problem (4.13) agree with those of the one-dimensional shear flow problem.

We will now show that this structure can also be seen in the transport part of
the moment equations. This will lead us to the proof of hyperbolicity.

Remark 4.8. The matrix A — u I, with A as defined in (4.11) and I the (2N +
1) x (2N + 1) identity matrix, agrees with the coefficient matrix (4.5) of the one-
dimensional moment system.

LEMMA 4.9. Let A:= A—ul and B =B —(w—3)I, with A and B as defined
in (4.11) and (4.12). The matrices A and B are similar.

Proof. We describe the form of a nonsingular matrix S € RCN+DXEN+1) gych
that

B=SAS !

It is instructive to consider the cases N < 6. For N = 6, the matrix A has the form

1 NN NN

0 0 -1 .0 0 O 0 0 0 0 0 0 0]

o 0 0o o0 -+ 0 o0 0 0 0 O 0 O 2

-+ 00 + 0o 0o 0 0 0 0 0 0 O

o 0o + 0O 0 0 -+ 0 o0 0 0 0 O

o -+ 0 0 0 + 0 0 0 0 0 0 O
) o 0 0o o0 0 0 0 -3 0 0 0 O j]
A=|l0 o0 o0 - 0 o 0o %+ 0 0 0 0 O

o 0o o o o o0 + 0o 0o o0 -1 o0 o0

o 0 0 0 0 -2 0 0 0 L+ 0 0 0

o 0o o o o0 0O O o0 X 0 o0 0 -1 i]

o 0 0o o0 0 0 0 - 0 0 0 % O

o 0 0o 0 0O O O O 0 0 % 0 0

0o 0 0 0 0O 0 0 0 0 -3 0 0 0|

~ In order to move the entries —% and —1 to the positions they have in the matrix
B, we change the second and third rows as well as the second and third columns. The
correct sign is obtained by multiplying the first row and first column by —1. These

changes describe the similarity transformation for N =1, i.e., B = S AS; ! with
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-1 0 0
S;=8'= 0 0 1
0 10

For N > 1 the 3 x 3 matrix S is the third order principal submatrix of the matrix
which describes the similarity transformation. For N > 1, the change of the second
and third rows and second and third columns also effects other nonzero values. After
the row and column change, all the nonzero values in the second and third rows and
second and third columns are already at the correct position.

For N = 6, the remaining nonzero values of A are moved to the correct position
by additionally changing the rows and columns 6 and 7 as well as 10 and 11. All of
the operations discussed thus far are described by a similarity transformation of the
form SAS~! with

-1
0 1
10
1
1
01
S=8"1= 10
1
1
01
10
1
1

We obtain

o1 0 0 O O O 0O 0 0O 0 0 0

0 0 4 0 0 0 0 O 0 0 0 O

oo 0 o0 - 0o o o o o 0 0 O

o+ 0 O O -+ 0 0 0 0 0 0 0

o0 -3 0 0 0 + 0o o0 0 0 0 O
L o0 0 -y 0 0 0 F 0 0 0 0 0
SAS'=]l 00 0O O 1 0 0O O -+ 0 0 0 O

oo o o0 O 1 0 0 0 -3 0 0 0

oo 0 o0 0O 0O -2 0 0 0 X 0 o0

oo 0 o0 0O 0 0 - 0 o 0 1 O

oo o o o o0 0 O 1 0 0 0 -1

oo 0o o0 o 0O 0 O O 1+ 0 0 0

oo 0o o0 o 0O 0 0 0 0 -1 0 0

We still need some sign changes in order to obtain the matrix B. First we multiply
the fifth row and column by —1. Those sign changes effect two elements per row
and column and we easily see that the previously performed change of the rows and
columns 6 and 7 should also include a sign change. We can continue these considera-
tions for the remaining rows and columns and find that the matrix .S, which describes
the similarity transformations B = SAS~!, has for N = 6 the form
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-1

=)
O =

—= O
O =

S
=: C

2]

For N < 6, the similarity transformation is described by the principal submatrix of
appropriate order. We also see that the pattern of S starts to repeat for N = 6. Thus,
depending on IV, the matrix S may contain several diagonal blocks of the form C' and
end with a principal submatrix of C, i.e., with C[2], C[4], or C[6]. O

LEMMA 4.10. Let A:==A—ul and B := B— (w— 3)1, with A and B as defined
in (4.11) and (4.12). For any ni,ns € R, with n? +n3 =1 and ny # 0, ny # 0, the
matrix

m/:l —+ HQE
is similar to the coefficient matrixz of the one-dimensional problem defined in (4.5).

Proof. Let ny = cos(f), ny = sin(f), with 6 € (0, 2)U (3, m) U (m, 2m)U (37, 2m).
The matrix § € REN+TDXEN+D * which provides the similarity transformation, is

given by
(4.14) $1,1 = sin(20),

< cos(if) cos(20)  sin(if) COS%Z; ) for i odd,

$9i.2i 59i.2i11 } o —sin(if) sin(260) cos(i6) sin(
$2i+1,2i  S2i+1,2i+1 | cos(if) sin(20)  sin(if) sin(26) for i even
— sin(if) cos(20) cos(if) cos(20) ’
All other components of S are equal to zero.
The inverse of S has the nonzero components
1
1177 Sin(26)
Cos(ig) B sin(ig)
cos(2 sin(2 .
(415) 1 1 sinEiO)) COS(’(iG)) for i Odd’
$2i,2i 524,2i+1 } o cos(20)  sin(20)
-1 -1
S9it1,2i  S2i41,2i+1

T Cf)S(ie) _ sin(if)

Sslfﬁ((fg)) Cg‘;ﬁﬁgf ) for i even.
sin(20) cos(20)

Details of the proof are presented in the appendix. 0
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THEOREM 4.11. The two-dimensional system of moment equations (4.8) is hy-
perbolic.

Proof. We want to show that each matrix of the form
n1A+neB

with n1,ne € R, n?+n3 =1 and A and B as defined in (4.11), (4.12) is diagonalizable
with real eigenvalues.

- = 3
niA+neB=mn (A+u[)+n2 <B+ (w—2)l)

- - 3
=nA+nsB+ (nlu + ngw — 2n2> I

For n; and ny both not equal to zero, the matrix n; A+ng B is with Lemma 4.10 similar
to the coefficient matrix of the one-dimensional problem. The situations ns = 0 and
n; = 0 have been addressed separately in Lemma 4.6 and Lemma 4.9. Since the one-
dimensional problem is hyperbolic (see Theorem 4.4), ny A 4+ nyB is diagonalizable
with real eigenvalues.

The eigenvalues of nq A + noB have the form

(vt
)\+ n1u+n2wf§n2 s

with A an eigenvalue of the one-dimensional coefficient matrix (4.5). The eigenvectors
do not change by adding a multiple of the identity matrix. 0

5. Numerical discretisation of the moment system. We now consider nu-
merical methods for the coupled systems (4.2), (4.3) as well as (4.8), (4.9), respectively.
As in the numerical method for the detailed system, a splitting method is used to split
the macroscopic flow equation from the discretization of the moment equations.

The standard approach to approximate systems of the form (4.10) (or analogously
the simpler one-dimensional system (4.4)) is to use an operator splitting approach,
which separately solves the homogeneous hyperbolic system

(5.1) 0:Q +AQ, +BQ, =0
and the system of ordinary differential equations

(5.2) %Q = ¢(Q).

We use LeVeque’s Wave Propagation Algorithm (see, for example, [11]) to solve the hy-
perbolic system with a multidimensional high-resolution finite volume method. Strang
splitting is used to incorporate the source term.

5.1. Comparison with the detailed numerical method. By comparison of
the spectral method from subsection 3.1 with the source term in (4.10) we obtain the
following result.

PROPOSITION 5.1. The evolution (5.2) described by the source term in (4.10) is
equivalent to the spectral method for subproblem (3.1) described in subsection 3.1 and
Appendiz A.
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We now want to investigate how well the homogeneous conservation law (5.1)
approximates subproblem (3.2). While subproblem (3.2) is a three-dimensional partial
differential equation, which depends on the macroscopic spatial variables (z,z) as
well as on the orientation 6, equation (5.1) is a two-dimensional system of partial
differential equations, which only depends on the spatial variables (z, z). We start our
investigations using a simple numerical test, namely, a generalized Riemann problem
for shear flow.

Ezample 5.1. For an externally imposed shear flow, subproblem (3.2) has the
form

(5.3) Orf(x,t,0) + 0 (—cosfsinff) = 0.

Our initial values for f correspond to steady state solutions of subproblem (3.1) with
p(x,0) = 0277 f(2,0,0)dd = 1. For x < 0 we used w, /D, = 100, and for z > 0
we used w, /D, = 200. Note that for fixed values of 6§ the initial values of f are
piecewise constant. We numerically compute f at time ¢ = 5 and use this solution to
compute p.

This solution of p can now be compared with solutions of the homogeneous system

(5.4) 0:Q(z,t) + A0, Q(z,t) =0

obtained from the system of moment equations. Here Q = (p,C4,51,...,Cn,SN)
and A has the form described in (4.5).

The initial values of @) are obtained from the steady state solution of (3.1) using
p=2nfo, C; = 5c¢;, S; = §s;, 1 =1,...,N, and are piecewise constant for our test
problem.

As seen in subsection 3.1, a precise approximation of the steady state solution
structure of (3.1) requires a sufficiently large N in the spectral method of subsection
3.1. In our most detailed approximation we used N = 50. As described in subsection
3.3, we now compute cell average values of f on a grid in z and . We use 1000 grid
cells in z to discretize the interval [—10, 10] as well as 1000 grid cells in 6 to discretize
the interval [0, 27]. We use the finite volume method briefly outlined in subsection 3.2
to approximate the two-dimensional transport problem (5.3) on the highly resolved
(z,0)-grid. From the discrete solution of f(z,0,t) we compute p(z,t) by integration
over . The function p(z,t = 5) from this highly resolved approximation is shown as
a black solid curve in all the plots of Figure 3.

The dashed-dotted curve in Figure 3 shows the exact solution of the Riemann
problem for the homogeneous one-dimensional hyperbolic systems (5.4). The first
component of the vector () is plotted.

We use different values of N and observe that a very good agreement with the
reference solution can be obtained if IV is large enough. Finally, the dashed curve in
Figure 3 shows again results of the highly refined method for (5.3) but using the same
number of degrees of freedom to construct the initial values in f as used in (5.4).
While the dashed curve is smoother than the solution of the Riemann problem, it is
not a more accurate approximation of the reference solution than the solution of the
Riemann problem for the moment equation.

The number of modes that can be used to describe the initial data in f depends
on the number of degrees of freedom used in the spectral method to solve subproblem
(3.1). A highly resolved mesh in 6 is useless if the initial values are not accurate
enough.
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pat timet =5 N=1 pattimet=5 N=2 pattimet=5 N=3

5 n 5 n 5 n

z 0 : : 0 :
pat timet =5 N=5 p at time ¢ = 5, N = 10

F1G. 3. Solution of the Riemann problem defined in Example 5.1 using a highly resolved solution
of subproblem (3.2) (dashed curve) and the moment system for different N (dashed-dotted curve).
The solid curve is a highly resolved reference solution.

pat timet =5 N =1 pat time t =5, N =2 pattimet=5 N=3

F1G. 4. Solution of a Riemann problem using a highly resolved solution of subproblem (3.2)
(dashed curve) and the moment system for different N (dashed-dotted curve). The initial values
are steady state solutions of the Smoluchowski equation with left state wy /Dy = 10 and right state
wg /Dy = 20.

This test problem shows the importance of the choice of N. Once N is large
enough, subproblem (3.2) can be well approximated using the homogeneous system
of conservation laws for the moments.

In Figure 4 we show results of an analogous test problem but with initial values
corresponding to steady state solutions of the Smoluchowski equation with smaller
values of w,/D,. Now even a small number of moment equations produces accurate
approximations.

Moreover, it turns out that the correct solution of the Riemann problem for the
homogeneous hyperbolic system can be well approximated with the detailed method
using a coarse grid in #. This is illustrated in Figure 5. The dashed-dotted curve
is again the exact solution of the Riemann problem for the homogeneous hyperbolic
problem. The dashed curve shows the solution of the detailed model using a finite
volume method on a relatively coarse equidistant grid in 6, namely, with 8[%1 grid
cells for NV odd. The initial values in f for the detailed method used the same number
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p at time ¢ = 5, N = 1, 8 grid cells in 0 p at time t =5, N = 3, 16 grid cells in 0 p at time t = 5, N = 5, 24 grid cells in 0
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F1c. 5. Solution of the Riemann problem using coarse grids in 0 for the solution of subproblem
(3.2) (dashed curve) and the exact solution of the Riemann problem for the homogeneous moment
system (dashed-dotted curve) for different N.

Illustration of coarse grid approximation for N =5

04f

-0.6

Fic. 6. Illustration of the relation between the solution of the Riemann problem for the homoge-
neous hyperbolic system and a coarse grid approximation of the two-dimensional transport equation
(5.3).

of ansatz functions as moments are used in the moment system. In the x-direction
we again used 1000 grid cells to discretize the interval [—10, 10].

Let us investigate the case N = 5 in some more detail, i.e., the case A € R *11,
The 11 eigenvalues of A, i.e., the wave speeds, are described in Remark 4.5. The
eigenvectors can be computed numerically. They reveal that p is a Riemann invariant
of 5 waves. Therefore we only see 6 jump discontinuities in the last plot of Figure 5.
Each eigenvalue of A, which is not equal to zero, is attained four times inside the
interval [0, 27) as a function value of — sin(6) cos(6), i.e., the advection speed of (5.3).
In Figure 6 we plot as stars the values 6 € [0, 27] where the function — sin() cos(6)
is equal to an eigenvalue; we also plot the corresponding function values. There are
45 points. Furthermore, we plot as circles the 24 grid cell centers and correspond-
ing advection speeds, which are used on the coarse grid. Every advection speed is
discretized four times. It turns out that a grid with 8(%1 equidistant grid cells uses
every second wave speed as advection speed for the discretization of (5.3). These are
exactly the waves needed to resolve the structure in p.

For even values of N we didn’t find a single equidistant coarse grid for which the
approximation of the two-dimensional transport equation agrees with the solution of
the Riemann problem. Instead we found that the solution structure in p can exactly
be approximated by taking the average of two coarse grid approximations of the
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two-dimensional transport equations using N 4+ 1 and 2(N + 1) grid cells. Thus, we
obtain the following result.

PROPOSITION 5.2. The homogeneous hyperbolic system Q¢ + AQ, = 0 with A as
in (4.5) provides an approxzimation of the transport equation (5.3).

We conjecture that the same is true for the two-dimensional flow problem, i.e.,
that the homogeneous hyperbolic system (5.1) provides an approximation of subprob-
lem (3.2).

Note that the solution of the one-dimensional Riemann problems is a crucial
building block in finite volume methods for higher dimensional problems. Thus,
the considerations of this subsection are of importance also in more complex flow
situations.

We now present numerical simulations for the coupled shear flow problem (2.3),
which are based on discretizations of the moment system (4.2) and the flow equation
(4.3).

Ezample 5.2. This example studies the formation of clusters for an initially well-
stirred suspension. We consider simulations of (4.2), (4.3) with initial data on the
interval [0, 100] of the form

ple,0) = 1+ 10 *n(a),
Ci($,0):Si($,O)=O, iZl,...,N,
w(z,0) =0,

where 7n(z) takes random values between —% and % The parameters are set to
D, =0.01 and 6 = 1. We discretize the interval [0,100] with 1000 grid cells, use the
same random initial perturbation of p in each simulation, and compute the solution
at time t = 50. A reference solution, computed using N = 50, is shown as a black
solid line.

In Figure 7, we show numerical solutions for Example 5.2 with different numbers
of moment equations. Our reference solution uses a moment system with N = 50.

We observe that the formation of clusters and the cluster width is already well
approximated by using only the first moments, i.e., by using N = 1. However, dif-
ferences can be observed in the amplitude of the numerical solutions. For N = 2 the
numerical solution compares very well with the reference solution.

p at time t =50, N =1 p at time t =50, N =2

1.005 1.005

1.004 - 1.004 [

1.003 - 1.003 -
1.002 1002
1.001 1.001
0999 0999
0998 0998

0997 | 0997

0.996 0996

0995
0

0995
0

FiG. 7. Approzimation of the coupled problem for shear flow as described in Example 5.2. We
show the density at time t = 50 for N =1 and N = 2 as a dashed line. The solid black line is a
reference solution computed using N = 50.
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Solution of coupled problem: p at time ¢ =30, N =1 Solution of coupled problem: p at time ¢ = 30, N = 2 Solution of coupled problem: p at time ¢ = 30, N = 3

1

Fic. 8. Approzimation of the coupled problem for shear flow as described in Example 5.3. We
show the density at time t = 30 for different values of N as a dashed line. The black solid line is a
reference solution computed using N = 50. (Note the different y-azis.)

Ezample 5.3. This test problem considers initial values which are far away from
an equilibrium state. We consider (4.2), (4.3) with initial data on the interval [0, 100]
of the form

p(z,0) = exp(—(z — 50)%),
Cl(iE,O):SZ(I,O):O, iil,...,N,
w(z,0) =0

and periodic boundary conditions. The parameters are set to D, = 0.01 and ¢ = 1.
We compute solutions of p at time ¢ = 30 using different values of N. A reference
solution, computed using N = 50, is shown as a black solid line.

This configuration of Example 5.3 is far away from an equilibrium state, and we
will see that a certain number of moment equations are needed in order to compute
accurate approximations. In Figure 8 we show results of numerical simulations for
different values of N. In all computations the interval [0,100] was discretized using
1000 grid cells.

For N =1 the solution structure in p is quite different from the solution structure
of the reference solution. Furthermore, we observe unphysical negative values of the
density. Negative values of density are still visible for N = 2, although the overall
accuracy has improved. For N = 3 the solution structure compares well with the
reference solution.

In our final example we extend the previous test problem to the two-dimensional
case.

Ezample 5.4. We consider (4.8), (4.9) with the moment closure Cn41 = Sn41
= 0 and initial values as described in Example 5.3, but now constantly extended in
the z-direction. Both velocity components are initially set to zero and the parameters
are set to D, = 0.01, § =1, Re =1, and v = 0. Periodic boundary conditions in the
x- and z-directions are imposed on a domain of size [0,100] x [0,100]. We compute
solutions for different numbers of moment equations, i.e., different values of N, on a
grid with 512 x 512 grid cells.

After some time the solution structure does not remain constant in the z-direction.
This instability of the solution structure is seen at an earlier time for larger values of
N; compare with Figure 9. Furthermore, unphysical, negative values of the density
are observed for N = 1 and t = 20. For larger values of N, positivity of density could
be preserved. The solution structure observed for N = 4 compares well with those
observed for N = 10.
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p:t=14, N=1 p: =16, N=1 p: =18, N=1 p i t=20, N=1

F1G. 9. Numerical solutions of the two-dimensional coupled problem described in Example 5.4
for N =1 (top), N =4 (middle), and N =10 (bottom).

This test problem was motivated by experimental observations for the sedimen-
tation of clouds of rod-like particles as described in [14]. Clouds of particles become
unstable and break into smaller droplets of particles. In our model a column with
higher particle density becomes unstable in a two-dimensional flow.

6. Conclusions. For simplified models, which describe the sedimentation in sus-
pensions of rod-like particles, we derived a hierarchy of moment equations. While the
original system is a time-dependent partial differential equation in space and orienta-
tion, the system of moment equations depends only on space and time. We showed
that the system of moment equations is hyperbolic. Furthermore, we showed that the
system of moment equations can be interpreted as an approximation of the original
problem.

Throughout the paper we made the simplified assumption that the macroscopic
space is one- or two-dimensional and that the rod-like particles are allowed to ori-
ent only in a plane. In future work we plan to extend our results to more general
configurations.

Appendix A. A spectral method for the Smoluchowski equation on S'.
Here we present details of the derivation of the spectral method for

(A1) Ouf + 0o (((wz — ug)cosfsinf —u, sin? 0 + w, cos® 0) f) =D, 0psf.

At a given point (Z,Z) we assume that the components of the velocity gradient are
constant and externally imposed. We make an ansatz of the form
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N
(A2)  f(Z,2t,0) = fo(@,2,1) + > (T, 2, t) cos(2i6) + s;(, Z, t) sin(2i0).
i=1
To simplify the notation we suppress the dependence on (Z, z) in the remainder of
this subsection.
Now we compute

Ouf(t, 0 )+ ch cos(2i0) + s;’(t) sin(240),

-

(A.3) Opf(t,0) = Y —2ic;(t)sin(2i0) + 2is;(t) cos(2i0),

=1

oo f(t,0) = Y —4i’c;(t) cos(2i6) — 4i%s,(t) sin(2i6)

-

i=1

and insert (A.2) and (A.3) into
O f(t,0) = (ug — w,) cos20 + (u, + w,) sin 26) f(t,0)
5 (=) — (s we) €020 + (1 — w2) sin20) 0y f
+ Dy 0o f,

which is an equivalent representation of (A.1).
Using product-to-sum formulas we obtain

Zcz ) cos(2i6) + s;’(t) sin(240)

= (um - wz) cos 26 fo (t) + (uz + wr) sin 29f0(t)

N

+ %(ul —w,) Z ci(t) (cos(2(i — 1)0) + cos(2(¢ + 1))
1 Z;l

+ 5 (= ws) Z si(t) (sin(2(i + 1)8) + sin(2(i — 1)8))
) z;l

+ 5 (s + wy) ch(t) (sin(2(i + 1)0) — sin(2(i — 1))
1 ’L;l

+ §(u2 + wy) Z 5;(t) (cos(2(i — 1)8) — cos(2(i + 1)0))
J\;:l

— Wy Z —ic;(t) sin(2i0) + is;(t) cos(2i6))

N

1 . .
5 (uy + wy) sz (sin(2(i + 1)0) + sin(2(i — 1)6))

_ %(uz +w,) Zz J(8) (cos(2(i — 1)0) + cos(2(i + 1)0))
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— ~(uy —w, chl (cos(2(i — 1)8) — cos(2(i + 1)0))

H

—(ugy — w, Zzsi (sin(2(i + 1)0) — sin(2(i — 1)6))

— 4D, Z i%¢;(t) cos(2i0) + i*s;(t) sin(2i6)) .

Now we group terms of dlfferent orders in cos(2i6) and sin(2i0) and obtain a system
of ordinary differential equations of the form

1: fo'(t)=
cos(20) 1 ¢/(t) = (uz —w,) fo(t) + (uy — wy)s1(t) — 4Dycq (t)
— e — w2)ea(t) — 5 (us + wn)sal):
sin(20) : $1'(t) = (uy + ws) fo(t) — (uy — wg)er(t) —4D,s1(t)
+ %(

+ wy)ea(t) — %(um — w;)s2(t);
_J

cos(2j0) : ¢ (t) = 5(us —w2) (€j-1(t) = ¢j41) = AD,j%¢;(t)
%(uz +ws) (55-1(8) + 8j41(1)) + ji(uz —wa)s;(t), 1 =2,...,N;
$in(260) 5 (8) = L (us +ws) (cjma (8) + €1 (1) — 5 (uz — wa)e; (1)

2
(up —w,) (sj—1(t) — sj41(t)) — 4D,5%s(t), j =2,...,N.

Appendix B. Details of the proof of Lemma 4.2. In order to prove Lemma
4.2, we present the general form of the matrix S, which describes the similarity trans-
formation between the matrix A and the symmetric matrix A. As supplementary
material (supplement_01.zip [local/web 16KB, supplement_02.pdf local/web 204KB])
we provide a Jupyter notebook with Python code that illustrates the proof.

We first describe the case of odd N for N > 1. The blocks of S are for j =
1,...,N — 1 defined as

0 O 0 0
o 0 -1 -1
. s 1 -1 0 o |d0odd
2N —25,2j+1 cee 2N —24,2j+4
.J J .J J B 0 0 0 0
o 0 0 1 -1
SON—2j+3,2j4+1 .-+ S2N—-2j+3,2j+4 0 0O 0 O .
0 0 0 0 ,] even,
-1 -1 0 0
1 1 0 0
R R
S2N+2j+2,2j+1 -+ S2N+25+2,25+4
. . _ 00 -1 1
: : o 0 0 0 O
SON+2j+5,2j+1 -+ S2N+25+5,2j+4 -1 1 0 0 .
0 0 1 1 , ] even,
0 0 0 O
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0 0 1 1
A
S2N—24,2N+2j+2 cee S2N—24§,2N+2j+5
. . _ 1 -1 0 0
- 0 0 0 O
SON—2j+4+32N+2j+2 -+ S2N—-2j43,2N+25+5 0 0 1 -1 .
110 0 , ] even,
0 0 0 O
00 0 O
001 1 |ed
S2N42§+42,2N+2j4+2 -+ S2N+2j+2,2N+25+5 -
. . o 0 0 0 O
: : o 1 -1 0 0
SON42j+52N+2j+2 -+ S2N+42j+52N+25+5 0O 0 0 0 .
0 0 0 0 ,] even.
0 0 1 1

In addition we have

S1,1 = 1,
1
S2N+3,2 = —57
1
S2N+22N+3 = 5

All other components of S are equal to zero. In order to illustrate the structure of S,
we show the matrix for N = 5 marking the different blocks with different colors; see
Figure 10.

We can now investigate the structure of the matrix product Z := SA for odd
values of N. It is easy to see that the first line and the first column of SA contain
only zeros. Column two and (2N + 3) of S contain only one nonzero element with
values —% and %, respectively. These entries are the only nonzero elements in rows
2N 4+ 2 and 2N + 3 of S. When we build the matrix product SA, those entries of S
are multiplied by the —1 entries of A, leading to

1 1

Z2N+22N+5 = *57 Z2N+3,4 = 5

All other rows and columns of S contain two nonzero elements with values —1 or 1.
In rows with two nonzero elements, the nonzero elements arise next to each other.
Therefore, each nonzero element of A, except the above discussed entries with value
—1, contribute to two nonzero entries in the product SA. In particular the two matrix
elements of A with value f% lead to the four nonzero matrix elements

1 1 1 1
Z2N,2 = 3’ Z2N+1,2N+1 = 3 ZIN+4,2 = 3 Z2N+5,2N+1 = 3

The remaining nonzero elements of A result from 4 x 4 blocks of the antidiagonal
matrix described in the last equation of (4.5). Each of these 4 x 4 blocks of the matrix
A arises twice in the matrix A and thus contributes to 16 nonzero elements in SA.
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0 0 1 -1 00 0 0
0 0 0 0 00 1 -1
0 0|0 00 0 0 0|1 1]0 o0
0 0]-1 -1]l0 o 0 0]0 0o o0
0 0|1 -1l0 o |: 0 00 00 O
0 0fo ofo o 0 0|1 -1]|0 o0
0 0|0 00 0 0 0|1 10 0
0 0|-1 -1]l0 o0 0 00 00 0
0 0|1 -1 0 0 0 0/0 0 0 0
0 00 0 0 0 0/1 -1 0 0
S=10 0 0 0 0o Lo o
0 -2 0 o0 0 00 0
000 1 1 0 0 0 0/0 0 0 0
000 0 0 0 0 0 0|1 1 0 0
0 0|0 0 0 0 0 0|1 -1|0 o0
0 0|-1 1 0 0 0 0[]0 00 0
0 0 1 1|0 o0 0 0[0 00 0
00 0 0f|0 o0 0 0|1 1]/0 0
0 0|0 0 0 0 0 0|1 -1]|0o o
0 0|-1 1 0 0 0 0]o oo o
0 0 1 1 00 0 0
00 0 0 00 1 1
FiG. 10. Structure of the matriz S for N = 5.
We can use eight different 4 x 4 blocks to describe the remaining nonzero entries of

SA. For j=0,...,|5] we have

Z24j42,2N—45—1

24545,2N—45—1

Z4j42,4AN—4;j

| ?4j+5,2N—4j

24§4+4,2N—45-3

| ”4j+7,2N—45-3

2454+4,4N—45—-2

Z45+T7,2N—45—1

Z24j42,2N—45+2

24545,2N —4542

Z24j4+2,4AN—45+3

Z4§+45,2N—45+3

Z4j+4,2N—4j

Z45+7,2N—4j

Z4§4+4,2N—4j+1

Z45+7,2N—45+1

O ORIFO O OrIFO O O OkIx

=

o O O

O ORIFO O O OwI-

I =

e O»N»—\

S O ORI

ol

Okl O O

o O O

RO O O

O.M»—-O o

»M»—\o e

o OO O

N

o O O ouk\»—‘

Ll
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1 o o I -1
ZAN—4j—22N—45j—3 --+ ZAN—4j—22N—4j 4 4
| o o o0 o
0 0 0 O ’
Z4N—4j+1,2N—45—3 -+ Z4N—4j+1,2N—4j | _i —% 0O 0
ZAN—45j—2,4N—4j—2 --+- RZAN—-45j—2,4N—4j+1 0 0 (1) 01
0 0 3 —3
= 1 1 ’
i1 00
| 4N—4j+1,4N—4j—-2 .- Z4N—4j+1,4N—4j+1 | 0O 0 O 0
Z4AN—4j,2N—45—1 cee ZAN —44§,2N —45+2 0 0 (1) (1)
| 0 0 3 3
-2 o0 o0 |
4 4
| Z4AN—4j+32N—4j—1 --- Z4N—4j+3,2N—4j+2 | 0 0O 0 0
1 o o0 -+ -1
Z4N —4§,4N —4j cee Z4N—4§,AN—45+3 4 4
: . | o 0o o o0
0 0 O 0
Z4N—4j+34N—4j --- ZAN—4j+3,4AN—4j+3 | 7% i 0 0
The structure of the matrix Z = SA for N = 5 is shown in Figure 11.
0
F 00 00 0 0
0 0 0 0 1 o0 o0
0 ofo ofo o -+ tlo o 4+ -1
-3l o o -1 % 0 0|0 0 0 0
ot lo oo [-1 -4 0 00 0|0 0
000 0ofo0 o0 10 0 |- %
0o 0f0 0|0 0 -+ 1l0o o1 -1
io-tlo o -1 1 0 0|0 00 0
0o o o -1 -4 0,0 0 0 0
000 0 0 0 10 o -1 -1
Z=SA=|0 0 0 0 0 0 -3
o0 o0 % 0 0 0
o -+ o o 1 -4 0ojlo o o0 o0
000 0 0 0 0 -3l0 o 1 -1
0o 0f0 0 0 0 1 lo o |- -1
-+ =ilo o 1 % 0 0|0 0]0 o0
-+ 1 0 o i -% 0 00 0|0 0
00 0 0|0 0 -+ 3lo o1 -1
0 0f0 0 0 0 1o+l o o |- -4
-+ -ilo o 1 1 0 0|0 0|0 0
-4 1 0 0 00 0 0
0 0 0 0 -1+ 0 o

FiG. 11. Structure of the matriz Z = SA for N = 5.
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Now we need to multiply the matrix SA with S~!. The structure of the matrix
S~ can easily be derived from S. For odd values of N > 1 the matrix S~—! can again
be composed of eight different types of blocks. In the following, we use the notation
s;jl to denote the (4,5) component of the matrix S~!. For j =1,..., N — 1 we have

-1
$9j+41,2N—2j+2

-1
S9j+4,2N—25+2

—1
§2j41,2N+2j+2

o1
2j+4,2N+2j+2

-1
SIN+2j+2,2N—2j

-1
SoON+2j45,2N—25

-1
SoON+2j4+2,2N+25+2

-1
SON+2j+5,2N+2j+2

Furthermore, we have

-1
$9j+1,2N—2j+5

-1
89j+4,2N—2j+5

-1
82j4+1,2N+25+5

g1
2j+4,2N+25+5

-1
SON+2j+2,2N—2j+3

—1
SION+2j+5,2N—2j+3

-1
SON+2j+2,2N+2j+5

-1
SON+2j+5,2N+2j+5

-1

S11 =
—1
S3oN+3 = —

-1 _
SoNt+32N42 = 2-

N~

SIS

co WP 000 P OyIro o PP ocomw- | Lo o000

0 %1 0
_Ol _05 8 7j0dd7
—% 0 0
0 0 —%
00 —3 .
O 0 O ,] even,
00 0
00 0
00 0 .
,J odd,
00 —3
00 3
-2 00
% 00 j even
o 1 o |’ ’
0 % 0
00 %1
8 8 _05 ,j odd,
00 0
o L o0
0o I g
2 ,J even,
%1 0 0
-2 00
1
L0 o0
1 0 0
(2) 1 0 ,jodd,
2
0 -1 0
0 0 0
0 0 0 .
0 0 1 ,jeven.
0 0 %

All other components of S~! are equal to zero. The structure of the matrix S—!, for
N =5, is illustrated in Figure 12.

We want to show that the matrix-matrix product ZS~! is equal to the symmetric
matrix A described in (4.7). The matrix Z = SA is mainly characterized by pairs of
:I:i which arise next to each other, and the structure of S~! is mainly characterized
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1 0 0 0 0 0 0
0 0 0 -2 0 0
oo L ofo o I 0o o0 o0
00 -2 ofo o % 0o 0 o0
0 0|0 -3]o0 o0 0o 0|0 -3 0 o0
0 0|0 —-3]0 o0 0o o0 % o0 o0
0 0% 0/]0 0 00 5 0|0 0
0 0 |-3 0/]0 o0 0 0 % o0ofo0 o0
0 0|0 —3|0 0 0 0|0 -3 00
0 0|0 -2j0 o o ofo 1 o000
00 0 0 | 0 0 30
Sl = -2 0 0 0 00 0 0 0 0 o o0 to

o0 0o 2]lo ofo L 0o o0
o0 0o -3lo ofo L 0o o
0 0% 0]0 o0 0 0|3 o0 o0
0 0% 0]0 0 0 0|-3 0|0 0
o ofo L0 o 0 ofo 2]o0o o
0 0ofo0 =10 o 0 o0ofo 2]0 o0
0 0|3 ofo o 0 0|1 o0fo0o0
0 0|3 ofo0o o0 0 0 |- oo o0
0 3 0 0 0 0 0 %
0 -3 0 0 0 0 0 3%

F1G. 12. Structure of the matriz S~ for N = 5.

by pairs of i% appearing below each other. This results in values ii or 0 when we
multiply a single row of Z with a single column of S~!. The four special entries of Z
with values :I:% only lead to a nonzero contribution in the product ZS~! when they
are multiplied with the columns 2N + 2 and 2N + 3 of S~!, which contain the special
nonzero entries +2. Again we obtain values j:i. Thus, the only nonzero entries of
ZS~! have values ii.

Let us now consider the product of Z with the last four columns of S—!.

Contribution from column 4N + 3: We only need to consider the product
with rows 4 and 4N of Z and obtain

11 11
7S~ 1 = _-=
(Z57")a,an+3 13 12 0,
11 11 1

Z -1 = ———— —— = ——,
(Z5 " )an.an+s 13 15 1

Contribution from column 4N + 2: Now we only need to consider the product
with rows 5 and 4N + 1 of Z and obtain
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11 11
ZS Y5 = ——— 4 --=0,
( )5,4N+2 42+42
11 11 1
A =--+--=-=.
( )4N+1,4N+2 12 + 19 1

Contribution from column 4N + 1: Now we consider the product with rows 2, 6,
4N + 2, 4N — 2 and obtain

1 1 11
zs™t =-(-=)+-2=0
( )2,4N+1 1 ( 2) t75=0

-1 I O N
(ZS )6 an+1 = 4( 2) 13 0,

(ZS™ M aN—2ant1 =

1 1 11
(ZS_1)4N+2,4N+1 = 1 (—) + 2=

Contribution from column 4N: We consider the product with the rows 3, 7,
4N — 1, 4N + 3 and obtain

11 1 1
zs™t =——+-(-2])=0
( )3.4N 1271 ( 2) ,
11 1 1
zS™t =———-——|—-2)=0
( )7,4N 19 1 ( 2) )
11 1 1 1
ZS Yan- =-—-——|—-z)=-
( JAN—-1,4N 192 4( 2> 1’
11 1 1 1
A =t =2 ) =—=.
( )AN+3,4N 12 + 1 ( 2) 1

Thus, multiplication of Z with the last four columns of S~! produces the symmetric
4 x 4 block

4N  4N+1 4N+2 4N+3
1

w [0 0o o -1
AN+1 0 0 3 0
AN+2 0 3 0 0
a3 | -3 0 0 0

of SAS~! and contributes two nonzero entries to the 4 x 4 block

4N—-2 4N—-1 4N 4N+1
1

4AN—-2 0 0 0 -7
4AN-1 0 0 1 0

AN 0 0 0 0
AN+1 0 0 0 0

This pattern continues, i.e., the next two columns will contribute the missing two
nonzero entries at the positions (4N,4N — 1) and (4N + 1,4N — 2) and contribute
two entries to the next 4 x 4 block. Finally, the first two columns will contribute the

Copyright (©) by STAM. Unauthorized reproduction of this article is prohibited.



Downloaded Uo/10/26 10 154.99.50.46 . Redistribution supject to SIAM ficense or copyrignt; see https.//epupns.slam.org/terms-privacy

SEDIMENTATION IN SUSPENSIONS OF ROD-LIKE PARTICLES 1033

last two missing nonzero entries. This completes the proof for odd values of N > 1.
The case N = 1 was already considered in Example 4.1.

Similar considerations can be done if IV is even. Here we only provide the general
form of the matrix S which is used to perform the similarity transformation. For
j=1,...,N —1 we have

(B.1)
0 O 0 0
0 0 -1 -1 jeven
o L 1 _1 0 0 9 1)
S2N-25,2j+1  --+  S2N-2j2j+4
Y o B 00 0 o0
- 0o 0 1 -1
52N—2j+372j+1 e SQN—2j+3,2j+4 O 0 O O .
0o 0o o o [7d°dd
-1 -1 0 0
1 1 0 0
R
S2N+2j+2,2j+1 -+ S2N425+2,2j+4
. . o 0 0 -1 1
o 0 0 0 O
SON4+2j45,2j+1 --- S2N+42j45,2j+4 -1 1 0 0 .
0 o0 1 1 |-7even
0 0 0 O
0 0 1 1
0 0 00 j even
SON—2j,2N+2j42  ---  S2IN—2j,2N+42j+5 0O 0 0 0 |’ ’
. . . 1 -1 0 O
o 0 0 0 O
S2N—-2j+3,2N+2j+2 -+ S2N—-2j43,2N+2j+5 00 1 -1 odd
1 1 0 0 7.7 o 9
00 0 O
0 0 0 O
1 1.0 0 .
0 0 1 —1 |-Jeven
SON42j42,2N4+2j42 -+- S2IN+2j+2,2N+2j+5
. . . 0 0 0 O
a 1 -1 0 0
S2N+2j+5,2N+2j+2 -+ S2N+2j+5,2N+2j+5 0 0 0 0 odd
0 0 o0 o0 |7
0 0 1 1

In addition we have

S1,1 = 1,

1

SIN+42,2 = 5;

1

S2N+3,2N+3 = 5

All other components of S are equal to zero. Figure 13 shows an illustration of the
matrix S for even values of .
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00 1 -1 0 0 0 o0
0 0 0 0 0 0 1 -1
o 0o ofo o o 01 1]0 o0
0 0|1 -1]0 o0 0o 0lo ofo o
[o o1 10 o 0o 0ofo olo o
‘0 oo ofo o 0 of1 -1/0 0
00 0 0
0 0 00 0 0
00
o o]0 oo o
0 0of-1 -1]0 0‘
0 0 1 -1]0 0 0 0
0 0oflo ofo o 00
0 0f0o 0 0 o0 001 1 0 0
0 0|-1 -1 0 0 0 0 0 0 0 0
S=lo L 0o o 0 0 0 0
00 0 o0 0 1 0 0
0 0 0 0 0 0 0 0 1 -1 0 0
00 -1 1 0 0 0 0f0 0 0 0
o o1 1 0 o0 0o 0ofo oo o
0 0 0 0 0 0 0 0 1 1 0 0
00 0o 0|0 o 0 0|1 1|0 o‘
0 0 -1 1|0 o 0 0fo oo o
0 0 0 0
0 0 00 00 00
00 oo
0 0|1 1 0 o0 ’n 0lo ofo o
0 00 0 0 0 0 of1 1]0 0
00 0 0f0 o0 0o 0|1 -1{0 o0
00 -1 1]0 o0 0o ofo ofo o
0 0 1 o1 00 0 0
00 0 0 0 0 1 1

Fic. 13. Structure of the matriz S for N even.

Appendix C. Details of the proof of Lemma 4.10. We start with the case
N =1, where we have

0 sinf —cosf
C :=cos(0)A +sin(0)B = sinf 0 0 ,
—%cos 0 0
sin(20) 0 0
S = 0 cos(f) cos(26)  sin(f) cos(26) |,
0 —sin(6) sin(20)  cos(#) sin(26)
sin(129) 0(0) 0
Sil = 0 0225(29) B 2cols(9)
0 sin(0) 1

cos(20) 2sin(0)
A straightforward computation confirms

0
scst=1 0

o O O
o

1
8

In the general case, the (2N + 1) x (2N 4 1) matrix C' = cos(f) A + sin(#) B has the
form
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0 sin(d) —cos(0)
% sin(6) 0 0
— £ cos(6) 0 0 D,
C= D,
.. D1
Dy | O

with NV — 1 blocks of the form

Dy ( Fsin(6) 7 cos() ) Dy ( §sin(6) 7 cos(6) )

zcos(@)  7sin(0) —cos(0) 7sin(0)

NS

The above computation for the case N = 1 arises as a subproblem for larger values
of N. This follows from the structure of C, S, and S~'. In addition, for N > 1
the multiplication of the second and third rows of S leads to additional nonzero
components when multiplied with the fourth and fifth columns of C'. We obtain

(SC)2,4 = cos(0) cos(29)i sin(6) + sin(0) cos(2¢9)i cos(0)
sin(46)
8 )
(SC)a,5 = cos(8) cos(26) (—i cos(@)) + sin(6) COS(QH)% sin(6)

cos?(26)
o 1 1
(SC)3,4 = —sin(0) sin(29)1 sin(6) + cos(0) sin(29)1 cos(6)
sin(46)
8 i
(SC)3,5 = —sin(d) sin(26) <411 cos(@)) + cos(6) sin(20)i sin(6)
1 cos(40)

8 8
These nonzero entries in the second and third rows of SC lead to nonzero contributions
in SCS~! of the form

4 5 4 5 4 5

sin(46 cos? (20 cos(26) sin(26) 1
2 é L - 4( : sin(20)  cos(28) | — 2 (1) 1|
3 sin(840) 176085(40) 5 1 1 3 1 0 ’

i.e., the first three rows of SCS~! agree with the first three rows of the coefficient
matrix A of the one-dimensional problem described in (4.5).

Now we consider the product of the rows 24, 2i + 1, 2i + 2, and 2i + 3 of S (as
described in (4.14)) with the matrix C. Without loss of generalization we can restrict
our consideration to the case of even i. The nonzero entries of the considered rows of
S are

2% 2i41 2i42 2i43
2i cos(i0) sin(20)  sin(i6) sin(20)
2i+1 | —sin(i0) cos(20) cos(if) cos(20)
2i42 cos((i + 1)0) cos(20)  sin((i + 1)0) cos(20)
2i43 —sin((i + 1)0) sin(20)  cos((z + 1)0) sin(26)
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Nonzero matrix elements are obtained for the product of rows 2i and 2i + 1 of S
with columns 27 — 2, 2i — 1, 2i + 2, and 27 4+ 3 of C and for the product of rows 2i + 2
and 2¢ + 3 of S with the columns 2i, 20 + 1, 2i + 4, and 2¢ + 5 of C'. We start with
the rows 2i and 2i + 1 of S and obtain

(SC)2i,2i—2 = cos(if) s 11(20)1 sin(#) — sin(i6) Sin(?@)i cos(6)
_sin((i — 1)6) 8111(20)
) | 1
(SC)ai,2i—1 = cos(i0) sin(26 ) cos(#) + sin(if) sin(20)1 sin(6)
cos((i — 1)) s1n(20)
4 . ’
(8C)24,2i42 = cos(if) Sin(QG)Z sin(f#) + sin(i6) sm(20) cos(6)
_ sin((i + 1)) sin(26)
4 Y
(8C)2i,2i43 = —cos(if) sm(20) ! cos(#) + sin(if) sin(29)i sin(6)
_ ~cos((i +1)0) Sm(20)
4 b

(SC)2i41,2i—2 = —sin(if) cos(20)i sin(f) — cos(i6) COS(Q@)% cos(6)
cos((i — 1)) cos(20)
) | 1
(SC)2i41,2i—1 = —sin(if) cos(20) cos(#) + cos(i6) cos(ZO)Z sin(6)
_sin((i — 1)0) cos(29)
4 )
(SC)2i41,2i42 = —sin(if) cos(29) L cos(#) + cos(if) cos(29) cos(0)
_ cos((i+ 1)) cos(29)
4 ’ )
(SC)2i41,2i+3 = sin(if) cos(29) cos() + cos(ib) COS(%)Z sin(0)
sin((7 + 1)) cos(29)
1 .

From the structure of S=1 (see (4.15)), we see that it is enough to consider

(C.1) (SC)2i2i—2 (50)21',21'—1 (571)21'—2,22'—2 (571)22'—2,21'—1
’ (SC)a2ix1,2i—2  (SC)2i41,2i—-1 (S Mai—12i—2 (S™V)2i—12i-1

and

(C.2) (SC)2i,2i+2 (SC)a2i2i+3 (571)21‘4-2,214-2 (571)2¢+2,2i+3
’ (SC)ait1.2i42  (SC)a2it1,2i43 71)2i+3,2i+2 (571)2i+3,2i+3 '

All other entries of rows 24 and 2i + 1 of SCS™! are equal to zero.
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Recall that we still consider the case i even, i.e., i — 1 and i + 1 odd. For (C.1)
we then obtain

. cos((2—1)60 sin((:z—1)60
1)0) sin(20) H cffs@gg)) - sﬁfmze)”]

i
—cos((i — 1)0) cos(20) —sin((i — 1)) cos(26) Sir;(o(si(;;)e Cossgr(f(gel))g)

4

1 [ —sin((i — 1)0)sin(20)  cos((i —

cos (26 sin(26)
sin((iJrl;@) cos((i41)6)
cos(26) sin(20)

1 [ sin((¢ + 1)0) sin(20) — cos((i + 1)0) sin(20)
4

cos((i+1)0)  sin((i+1)0)
cos((i+ 1)8) cos(20)  sin((i + 1)) cos(20) ] l ]

Now we consider the product of rows 2i+2 and 2i+ 3 of S with the columns 27, 241,
2i+ 4, and 2i + 5 of C.

(SC)ait2,2; = cos((i + 1)0) cos(29)i sin(f) — sin((i + 1)0) 005(29) cos(0)

= i cos(26) ( (cos(i6) cos(#) — sin(if) sin(6)) sin(6)
— (sin(i6) cos(8) + cos(if) sin()) cos(6))

= i cos(20) (— sin(i0) sin* () — sin(i) cos®())
_ sin(i6) cos(26)
— 1
(SC)ait2,.2i+1 = cos((i + 1)0) cos(29) cos(#) + sin((i + 1)0) COS(QH)% sin(f)
_ cos(if) cos(26)

4 )

(SC)ait2.2i+4 = cos((i + 1)8) cos(2 )i sin(6) + sin((i + 1)0) 005(29) cos(6)

sin((i + 2)6) cos(26)
4

(SC)airois5 = — cos((i +1)8) cos(2 )i cos(6) + sin((i + 1)0) cos(29)i sin(6)
cos((i + 2)0) cos(26)
4 )
(SC)ait3,2; = —sin((i + 1)0 )sm(2€)i sin(#) 4 cos((i + 1)6) sin(26) (—i cos(@))
_ cos(if) sin(26)
! | 1
(SC)2it3,2i+1 = —sin((i + 1)) sm(29) cos(6) + cos((i + 1)0) sin(29)1 sin(6)

sin(i0) sin(20)
4 )
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(SC)sirs2i44 = —sin((i +1)0) sin(QG)isin(G) +cos((i+1)8 )s1n(29) cos(6)
cos((i + 2)6) sin(260)
4 9
s . 1 , ) 1 .
(SC)ait3.2i45 = —sin((i + 1)0) sin(20) (—4 cos(@)) + cos((i +1)0) sm(29)1 sin(6)

sin((i + 2)0) sin(26)
: :

Finally, we multiply with the appropriate entries of S7!, i.e., we compute
(SC)ait2,2i (SC)aiy2,2i41 (571)21,21’ (571)21‘,21'-5-1
(SC)2it3,2i (SC)aiys,2i41 (571)2“1,22' (571)2i+1,2i+1

1 [ —sin(if) cos(260)  cos(if) cos(20) ] l :ﬁ,s((;z; _CS;ISIE;HQ)) ]

=71 = i0) si —sin(if) si jin (16 (10
4 cos(i6) sin(20) sin(i6) sin(26) ;n((%)) 52:(29))

_ [ 0
— | -1
1
and

{(S )2i+2,2i44  (SC)2i42,2i+5 } { (S—! 21+4 it (5_1)2i+4,2i+5}
(SC)2i+3,2i44  (SC)2i43,2i+5 S Voits2i44  (S7H)2i45,2i45

C
C
[sm (i +2)0) cos(20) — cos((i + 2)0) cos(20) } l cos((i+2)6)  _ sin((i+2)6) ]
0
1
4

Ol

_ 1 ) ] sin_(29; cos(20)
4| cos((i+2)0)sin(20)  sin((i + 2)0) sin(20) sin((142)0)  cos((i42)0)
_1
— 1
4]

sin(20) cos(26)
Thus, nonzero entries of SCS~! in rows 2i, 2i + 1, 2i + 2, and 2i + 3 have the form
2i—2  2i—1 2 20+l 2i+2 2i+3 244 245

2i o 4+ 0 0 0 -3 0 0
241 [ -3y 0 0 O £ 0 0 0
242 | O 0 0O 1 0 0 0 —3
243 | 0 0 -3 0O 0 0O 3 0

The steps of the proof are also illustrated in the Jupyter notebook.

REFERENCES

[1] M. Do1 aND S. EpDWARDS, The Theory of Polymer Dynamics, Oxford University Press, 1986.

(2] E. GuazzeLLl AND E. HINCH, Fluctuations and instability in sedimentation, Ann. Rev. Fluid
Mech., 43 (2011), pp. 87-116.

[3] E. GuzzeLLl AND J. MoORIS, A Physical Introduction to Suspension Dynamics, Cambridge
University Press, 2012.

[4] C. HELZEL AND F. OTTO, Multiscale simulations for suspensions of rod-like molecules, J. Com-
put. Phys., 216 (2006), pp. 52-75.

[5] C. HELZEL AND A. E. TZAVARAS, A comparison of macroscopic models describing the collective

response of sedimenting rod-like particles in shear flows, Phys. D, 337 (2016), pp. 18-29,
https://doi.org/10.1016/j.physd.2016.07.004.
[6] C. HELZEL AND A. E. TZAVARAS, A kinetic model for the sedimentation of rod-like particles,
Multiscale Model. Simul., 15 (2017), pp. 500-536, https://doi.org/10.1137/15M1023907.
[7] E. HINCcH AND L. LEAL, Constitutive equations in suspension mechanics. Part 1. General for-
mulation, J. Fluid Mech., 71 (1975), pp. 481-495.

Copyright (©) by STAM. Unauthorized reproduction of this article is prohibited.


https://doi.org/10.1016/j.physd.2016.07.004
https://doi.org/10.1137/15M1023907

Downloaded Uo/10/26 10 154.99.50.46 . Redistribution supject to SIAM ficense or copyrignt; see https.//epupns.slam.org/terms-privacy

SEDIMENTATION IN SUSPENSIONS OF ROD-LIKE PARTICLES 1039

[8] E. HINCH AND L. LEAL, Constitutive equations in suspension mechanics. Part 2. Approzimate
forms for a suspension of rigid particles affected by Brownian rotations, J. Fluid Mech.,
76 (1976), pp. 187-208.
[9] R. KEUNINGS, Micro-macro methods for the multi-scale simulation of viscoelastic flow using
molecular models of kinetic theory, Rheol. Rev., (2004), pp. 67-98.
[10] L. LEE, A class of high-resolution algorithms for incompressible flows, Comput. Fluids, 39
(2010), pp. 1022-1032, https://doi.org/10.1016/j.compfluid.2010.01.012.
[11] R. J. LEVEQUE, Wave propagation algorithms for multi-dimensional hyperbolic systems, J.
Comput. Phys., 131 (1997), pp. 327-353, https://doi.org/10.1006/jcph.1996.5603.
[12] B. METZGER, J. BUTLERZ, AND E. GUAZZELLI, Ezperimental investigation of the instability of
a sedimenting suspension of fibers, J. Fluid Mech., 575 (2007), pp. 307-332.
[13] F. OrTo AND A. E. TzAVARAS, Continuity of velocity gradients in suspensions of rod-like
molecules, Commun. Math. Phys., 277 (2008), pp. 729-758.
[14] J. PARk, B. METZGER, E. GUAzzELLI, AND J. E. BUTLER, A cloud of rigid fibres sedimenting
in a viscous flutd, J. Fluid Mech., 648 (2010), pp. 351-362.
[15] A. TORNBERG AND K. GUSTAVSSON, A numerical method for simulations of rigid fiber suspen-
stons, J. Comput. Phys., 215 (2006), pp. 172-196.

Copyright (©) by STAM. Unauthorized reproduction of this article is prohibited.


https://doi.org/10.1016/j.compfluid.2010.01.012
https://doi.org/10.1006/jcph.1996.5603

	Introduction
	The mathematical model
	Simplified model for two-dimensional flow
	Simplified model for shear flow

	A detailed numerical method for the coupled system
	yes
	The two-dimensional transport equation
	Transfer between different degrees of freedom
	Computation of cell average values
	Computation of mode coefficients


	Hierarchy of moment equations
	Moment equations for shear flow
	Hyperbolic structure of the one-dimensional system of moment equations for shear flow
	Moment equations for general two-dimensional flow
	Hyperbolic structure of the two-dimensional system of moment equations

	Numerical discretisation of the moment system
	Comparison with the detailed numerical method

	Conclusions
	References

