A KINETIC MODEL FOR THE SEDIMENTATION OF ROD-LIKE PARTICLES

CHRISTIANE HELZEL* AND ATHANASIOS E. TZAVARAST?

Abstract. We consider a coupled system consisting of a kinetic equation coupled to a macroscopic Stokes (or
Navier-Stokes) equation and describing the motion of a suspension of rigid rods in gravity. A reciprocal coupling leads
to the formation of clusters: The buoyancy force creates a macroscopic velocity gradient that causes the microscopic
particles to align so that their sedimentation reinforces the formation of clusters of higher particle density. We provide
a quantitative analysis of cluster formation. We derive a nonlinear moment closure model, which consists of evolution
equations for the density and second order moments and that uses the structure of spherical harmonics to suggest a closure
strategy. For a rectilinear flow we employ the moment closure together with a quasi-dynamic approximation to derive
an effective equation. The effective equation is an advection-diffusion equation with nonisotropic diffusion coupled to a
Poisson equation, and belongs to the class of the so-called flux-limited Keller-Segel models. For shear flows, we provide
an argument for the validity of the effective equation and perform numerical comparisons that indicate good agreement
between the original system and the effective theory. For rectilinear flow we show numerical results which indicate that
the quasi-dynamic provides accurate approximations. Finally, a linear stability analysis on the moment system shows
that linear theory predicts a wavelength selection mechanism for the cluster width, provided that the Reynolds number
is larger than zero.
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1. Introduction. Complex fluids with suspended microstructure might include diverse materials
such as polymeric solutions with a long chain structure, or suspensions of non-deformable particles with
an orientation (for example rod-like particles). Such systems might be modeled via continuum modeling
of viscoelastic fluids, or via mesoscopic models within the realm of kinetic theory, or even as particles
in a fluid. Multi-scale interactions cause interesting phenomena in the dynamics of complex flows, and
the area forms an interesting testing ground for examining the effect of change of scale and the passage
from microscopic to mesoscopic to macroscopic theories.

An interesting system is offered by a suspension of rod-like particles in a dilute solution under the
influence of gravity. For such a system, the macroscopic flow can cause a change of orientation for the
suspended microstructure, which in turn, produces an elastic stress that interacts with and modifies
the macroscopic flow. The sedimentation of dilute suspensions of rod-like particles can lead to cluster
formations and has been studied by several authors in theoretical, numerical and experimental work,
see the recent review paper by Guazzelli and Hinch [8] and references therein.

Experimental works by Guazzelli and coworkers [13, 14, 21] reveal the following scenarios: Starting
from a well-stirred suspension packets of particles form after some time. These packets seem to have
a mesoscopic equilibrium width, suggesting that the density of particles acquires variations of a char-
acteristic length scale. Within a cluster, individual particles are aligned with the direction of gravity
during most of the time; occasionally they flip. The average settling speed in a suspension is larger
than the sedimentation speed of a single particle oriented in the direction of gravity. The mechanism of
cluster formation was described in a fundamental paper of Koch and Shagfeh [19]. In recent years the
sedimentation of rod-like (and other orientable) particles has also been studied via numerical simula-
tions of multi-scale models. Gustavsson and Tornberg [29, 9] used a very detailed description of rod-like
particles in a dilute suspension based on a slender body approximation. They were able to simulate
suspensions with up to a few hundred particles and a domain size of the order of a few particle length.
Butler and Shagfeh [2] used a lower order slender body description. Saintillan et al. [25] accelerated this
algorithm using fast summation techniques. This allowed them to simulate several thousand particles.
Wang and Layton [31] used the immersed boundary method for their two-dimensional numerical stud-
ies. All numerical studies confirm the basic experimental findings: Packet formation and alignment in
gravity direction. Note that the models used in those simulations are of more microscopic nature than
the model considered here. Instead of a number density function for the rod orientation in every point
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of the domain, those authors model a large number of individual particles. Moreover, Brownian effects
are not considered in those models.

Our objective here is to provide a quantitative description of cluster formation by deriving an
effective theory via asymptotic methods. We focus on a multi-scale model that in non-dimensional form
reads

hf+Vae (uf)+Vpn (PpoVeunf)—Va - (I+nen)esf)
=D, Anf+7Vg- (I+n®n)vwf

o= dn®@n —1I) fdn
/Sdfl( )/ (1.1)
Re (Qru+ (u-Vg)u) =Agu —Vep+06yVe -0 — 0 fdnes
gd—1
Ve -u=0.

Here, f(t,x,n) describes the distribution function of particles as a function of time ¢, space = € R?
and the orientation of the rod-like particles n € S9~1, w(t,x) stands for the velocity of the solvent,
p(t,x) is the pressure, while D,, v, 6 and Re stand for non-dimensional numbers (see Section 2.2).
The model, described in detail in Section 2, puts together in a context of dilute suspensions of rod-
like particles various elements described in the book of Doi and Edwards [5]. Such kinetic models for
complex fluids hinge on hydrodynamical models for suspensions modeled by Fokker-Planck equations
[15, 16] and have a remarkable thermodynamical structure [5, Sec 8.6]. Similar models are studied in
[23, 11] in connection to shear band formation in polymeric flows. We note that the factors that lead,
according to Koch and Shaqfeh [19], to the instability of the sedimentation process are included in this
model, and the cluster formation mechanism is described in section 2.3.

Due to the high-dimensionality of the problem, numerical computations of the full five dimensional
problem (for d = 3) are cumbersome. We are therefore interested in the derivation of partial differential
equations (pdes), which describe the macroscopic flow without resolving the microscopic structure. Such
nonlinear models should also provide further insight into the basic nonlinear mechanism which leads
to cluster formation. Sections 3 and 4 are devoted to the derivation of such simpler pde models. In
Section 3, we perform a moment closure from the full multi-scale model, based on deriving equations
for the moments, and using the structure of spherical harmonics to suggest a closure strategy. We
adapt the results to various special flows of interest, including rectilinear flows and shear flows. The
obtained models (3.9) and (3.6) have some analogies to the familiar Oldroyd-B models in continuum
viscoelasticity (see Renardy [22] for a description and further references).

The moment closure leads to a d-dimensional system of pdes (1-dimensional for shear flow, 2-
dimensional for rectilinear flow) and thus reduces the dimension of the problem. A second approxi-
mation, explained in Section 4, leads to a scalar evolution equation for the particle density coupled to
the equation of the flow and provides an even simpler description of the process of cluster formation.
We call this quasi-dynamic approximation and it consists of setting the higher order moments to their
local equilibrium and evaluating them in terms of the zero-th moment and its spatial derivatives. It
leads to an emerging effective equation for the particle density. For the case of rectilinear flow along
the z-direction of the three-dimensional space @ = (x,y, z), with ansatz

f=rftayn), w=(0,0,wtzy)

the resulting effective system reads

( 1 [ 36|Vw|?  Vw Vw
8tp = .

R 10VaP || Rt 46Vl [Vl © [Vl
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%pV(wwL %lnp)) (1.2)

where p = [ fdn and k = 422
The system (1.2) should be compared to the Keller-Segel model (e.g. [18, 12, 1]) used as a model
for chemotaxis. There are two differences: (a) that the diffusion in (1.2); is anisotropic; more important



(b) that both convection and diffusion are flux-limited, thus making the system belong to the general
type of flux-limited chemotaxis systems (e.g [6, 30, 24]).

We discuss in Sections 4.4 and 4.5 the nature of the quasi-dynamic approximation and provide some
justifying arguments. For the case of shear flows, an eigenvalues analysis of a linearized system suggests
that the approximation should be valid for moderate strain rates. Moreover, numerical simulations for
shear flows confirm that the solution structure obtained from the scalar evolution equation agrees very
well with the solution structure of the full model. Numerical results for rectilinear flow show a good
agreement between the nonlinear moment closure model and the quasi-dynamic approximation.

In appendix A, we summarise properties of the spherical harmonics, that are extensively used
throughout this work. In appendix B, we present results of a linear stability analysis for shear flows.
In particular, we show that linear stability theory predicts a wavelength selection only if the Reynolds
number of the macroscopic flow is larger than zero.

2. The mathematical model. We describe a kinetic model for sedimentation in dilute suspen-
sions of rod-like Brownian particles. Models of this type were introduced by Doi and Edwards, see [5,
Ch. 8]. In [23] and [11] a related model for suspensions of rod-like particles was considered. This model
is extended here to account for the effects of gravity in an effort to describe sedimentation of rod-like
particles in a solvent.

e

§ (>
\

Fic. 2.1. Basic notation for rod-like molecule which is falling sidewards.

We consider inflexible rod-like particles of thickness b which is much smaller than the particles
length [. Our considerations are restricted to the dilute regime which is characterised by the relation
v < 172 where v is the number density. Note that in contrast to the model considered in [23], the
number density is not constant here. The orientation of a rod-like particle is characterised by n € 41
where d is the dimension of the macroscopic physical space Q C R%. While the assumptions for the
dilute regime are satisfied for the well stirred dilute suspension of rod-like particles, at a later time
the assumption might be violated inside a cluster after particles have concentrated there. It would be
interesting to switch to a semi-dilute or concentrated model inside a cluster. We hope to consider such
extensions of the model in forthcoming work. However, we believe that the dilute model is appropriate
to study the initial stages of cluster formation.

We denote by e3 the unit vector in the upward direction and by g = —ges the acceleration of
gravity with gravitational constant g. Furthermore, let mg denote the mass of an individual rod-like
particle and G = —mgges be the force of gravity on a single particle. Some of our basic notation is
depicted in Figure 2.1.

In a quiescent suspension (i.e. macroscopic velocity u = 0) each particle sediments at a speed



depending on its orientation n according to

dx 1
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CL
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L nen+I)G
CL
where (|| and ¢, are the frictional coefficients in the tangential and the normal direction. On the
basis of the Kirkwood theory (|, (1 satisfy (1 = 2, see [5, App 8.I]. In particular, a particle with
a horizontal orientation sediments slower than a particle with a vertical orientation and a particle of
oblique orientation moves also sideways.
In addition a macroscopic velocity gradient causes a rotation according to the equation

dn
E = PnL Vzun
where P, 1 Vizun := Vyun — (Viyun - n)n is the projection of the vector Viun on the tangent space
at n.

We next include the effects of rotational and translational Brownian motion and account for the
macroscopic mean flow u(x,t). The model then becomes the system of stochastic differential equations

1 1
dw:udt—i—( n@n+— (I — n®n))Gdt

q ¢
2kp0 2kp0
+ Bnen+ 28 (I-n@n)dW (2.1)
ql L
dn = P,,. Vgaundt + QIZ_BQ dB

where W is the translational Brownian motion and B is the rotational Brownian motion, (, is the
rotational friction coefficient, kp is the Boltzmann constant and 6 the absolute temperature. The
definition of the translational Brownian motion dW is classical, while the definition of the rotational
Brownian motion dB requires analysis of geometric flavor, see [7, 17].

The above stochastic equations may be equivalently expressed via the Smoluchowski equation for
the evolution of the local orientational distribution function:

Of+Vyg- [(u—l— é (n@n+1I) (—moge3)) f] + Vi (PpiVaunf)

k: 0 kg0
B2 nf+ L Vz(n®n+1)vmf
C’!‘ gL

Here f(x,t,m)dn describes the number of particles per unit volume at macroscopic position & and
time ¢ with orientations in the element centered at n and of volume dn. The second term on the left
hand side of (2.2) models transport of the center of mass of the particles due to the macroscopic flow
velocity and due to gravity. The last term on the left hand side models the rotation of the axis due
to a macroscopic velocity gradient Vyu. The terms on the right hand side describe rotational as well
as translational diffusion. They together amount to non-isotropic spatial diffusion, which is one of the
main features of the model at hand. The gradient, divergence and Laplacian on the sphere are denoted
by Vi, V- and A,,, while the gradient and divergence in the macroscopic flow domain are denoted by
Ve and Vz-. The total number of rod-like particles is

// mtndndazf// f(x,0,n)dndx =N
Q Sd*l Sdl

(2.2)



i.e. f has dimensions of number density. It is convenient to rewrite the Smoluchowski equation in the
form

atf + Vg - (’Ltf) + Vg - (PnLunnf)

1
= DyAnf+ D Ve (I+n&n) (szJr—szU

(2.3)
e EACL

where D, := 1%9 and D := %10 stand for the rotational and translational diffusion coefficients and
U(xz) = mog(x - e3) is the potential of the gravity force G = —VU = —mgges. The reader is referred
to [17, Ch 1 & Ch 3] for the Ito calculus required to establish the relation between the stochastic
differential equation (2.1) and the kinetic equation (2.3). In the sequel, we work with equation (2.3).

As can be seen from (2.3), a velocity gradient V u distorts an isotropic distribution f which leads
to an increase in entropy. Thermodynamic consistency requires that this is balanced by a stress tensor
o(x,t) given by

o(x,t) = kBH/Sdil (dn@n—1) f(x,t,n)dn. (2.4)

(see [5, Sec 8.6] and compare with Section 2.1).

Local variations in the density mq f ga—1 Jdn lead to spatial variations of the specific weight of the
suspension that generally can not be compensated by a hydrostatic pressure and thus trigger a fluid
motion (buoyancy). The macroscopic flow is described by the Navier-Stokes equation. Let py be the
density of the fluid which is assumed to be constant. The balance laws of mass and momentum have
the form

pf[atu—l— (qu)u} = pulNgt —Vgp+ Vg -0

— prges — (/ fdn)mogeg (2.5)
Sdfl
Ve - u=0

The coupling between the kinetic equation and the macroscopic flow is effected through the viscoelastic
stress o in (2.4) and the buoyancy of the rods (the last term in (2.5). One might also include an effect
of viscous forces induced by the rods, see [15] and [5, Sec 8.6.1]; such an effect is neglected here.

The term prges can be incorporated to the pressure. For the linear stability analysis it will be
convenient to express the momentum equation in the equivalent form

N
pr(Qu+ (u-Vey)u) = pAgu—Vup + Vg -0+ <V — / fdn) moges
Sd*l

Ve -u=0

(2.6)

by redefining the pressure,
moNg
v

to account for the hydrostatic pressures, where V' is the volume occupied by the suspension and N the
total number of rod-like particles.
We summarise the final model :

Of=—-Vg- (uf) —Van- (PnLunnf) + D Anf

P =p+prges-x+ es -,

+DJ_V$ . (I+n®n) (me+ LT)’L()963f> (27)
kg0
o(x,t) = kBH/ (dn®n—1I) f(x,t,n)dn (2.8)
Sd*l
Ve -u=0 (2.9)

by B + (u- V) w) = phou = Vap + Va0~ [

F dn) moges (2.10)
Sd*l



2.1. Thermodynamic consistency of the model. To show thermodynamic consistency of the
model we use the free energy functional

Alf] == / / (kbfIn f + fU(x)) dndz, (2.11)
QJS2
where U(x) = mogx - e3 is the gravitational potential.

PROPOSITION 2.1. For f satisfying the Smoluchowski equation (2.7), the free energy A[f] defined
in (2.11) satisfies the identity

atA[fHDrkBo// f|Vn In f|?dndx
QJSs2

1 1
+DLk39/ / Vo(lnf+-—U) - (I+n®n)Vs(lnf+ -—U)dndx (2.12)
0 Js2 kBH kBH
= / Vzu: adm—i—/ moges (/ fdn) - udx
Q Q 52
Moreover, the total energy
1
E[u,f]:/ <§pf|u|2+/ ((k:Bo)flnf+fU(m))dn) dz (2.13)
Q S2

of the system (2.7)-(2.10) dissipates.
The proof is based on vector calculus formulas for the surface gradient operator V,,. Let F' = F(n)
be a vector valued function and f = f(n) be a scalar valued function with n € S?~!. Then the relations

/ (Vn-F)fdn:—/ F-(Vpf—2nf)dn (2.14)

52 52

/ n®andn:/ an®ndn:/ (Bn®mn —id)fdn (2.15)
92 52 S2

hold. A proof of (2.14) and (2.15) can be found in an appendix of [23].
Proof: We differentiate (2.11) with respect to ¢,

atA[f]:/Q [5 (ko601 +1n 1) + U () f, dnde (2.16)

and use (2.7) to express the various contributions.
The contribution of the transport term —V,, - (uf) gives

I, = /Q/S2 (k39(1 +1Inf)+ U(a:))Vm “(uf)dndz

_ /Q/S (kp0Vaf + /Va0) - udnda

29) / moges (/ fdn) -udx
Q 52

The contribution of the drift term —V,, - (P, Vgyunf) is :
Iy = 7/ / (k;Bou +Inf)+ U(m))Vn - (Pp.Vgunf) dndz
QJS2
¢4 / / k5OVnlnf - P,. (Veunf) dnde
QJSz2

:/Vmu:kBO/ n® V,fdndx
Q S2
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The contribution of rotational diffusion leads to

ITd:/Q/SZ (kBe(l+1nf)+U(1’))DrAnfdnd:z:
/Q/S2 kBo(lJrlnf)JrU(m))Drvn'(fvnlnf)dnd;p
= [ [ 9 g fanda.

Finally, the contribution of the last term in (2.7), modeling the effect of translational friction and
translational diffusion, reads

f

Itdf:/(z/ k39(1+1nf)+U(a:))DLVm-(I+n®n) (vzf+—9v,,.U)

k39
/52/Q (1“f+mU) (I +n@n) Vs (1“f+mU)

Combining all these contributions together yields (2.12).
Next, we multiply the Navier-Stokes equation (2.10) by w and integrate over 2 to obtain the balance
of the kinetic energy

d
dt

1
pf|u|2dac + /L/ Vzu : Vaudx

f/Vmu:ada:f/uwnogeg (/ fdn>da:
Q Q 52

Combining (2.12) and (2.17) leads to the balance of total energy. In particular, it follows that the total
energy dissipates.

(2.17)

2.2. Non-dimensionalization. We first list the dimensions of the terms that appear in the equa-
tions. The units of mass, length and time are denoted by M, L and T'. We also monitor the dependence
on the number of particles V.

e v: velocity [%}
e mpg: mass x acceleration [AT@L} ;
ML? }

e kpf: energy = force x length [

e (: translational friction orthogonal to rod = force / velocity [%]

_ kgt |L?
D.= e 7]
e (,: rotational friction = torque / rotational velocity {MTLQ}
kgo
D, = &2 [j)
_ force/area M
® 1= Selocity gradient 7]
e p: pressure = force/area [%]
e f: number of particles / volume [%}
MN
o o~ (kp0)f [17%]
Now we consider a change of scale of the form
. X N . N
t=Thw=Xéu="Ti f= 5/ p= ;p, o = (kn)770. (2.18)
In these new units the Smoluchowski equation takes the form
0:f + Vg - (uf) F V- (PnL V@ﬁnf) — TD,A,f
(2.19)

T mog ;
+FDJ_V (I+n®n)Vs f+—T@V ((I+n®n)egf)



The non-dimensionalization of the elastic stress tensor (2.8) leads to the expression

& :/ (dnomn —1) fdn, (2.20)
Sd—1

while the conservation of momentum for the flow leads to
2
Ty

N . XTkpON . N XT N
= A@U*Vﬁ;]}‘i‘ T%VV@ 0 — VmogT </Sd1 fdn> es.

oy a£a+(a-vi.)a} .
2.21

We have used two length scales in (2.18): a length scale X that is microscopic in nature and a
length scale L standing for the size of the macroscopic domain and entering only through the volume
V occupied by the suspension V = O(L?). T is an observational time scale and its role will be clarified
later. The ratio X /T is fixed at this point to be the velocity of sedimentation

= = 57— = Used, (222)

i.e. the velocity scale is proportional to the motion of a single rod falling due to gravity in a friction
dominated flow.

A review of the Navier-Stokes equation indicates that there are three dimensionless numbers at
play: First, a Reynolds number based on the velocity X/T = vseq

Xvsed X2
Re := =pr—". 2.23
e x PIT, (2.23)

Second, a dimensionless number I' describing the ratio of elastic versus viscous stresses at the fluid,

.= XT ks N _ (&) (ﬁ k5o 2) (2.24)
uw XV T 1% oy (%)
~ inertial elastic
~ viscous inertial

Third, a dimensionless number § describing the ratio between buoyancy forces and viscous stresses,

N XT [(X? N
8= —mpg—— = < pf) o9 (2.25)

inertial  buoyancy

viscous inertial

In interpreting the above definitions one observes that Vpsv2, , = Vps (%)2 is the total kinetic
energy of the sedimenting solution, while Nkg6f stands for the total elastic energy of entropic origin
of the microstructure. Hence, the last term in (2.24) is the ratio of elastic over inertial forces. The
term fo% is the inertial force of the solution at the selected length and time scales, while Nmgg
stands for the total buoyancy force. Hence, the last term in (2.25) stands for the ratio of buoyancy
over inertial forces, and in the usual practice of fluid mechanics it will be denoted as = where Fr is a

Fr
Froude number. Hence, we have

1
§ = Re—
Re .

We also define

V=== 00— (2.26)



and note that v stands for the ratio of elastic over buoyancy forces, while ¢ is the ratio of the buoyancy
over viscous stresses. The non-dimensional form of the Navier-Stokes equation then becomes

S

d—1

We turn now to the transport equation (2.19). We introduce the Deborah number

1
De =
D, T
which as usual expresses the ratio of a stress relaxation time = over the observational time scale 7.

D,
We also note that by virtue of (2.26) and (2.22)

T L T ko Xmog
X2 L’inQ CL k:BG

Hence, the kinetic equation (2.19) may be expressed in the dimensionless form

0if +Va - (@f) + Vo - (Pas Vainf) = o-Anf+ Ve (I +non) (17af + esf)
dependent on two dimensionless numbers: v defined in (2.26) and the Deborah number De (or equiv-
alently the observational time scale T'). In the sequel we will use the notation D, (of the rotational
diffusion coefficient) in the place of Die in order to simplify the notation.
We summarise the non-dimensional form of the equations (dropping the hats)

Of+ Ve - (uf)+Vp (PpiVzunf) — Vs - (I +n®n)esf)
=D, Anf+9Ve - I+n@n)Vyf

0[5“ (dn®n—1I)fdn (2.28)

d—1

Re(@tu—l—(u-vw)u):Awu—va—i—évvw-a—é(/ fdn)eg
s

Ve -u=0

If we express the Navier-Stokes equation in the equivalent form (2.6), then the associated non-dimensional
form is given by

Re(atu+(u~vm)u)Azuvzp+5'yvm~a+5<1/ fdn)eg
S

d—1

(2.29)
Ve -u=0

2.3. Multi-scale mechanism for instability and cluster formation. The multi-scale mecha-
nism that leads to the instability and the formation of clusters was first explained by Koch and Shaqfeh,
see [19].

In our kinetic model, the function

plx,t) = /S(F1 f(x,t,n)dn

measures the density of rod like particles. By virtue of the buoyancy term in the Stokes equation, a
density modulation (as indicated in Figure 2.2 (a)) triggers a modulated shear flow with flow direction
e3 (see Fig. 2.2 (b)).

By virtue of the microscopic drift term on the sphere V,, - (P,1 Vzunf) this shear destroys the
uniform distribution f in n. For moderate local Deborah numbers the distribution f slightly concen-
trates in a direction at 45 degrees between the flow direction and the shear direction as shown in Fig.
2.2 (c¢). For larger shear rates the distribution f concentrates more pronounced in direction of gravity.
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F1c. 2.2. Illustration of the concentration mechanism (a) initial density modulation, (b) velocity field, (c) microscopic
orientation: plot of Ar, where X is the largest eigenvalue of o and 7 is the corresponding eigenvector, (d) increased density
modulation at later time.

(a)l

In this figure we plotted the average microscopic orientation Ar, where X is the largest eigenvalue of o
and r is the corresponding eigenvector.

By virtue of the term —Vg - (I + n®n)esf) this nonuniform distribution in n implies that
particles on average fall in a direction which is at a non-vanishing angle between flow direction and
shear direction. Hence this term acts as a horizontal drift term for the modulated density p . In fact,
it reinforces the original horizontal modulation of the density p since particles with an orientation as
shown in Fig. 2.2 (c¢) move towards the center.

The goal of this article is to provide a quantitative analysis of the mechanism of cluster formation.
In the process we will use the model (2.28) as well as some simplified problems derived from that system.

2.4. Perturbation of the quiescent flow - the linearized problem. The problem (2.28) ad-
mits a special class of trivial solutions describing a quiescent flow. One verifies that functions (f, @, 7, p)
given by

f=fo, u=0, a&=o9, ﬁ:po(:zj) = —0foaq_1€3- T (230)

where fj is a constant,
UO::fO/ (dn®@n—1I)dn,
Sd*l

and ag—1 = |, ga—1 ldn the area of the (d-1)-dimensional sphere, are special solutions for any constant
fo, where po(z) stands for hydrostatic pressure induced by the presence of the rods.

We derive now the linearized equation obeyed for a perturbation of the quiescent flow. For simplicity
take fo = 1, that is the basic flow is f = 1, @ = 0, p = po(x) = —baq_1e3 - ©. Write

f=14+F, u, o=00+%, p=po(x)+P (2.31)

m= // F(x,n)dndx
Sd—1

be the initial mass of the perturbation (which is of course conserved).
One computes easily that the linearized system satisfied by the perturbation (F,u, P) of the flow is

a perturbation of the flow and let

OF +Vp (PpiVgun) — Vg - (I+n®@n)esF) =D, ApF +9Vs - (I +n®@n)VF

E:/ (dn®@n—1I)Fdn
S (2.32)

Re@tu:Awu—Vw(P—l—(Smeg-:c)—i—(HVw-E—i—é(m—/ Fdn)eg
Sd*l

Ve -u=0

The study of the linearized system (2.32) is a challenging problem, even if one restricts to the case
v = 0 where the elastic effects of the microstructure decouple. Nevertheless, it is an important problem
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for the following reason: Statistical analysis of realisations of sedimenting flows in the experimental
works [13, 14] indicates that there exists a characteristic length associated to the cluster formation. It
would be important to study if the linearized analysis can predict such a length selection mechanism
and how it relates to the various parameters of the flow. We have taken a step in this direction in
Appendix B: for a linearized moment closure approximation of shear flow, we perform a linear stability
analysis and show that when Re > 0 then there exists a most unstable wavelength.

2.5. Some special sedimenting flows. We now present some special flows that are adapted to
sedimentation of rigid rods in the vertical direction. The flows take place in R? with the generic point
x = (x,9,2)T. The gravity is in the direction of the negative z-axis, while the rigid rods take values on
the sphere n = (n1,n2,n3)7 € 52

2.5.1. Rectilinear flows. We consider first the question whether (2.28) admits solutions following
the ansatz of a rectilinear flow, namely

U 0
f=ftzyn), u=|y|= 0 , p=pt,2,y,2). (2.33)
w w(t,z,y)

The incompressibility condition is automatically satisfied, equation (2.28); gives

O f +Vap- I:PnL (0,0,n10,w + ngayw)Tﬂ — Oz(ningf) — Oy(nansf)

2.34
= DA f +((1+ 0302 + 201n20,0, f + (1 + nd)92f ) 230
while the Navier-Stokes equation (2.28)3 reduces to
axp = 57(8I0-11 + ayUIQ)
Oyp = 67(0z021 + Oyo22) (2.35)
0
0.p = —Re a—‘; + Ay + 07(0p031 + Dyo3) — 0 | fdn
SZ
where A, ) stands for the two-dimensional Laplace operator and
U:a(t,x,y):/ Bneon—1I)fdn. (2.36)
5‘2

The ansatz (2.33) implies the right hand side in (2.35)3 depends only on (z,y). We deduce that
the pressure

p=rz+ P(z,y),

where k is arbitrary and reflects the effect of an imposed pressure gradient (or it might even be that
k = k(t) if the imposed gradient varies with time). The functions (f,w) are selected by solving the
coupled system consisting of (2.34), (2.36) and

0
Re 6_1: = Azyyw + 07(02031 + 9y032) + 5(m — fdn). (2.37)
S2

In (2.37) we selected the constant x = 0,p = —dm with m the total mass

m:// fdndxdy
SZ

which is conserved under appropriate (say periodic) boundary conditions in (z,y). Note that there is
an arbitrary gradient of pressure that can be imposed from the outside. The selected constant is the
one amounting to equilibration of the mean flow.
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Finally, in order to understand the solution of (2.34), (2.36), (2.37) as a rectilinear flow we have to
select the pressure P(x,y) by solving
0p P = 07(0p011 + Oy012)

2.38
8yP == 5’)/(8I0'21 + ﬁyagg) ( )

This system is consistent provided that o satisfies the consistency condition
azy(du — 0‘22) + (ny — azz)dlg =0.

Such conditions reflect symmetries of the initial data that give rise to the special rectilinear flow and
will not be pursued further here. In the sequel, we only consider the special case v = 0 reflecting
the case that elastic forces are much less important than buoyancy forces. This also has the effect
that translational Brownian motion is neglected. For the case v = 0 we have P(x,y) = const and the
pressure takes the form p = —mz.

2.5.2. Shear flows. Shear flows follow the ansatz

0
f=7fte,n), u= 0 , p=pltx,z). (2.39)
w(t, )
where « is the horizontal direction and z is the vertical direction (as before). However, n is still allowed
to take values in S? which means that the rigid rods are allowed to move out of the plane of the shear

flow. Shear flow is a special case of the rectilinear flow, and adapting the equations from the previous
section we conclude that (f,w) satisfy the coupled system

Of + Vi [Pnr(0,0,710,w)" f] — 0u(ninsf) = DrAp f + (1 +n})d2f

ow
N = J;w + 070,031 +5(m—/32fdn)

3. Derivation of a nonlinear moment closure. Henceforth we take for simplicity D, = 1 and
consider the Smoluchowski equation in the form

atf+vm : (uf)ijn(PnLvmunf)
:Anf+7vm(I+n®n)vmf+vm((I+n®n)f63)

. (2.40)

(3.1)

3.1. Equations of moments. The objective is to derive a moment system at the level of second
moments. We define the quantities:

0" moment: pi= / fdn
Sd—l

1 1
2"moment: S ::/ n@n—-=1) fdn, ie. S;; :/ nin; — =0;; | fdn
sdfl d Sd*l d
4" moment: P := / nennenfdn, ie P.gij= / nangnn; fdn
Sdfl Sd—l

The evolution equation for p is obtained by integrating the Smoluchowski equation (3.1) over the
sphere S9!, There are no contributions from the third and fourth term, and we obtain

atp+u-Vmp:'yVm~/ (I+n®n)medn+Vm~/ (I +n®n) fesdn
Sd*l Sd—l

1 1
~vm~/ <<n®n—1>+dif>fdn
i1 d d

1 d+1
+Vz-/ (<n®n—]>+LI>egfdn
gd—1 d d

d+1 d+1
=9Vg Vg - <S+%Ip) + Vg - [(S—i— %Ip) 63]

=4V

8
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Next we derive the evolution equation for the components of S. Note that in the following we
make frequent use of the Einstein summation convention. Multiplying (3.1) with (n ®@n — l ) and

integrating over S9!, provides

1
0¢Sap + (U - Vz) Sap +/ (nang - E(Saﬂ) Vi (PpiVgunf)dn
Sd*l

(I1)ap
1 1
= / (nang — —5a5> AnfdnJr'y/ <nan5 — —5a5) Ve - (I+n®n)Vyfdn
gd—1 d gd—1 d
(I2)ap (I3)ap
1
—|—/ (nanﬁ — —6aﬂ) Vz - (I+n®@n)fesdn.
gd—1 d

(I4)ap

We now calculate the different integrals separately.

1 1
[1:/ (n®n——1) Vn-PnLunnfdn:—/ Vn (n®n——1)-PnLunnfdn
gd—1 d gd—1 d

:7/ Vn(n®n)~Vmunfdn+/ n((n-Vy)nen)- Veunfdn
Sd 1

Sd—l
I 5
where
1 Ou;
(I{)ap = Vi (nang) - Veunfdn = (nang) =—n;fdn
Sd—1 gd—1 8n 8 ;
/ (6 + ngd )auinfdn / Oua —n, f—|— nnfdn
= iall a0ip) 7Ty = a
Sd—1 A A 81']' J Sd—1 81'] ane €y J
Oug 1 Oug 1 Ou,  Oug
- e O oM — =B 2 e U7 d
/Sd 1(8:75]- ("J”ﬂ déﬂﬂ) oz, (” " J) T3 (axg +8xa))f "
_ Oug Oug 1 (Ouq  Oug
B a—xj is+ 8xjsaj * d (8x5 + 8xa) p
ie.
1
If = VauS + SVau” + < (Vou+ Veu®) p
and
(I)as = ”ki (nang)ni%n-fdn = / 1, (Sarns + nadig) i -n; fdn
Sd—1 ank axj J Sd—1 (’) J
8’ui
= 25$j /5(14 nangnn; fdn
ie.
I} =2P : Vau.
Therefore,

1
I = —=VguS — SVzu” — yi (Veu + Vaul) p+ 2P : Vau.
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We next turn to Io:

12:/ <n®n11>Anfdn
Sd*l d
1
:/ An(n®n——l)fdn
Sdfl d

1
:2d/ (n®n——])fdn:2d5
Sd*l d

Note that the components of S are the surface spherical harmonics of order 2 and thus eigenfunctions
of the Laplacian on S.

For I3 and I, we obtain

1 1
(I3)ap = Oz, 0, <Sa,66ij + Pagij — Eéaﬂsij + E%ﬁ@jﬂ)

1 1

(I1)ap = O, (Paﬂis - E%ﬁsis + ﬁéaﬁé‘ifﬁp + Saﬂ6i3)

Putting these together, we obtain evolution equations for p and S:

d+1 d+1
Op+u-Vep=79Vg - V- <S+%p1)+vz- (S+%p[> es

g dug 1 (Ous  Oug ou;
o : x aff — i3 aj — 7 2Pa 17 0
OtSap + (U Vg) Sap agngj axjsj d<5$ﬂ+5$a)p+ ﬁjaxj 5
1 1 ’
- *2dSaﬁ + ’Yaxlazj (Saﬁéij + Paﬁij - E(Saﬂsz'j + ﬁcilgé”p)
1 1
+ Og, <Paﬁi3 — 35043513 + Eéaﬁéﬁp + Sa55i3>

3.2. Moment closure. The evolution equation for p is expressed in terms of 0** and 2"¢ moments,
the evolution equation of S involves 2"¢ and 4'*-order moments and so on. We would like to close the
system at the level of the 2"-order moments.

The problem of moment closure is studied in detail in [16] for a related (but simpler) problem of
a suspension of rigid particles subjected to a homogeneous time-dependent flow with constant strain
rate. The kinetic equation used in [16] is a Fokker-Planck type equation, depending on the microscopic
orientation. For our model we would obtain a similar kinetic equation if we restrict our considerations to
a constant externally imposed velocity gradient. Various methodologies of closure are proposed mostly
based on approximating limiting equilibrium flows. The reader is referred to [15, 16] and [5, Sec 8.6.2]
for a discussion of various closure mechanisms.

In the present problem, the kinetic function depends both on the kinetic and the spatial variable
and is expected to have different behaviors in different regions of the flow domain: the microstructure
is expected to be strongly oriented inside the clusters but nearly isotropic in regions away from the
clusters. We thus will perform a closure that is not associated to an expected Maxwellian, but rather
uses the geometric structure of harmonic polynomials outlined in Appendix A, in particular (A.2).
We will close the system at the level of second moments by projecting the fourth order homogeneous
polynomials to the subspace of spherical harmonics of 2"¢ and 0**-order. This has the advantage that
it is a general rule equally applicable to the whole flow region, but the disadvantage that its validity
cannot be quantitatively assessed via an asymptotic method. To carry out the procedure, we employ
(A.2) and express the higher order terms of P,g;; in terms of the harmonic polynomial basis presented
in Appendix A. To get a moment closure on the level of second moments, we then neglect all the
projections to the 4" order part of the basis and retain only the projections to the 2"% and 0**-order
part of the basis.
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In the sequel we restrict to special flows, shear or rectilinear flows, and implement this derivation
in Sections 3.3 and 3.4. For these special flows, the only terms of the form P,g;; which do not cancel
are Pog13 = Papz1 and Pagasz = Pags2. We restrict our considerations to these terms, and introduce
the notations pagij = nangn;n; and the matrix s with entries s;; = n;n; — %51-]-, 1,7 = 1,2,3. Note that

2 1 1p—2_ 1p0 1 p2 -1
ny—3 Ning nins 5Py " — 5P 55 P,
= 2 _ 1 = 1p—2 _ 1p0 1
s ny—3 Nang . -5 5P Py |
2 1 0
n3—3 : : P

where we used the harmonic polynomial basis of Appendix A and only write out the upper part of the
symmetric matrix.
Now we can verify that

n?ng n%ngng n%n%
(Pap13)ap=123= | -  nnng ningn2
nlng

sin® 0 cos @ cos® ¢ sin® 6 cos ' sin ¢ cos? ¢ sin? # cos? 6 cos? ¢
= . sin® @ cos@sin? pcos ¢ sin? O cos? O sin ¢ cos ¢

sin 6 cos? 0 cos ¢

1p-3_ 3 p-1,3 1p3 1 pl 1 1p=2_ 1p0_1 1
1Py sy %513 1Py — 55 Py + %523 11 L4 7obs — 7522+ 35
— 1p-3 1 p-1,1 1p2 1
' —ih T -l s uli + 7512
1p-1, 3
7Py + 5513
and
2 2 2
ningni mningn3g  nin2nig
(Pap23)ap=12,3 : ndng  n3nd
7’L2n§

sin® 0 cos@sin ¢ cos? ¢ sin® 0 cosfsin® pcos¢  sin O cos? 0 sin ¢ cos ¢
= . sin® 6 cos 0 sin® ¢ sin?  cos? O sin® ¢

sin 6 cos? 0sin ¢

le — %lel + %823 7%]34_3 — %le + %813 ﬁPf + %812
- ’ *in*238P41+%523 *114P472* 710P40*%511+1_15
%P41 + %823
Finally we drop higher order terms, i.e. we drop all the multiples of the 4th order basis polynomials,
and obtain the approximations

3 1 1 1
7513 $S23  —gS22+ i3
(PaBi13)a,B=1,2,3 = . %513 %512
3
7513
1 1 1
7823 %513 7512
~ 1 1
(Pap2s)ap=128~ | . 353 —ds;+ &
3
7

w0
[\
w
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Now it is straight forward to see that P,g13 and P,p23 can analogously be approximated by

3815 3523 —3Sm+ 15p
(Paﬁ13)a,ﬁ:1,2,3 ~ . %513 %512
3513
(3.3)
1S3 1513 1512
(Pap23)ap=128~ [ . 383 —1S;+%p
2553
Furthermore, we note that P,g13 = Pag31 and Paga3 = Pagsz holds for all o, 3 = 1,2, 3.
3.3. Shear flow. In the special case of shear flow, we consider functions of the form
f=[ftzmn)
u = (0,0, w(t,z))" (3.4)

Sij = Sij (ﬁ, w)

Furthermore, we restrict our considerations to the case v = 0. Under these assumptions, the system
(3.2) can be written in the form

Op = 0,513
Ot Oug 1 (Ouq  Oug
OSap = g 518~ g Per = 5 (@ - 07) p (3.5)

1
= —2dSa3 — 2Pyp31wy + Oy (Pa513 - E%Bsm) .

Now we approximate P,g31 according to (3.3) and obtain the nonlinear moment closure model equations

O0ip = 0,513
3 1 6
0y S11 — (; - 3) 0513 = —2dS11 — ?sz13
1 1 2
0 Sao — (? - E) 02513 = —2d S22 — ?w$513 (3.6)
3 1 8
0;S33 — (? - E) 0,513 = —2dS33 + ?w$513

1 2 2 1 1
0¢S13 + ?3x522 = —2dS13 + wy (511 + ?522) + wep (1—5 + E) + Eazp,

which need to be solved together with the Stokes or Navier-Stokes equations. The evolution equations
for S12 and S are decoupled from the system (3.6) and can be neglected.

3.4. Rectilinear flow. Now we restrict our considerations to a rectilinear flow, i.e. taking the
form

f = f(t51"5y7n)
u = (0,0, w(t, z,y))" (3.7)
S§=5(tzy)
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Furthermore, we consider again the case v = 0. Under these assumptions, the system (3.2) can be
written in the form

Oip = 02513 + 0y So3

01Sas — GSup — 5 5a — g5 — 25— (g% " %) ’ s
= —2dSap — 2w, Pogs1 — 2wy Pogss + Oy (Pa513 — $6a5513) + 0y (Paﬂgg — ééaﬂS%)
Using the approximation (3.3), we obtain the nonlinear moment closure for rectilinear flow
Oip = 0513 + 0ySas
0¢S11 + 2dS11 = (—2w, + az)gsw + (—2w, + ay)%S23 - é(amslg + 0y S23)
01592 + 2dS2e = (—2w, + 535)%513 + (—2wy + 5@,)2523 - é(azsl3 + 0yS23)
01Ss3 + 2dSs3 = 2w, S13 + 2wy Sas + (—2w, + az)%slg + (—2wy + ay)%SQE; — %(61513 + 0y Sa3) (3.9)
0¢S13 + 2dS13 = (S11 + g)wz + Siowy + (2w, + 0,) (%Sgg + %) + (—2w, + ay)%su
01893 + 2dS23 = W S12 + wy (522 + g) + (—2w, + 31)%512 + (2w, + 0y) (%511 + %)

1 1
0:S12 + 2dS12 = (—2w, + 31)5523 + (—2wy + ay)?Slg,

which should be solved together with the macroscopic Stokes or Navier-Stokes equations.

4. Derivation of an effective equation via a quasi-dynamic approximation. In this section,
we derive a scalar evolution equation for the particle density p, which describes the cluster formation
process for intermediate and long times. We will separately consider shear flow and rectilinear flow.
The computation is much simpler for the shear flow and it serves as a pedagogical example to explain
the main approximation idea.

4.1. Shear flow. We consider the system (3.6) describing a shear flow. The rods are allowed to
move out of the plane of the shear and n takes values on the sphere S2, hence d = 3. The system then
is written as

6tp - GZSB (41)

S + A0S = LS + f(wg, p, pa), (4.2)

where S = (S11, S22, 933, S13) 7,

f(wma Ps pm) = (07 0,0, (%wzp + %pz))T

000 132 60 —Su,
1 _ 1 _ _2
a_]0 00 Il 0 —6 0 o 43)
0 % 0 0 Wy %wz 0 —6

The idea of the quasi-dynamic approximation is the following: the density p is generated by the 0-th
order harmonic polynomials associated to the eigenvalue Ay = 0 of the Laplace-Beltrami operator; the
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stresses S;; are generated by the 2-nd order spherical harmonics s;; which are eigenfunctions of Laplace-
Beltrami associated to the common eigenvalue A = —6. The stresses are thus expected to decay faster;
similarly higher-order harmonics that are neglected in (3.6) are expected to decay even faster. We split
the system according to the decay rates of the modes in (4.1), (4.2) and set the faster decaying modes
to their local equilibrium; we call this approximation quasi-dynamic approximation since part of the
modes evolve dynamically while the rest of the modes are relaxed immediately to their local equilibrium
values.

To accomplish that we set (4.2) to its equilibrium LS + f(w, p, p) = 0 and the dynamics of (3.6)
is approximated by

Op = 0,513
6
S11 + wasw =0
2
Sao + szsw =0 (4.4)
8
S33 — szsw =0
7 2 .
—szsn - szsm + 513 = 55 (3pwz + pa)

As already mentioned, the underlying thinking is that (S11, Saz, S33, S13) relax fast to their local equi-
libria, since their decay rate (at least near equilibrium) is determined by the first nonzero eigenvalue of
the Laplace-Beltrami operator, while p does not relax, as it corresponds to the eigenvalue Ay = 0 of the
Laplace Beltrami operator.

Solving the algebraic equation in (4.4), we obtain

Si5 = (Spwm + pm) where k = 422 . (4.5)

B -
0k + 46w?

The effective equation for the evolution of p then has the form

" 1
Orp = Oy (@m@ﬂwm + Pm)) (4.6)

which needs to be solved together with the Stokes or Navier-Stokes equation for shear flow
Re dyw(t, ) = Ogpw(t,x) + 3 (m — p). (4.7

The system (4.6)-(4.7) should be compared to the Keller-Segel model (e.g. [18, 12, 1]) that has been
extensively used as a model for chemotaxis in biology. Compared to the Keller-Segel model, the present
system has the noteworthy difference that the convection and diffusion coefficients in (4.6) depend
nonlinearly on the gradient of the "potential” (played here by the shear w,) and are in fact decreasing
for increasing shear. It is an example within the general class of flux-limited systems proposed in [6],
[30, 24] as models for flux-limited diffusion, although strictly speaking the present model is not included
in the models listed in the above references and has the feature to be endowed with both flux-limited
convection and diffusion. An extension that also presents anisotropic diffusion is developed in the next
section to describe cluster formation for rectilinear flows.

4.2. Rectilinear flow. For rectilinear flows we again apply the quasidynamic approximation,
similar in spirit as for shear flows but now requiring more cumbersome calculations. We rewrite equation

(3.9) in the form

Oip = 02513 + 0y So3

4.8
OpS + Az0,5 4 By0yS = LS + f(we, wy, p, pa, py), (48)
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with S = (S11, S22, 533, S13, S23, Slg)T, d = 3 and n taking values in S2,

1 3 1 1
000 +-2 0 0 000 0 3—4
1 1 1 3
000 +-1 0 0 000 0 1-2
1.3 1.3
A =|0 00 5=2 0 0 JO 00 0 5-% 0| (4.9)
0+ o0 o 0 0 000 0 0o -1
000 O 0 -1 100 0 0 0
o000 o0 -1 0 000 -1 0 0
-6 0 0 —Sw, —2w, O 0
-6 0 —2w, —Zw, 0 0
6 & 8
I - 0 2O 6 = Wy =~ Wy 0 = 0 1 _ (4.10)
Wy FWy 0 —6 0 %wy %wzp + 150z
%wy Wy 0 0 —6 %wz %wyp + %py
o 0 0 —2w, —2w, -6 0

The quasi—-dynamic approximation is obtained by setting the second equation of (4.8) to its local
equilibrium, i.e. the solution of

LS+ f(Vw,p,Vp)=0. (4.11)
After some manipulations this leads to solving for (Si3, Sa3) the algebraic system

(K + 10(w? + w3) + 36w2)S13 + 36wawySas = 25 (Wap + 3 pa)

) ) ) | (4.12)
36w, wyS13 + (K + 10(wy, + wy,) + 36w,))S23 = 55 (wyp + 5py)
where x = 422, and evaluating the remaining stresses via
S11 = —SwaS13 — FwySas
Sap = —F5waS13 — 5wy Sa3 (4.13)
Sz = %sz13 + %wyS23
S12 = —FwyS13 — FweSa3.
The solution of the algebraic system (4.12) is expressed in the form
513 o K 1
= D(Vw) 55pV(w+ 3Inp), (4.14)
Sa3

where V = (09;,0,), and D(Vw) is a matrix obtained by inverting (4.12) and given in the successive
forms

1 2 2 _
D(Vw) = (n + 10| V|2 + 36w2 36w, w, )

(k4 10[Vw|?)(k + 46|Vw|?) —36w,w, %+ 10| Vw|? + 36w?

86 (4.15)
K + 10| Vw|? K+ 46| Vw|?
1 36

= I
K + 46| Vw|? [ * K+ 10| Vw|?

Vw ® Vw]

(IVwPI - Vw @ Vuw)|

When (4.14) is introduced into (4.8); we obtain the non-isotropic diffusion equation
p=V-(D(Vw)#pV(w+ +np)) , (4.16)

which is conjectured to describe the effective response of the system.
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4.3. The effective equation for rectilinear flow. Combining (4.8); with (4.14), (4.15) and
(2.37) (for v = 0), we obtain the effective equation describing the dynamics of the rectilinear sedimenting
flow. This takes the form

1 36
—V. I—
dp =V <m+10|Vw|2[ K+ 46| Vw|?
Re Oyw = A pyw+ 9 (p—p)

Vw@Vw} g—%pV(er%lnp)) (4.17)

The constant p is selected to be either the initial mass over a period (if the problem is periodic) or
the total mass p = [ p(z,t)dz (for the Cauchy problem). In either case the mass is conserved and the
selection of p amounts to a change of Galilean frame for observing the flow.

Equation (4.17); describes anisotropic diffusion. The diffusion matrix D(Vw) in (4.15) is symmetric
and positive definite. The system (4.17) is invariant under rotations in the x,y-plane. Indeed, for
2’ = Qz with Q € SO(2), we have V,» = QTV,, and |V,w| = |QVyw| = |V, w|. Then (4.15) implies

D(V,w) = D(QVw) = QD(Vpw)QT
and (4.17); is invariant,

0p = QVar - QD(Varw)Q 45pQVar (w + 5 Inp)
= Vo - D(Vorw) £ pVe (w + 2 1np)

The same is true for (4.17)2 due to the invariance of the Laplacian under rotations.

Finally, we show that (4.17) is endowed with an entropy-dissipation structure. For concreteness,
we assume periodic boundary conditions over a domain of periodicity T. The total density is then
conserved, and we select p in (4.17)3 as

o= [ otttz = [ poioyis.

Note that this choice can be always assured by changing Galilean frame of reference. Moreover,

/thd:c =0, /Ew(x,t)dz - /Two(x)dx

Next, we multiply (4.17); by %(1 + Inp) +w and (4.17)2 by w; ; after some integrations by part we
respectively obtain

O (3pnp+ pw) — pwy =V - (3(1+1Inp) + w) £ pD(Vw)V(w + 1 Inp)
—V(w+ %lnp) - £ pD(Vw) V(w + %hlp)
pw; + Rew? + 8,5%|Vw|2 =V - wVw + dpw;

and the entropy (free-energy) dissipation identity

2
o T(%plmp-ﬁ-pw + 3 |Vw|*)dz
(4.18)

+/ [Rewf—i—V(w—l—%lnp)-%pD(Vw)V(w—i—%lnp)] dr =0.
T

4.4. Remarks concerning the validity of the quasidynamic approximation. The validity
of the conjecture that the long time dynamics of (4.8) together with Stokes is described by the system
(4.17) is at present an open problem. In the sequel, we take up the case of rectilinear flows, and give some
partial arguments highlighting the idea and the analytical difficulties for justifying the quasidynamic
approximation. Then, in the following section, we will restrict to the case of shear flows, and give
numerical evidence that shows that the quasidynamic approximation is a good representation of the
full dynamics of the kinetic model for long times, and will present a heuristic argument towards justifying
the approximation for shear flows.
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The idea behind the approximation is that the transient dynamics of S is replaced by its equilibrium
response. This amounts to considering the simplified linear non-homogeneous problem

0pS + A0S + B0, S = LS + f(x)
and postulating that its solution is well approximated for long-times by its local equilibrium
LS+ f(x) =0.
This would be the case provided the solutions of the homogeneous system
OS + Ay0,8 + ByoyS — LS =0 (4.19)

decay to zero for large times, i.e. S(x,t) — 0 as t — oco.
The solution of (4.19) can be visualised as the Trotter product of the semigroup generated by the
system of ordinary differential equations

oS —LS=0 (4.20)
and the semigroup generated by the linear hyperbolic system
0S4+ Ay 0,5 + By9,S =0. (4.21)

The eigenvalues of (4.20) are computed by finding the roots of the characteristic polynomial
det(—AI + L) = 0 where

—(A+6) 0 0 —Sw, 2wy 0
0 —(A+6) 0 2w, —Sw, 0
_ 8 8
= 0 (A+6) =Wy Swy 0 (4.22)
Wy %wm 0 —(A+6) 0 %wy
2w, Wy 0 0 —(A+6) Swy
0 0 0 —2uw, 2w, (A+6)

They can be computed via the following formula: If A, B, C, D are square matrices of the same size
and the matrix A is invertible, then

ko (A BY_(A 0 (1 4B
C D c 1) \0 D—CA'B

det K = det Adet(D — CA™'B) (4.23)

and

Using this formula, a lengthy but straightforward calculation yields that the six eigenvalues of (4.20)
are

A2 = —6  with multiplicity 2
A34 = —Giz@ w2+ w?

)\5,6 = 76:|:’L@ w%erg

All the eigenvalues have strictly negative real parts and the solution of (4.20) converges to zero as
t — 00.
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The same formula can be used to calculate the eigenvalues of (4.21) and establish that this system
is hyperbolic. Indeed, for a vector v = (v,,v,) € R?, v # 0, we use formula (4.23) and compute that
the eigenvalues of (—AI + v, A, + v, B,) are

A2 =0 of multiplicity 2

— 2 2 2
)\374—i7\/§ VZ—I—l/y

>\5,6 = :l:%«/l/% +I/§

One easily checks that the eigenspace corresponding to the zero-eigenvalue is two-dimensional. The
problem (4.21) is hence hyperbolic. Tt is tempting to conclude that S converges to zero as time tends
to infinity. Such results are available when the matrices A, and B, are symmetric (see [27]), but we are
not aware of a corresponding theory covering the case that the matrices A, and B, are not symmetric.
We have not been able to compute the eigenvalues for the full homogeneous problem (4.19), what would
provide a quantitative criterion for what flows the quasidynamic approximation is valid. Our conjecture
is that the validity of the approximation extends to flows where |Vw| remains moderate. This conjecture
is justified in the following section for shear flows and is consistent with the numerical simulations of
section 4.6.

4.5. Justification for shear flows. To justify the quasidynamic approximation for shear flow,
we show that for moderate values of |w,| solutions of the homogeneous system

0S4+ A0, S — LS =0, (4.24)
with A and L as described in (4.3) decay to zero for large times. We look for solutions of the form
S(x,t) = rexp(M + ikx), (4.25)

with A,k € R\ {0}. Computing such solutions amounts to finding eigenvalues A\ and eigenvectors r for
the problem

(M +ikA— L)r =0.

The solutions S(x,t) of (4.24) decay to zero, if Re(A) < 0 for all possible solutions A, r of (4.25). We
find that A has the form

1
AMo=—6%—k, withr:=/36ikw, — 12k2 — 414w?

21 (4.26)
Az 4= —6
Corresponding eigenvectors are given by
2(ik — 9w,) —2(ik — 9w,) 0 k2w,
1| —2(2¢ 1 i

=t 2(2ik + 3wy) P 2(2ik + 3wy) iy — 0 s 1 (4.27)

K 2(ik + 12w,,) Rl —2(ik + 12w,) 1 0

K K 0 0

Now we use the relation

2 2
Re(Va i) = 4V +b?
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in order to compute the real part of .

Re(k) = Re (\/—1%2 “Aldu? + 36@'kzwm)

B \/—12k2 — 414w?2 + /122K + 11232k2w2 + 4142w}
B 2

<\/_12k2_414wg+ (1242 + 468022
2

= \/ﬁ|wm|

Thus, Re(\) < —6 + g|w$| < 0 whenever |w,| < 14+/3.

Finally, we present numerical results for the shear flow problem, which confirm that the quasi-
dynamic approximation leads to an accurate representation of the solution structure. We use the
parameter values D, = = Re =1 and v = 0.

For shear flow, the full model has the form

Of + Vi (Par(0,0,n1w,)" f) — 0y (nanaf) = Anf

2 4.28
Oyw = o7w +(m— / fdn ). ( )
(9:02 S2

The effective equation for the evolution of p has the form

K 1
= S = 492
Orp = O (90 P pZ)) (x )

Wy = Wy + (M — p).

(4.29)

Furthermore, we compare the simulations of the full model (4.28) with results for the nonlinear moment
closure (3.6) and the linear model

Oip — 0,513 =0
2
0pS11 — ﬁazS13 = —6511

4
0rSa2 + ?6$513 = —652

X (4.30)
0;S33 — ﬁ6$513 = —6S33
0:S13 + 15 S ! Oyp = —6S13 + 16
913 73522 15 P = 13 5$w

Opw = Ogzw + (M — p),

which is obtained by linearizing the nonlinear moment closure model around the state p = 1 and w = 0.
We compute periodic solutions on the intervall 0 < z < 100. The computational domain in the
z-direction is discretized with 400 grid cells. The initial values are set to be

1
p(xr,0) =1+10"* <e(xk) - 5) ;
where €(2},) is a random number between 0 and 1 and k& = 1,...,400. The initial values for the velocity

are set to zero, i.e. w(x,0) = 0. Figure 4.1 shows plots of the initial values.
In our simulations of the full model, the initial values for f are set to be

f(2r,0,n) = p(zf), k=1,...,400,n € S
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Initial values for velocity
T T

Initial values for density 1
1 T T T

0.9999 L I A L L L ! L ! 1 L L L L L L L L L
0 10 20 30 40 50 60 70 80 90 100 0 10 20 30 40 50 60 70 80 90 100

Fic. 4.1. Initial values for p and w.

In the simulations of the nonlinear and the linear moment closure model, the initial values for Sy1, S22, S33, S13
are computed via the relation

1
Sij(:ck, 0) = / (ninj — 55”) f(SCk, O,n)dn, k= 1, ey 400.
52

Figures 4.2-4.4 present the results of our numerical simulations. In all of these plots, the black line
is the density p or the absolute value of velocity gradient |w,| as computed from the full model. This
solution is compared with results of the nonlinear moment closure model (red dashed curves in the left
plots), the linear moment closure model (red dashed curve in the middle plots) as well as with results
of the quasidynamic approximation (red dashed curve in the right plots).

For small times, i.e. the linear regime shown in Figure 4.2, we see that all models provide an
accurate prediction of the solution structure. At later times as shown in Figure 4.3, nonlinear effects
start to become important and the linear moment closure model becomes less accurate. At even later
times, as shown in Figure 4.4, the predictions of the linear model are inaccurate, while the nonlinear
moment closure as well as the quasidynamic approximation lead to an accurate prediction of the solution
structure. Note however, that the linear model provides a good prediction of the number of clusters
which appear.

4.6. Numerical simulations for rectilinear flow. We also show numerical simulations for recti-
linear flow, comparing the nonlinear moment closure system (3.9) with the quasidynamic approximation
(4.17). So far we don’t have numerical results for the full model in the rectilinear flow case. Note that
the full model is a four-dimensional time-dependent problem, requiring the solution of a drift-diffusion
equation on the sphere in each grid cell of a two-dimensional mesh and during each time step.

Our numerical results for rectilinear flow agree well with the findings for shear flow. Starting with a
quiescent flow and a uniform distribution of rod orientations with a randomly perturbed density around
p = 1, we observe the formation of clusters with higher particle density. Furthermore, we observe that
the nonlinear moment closure model and the quasidynamic approximation leads to very similar results.

For our numerical results shown in Figure 4.5 we used the parameter values Re = § = 1 and show

density and velocity gradient , /w2 + w2 at time t = 450.

Appendices. Appendix A. Harmonic Polynomials and Spherical Harmonics.

For the reader’s convenience we review some material on harmonic polynomials and spherical har-
monics that is used in the text. We refer to Stein and Weiss [28, Ch 4] and Helgason [10, Intro Thm
3.1] for further details.

Let Px(R?) be the space of homogeneous polynomials of degree k& on RY. We denote by Py (S91)

the restrictions of polynomials P € Px(R?) on the sphere S~!. The dimension dimPy(R?) = (dH]z_l).
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Density at time =300 Density at time =300 Density at time =300

T T T 1 T T T

T T T 1 T T T

wal at time t=300

0.07| A 4 0.07| A 4 0.07| 4
0.06] 4 0.06] 4 0.06] 4
o.05] 4 0.05] 4 0.05| 4

Fic. 4.2. Numerical results comparing the full model (black solid line) with (left) the nonlinear moment closure,
(middle) the linear moment closure, and (right) the quasidynamic approzimation. The results of the macroscopic models
are shown as red dashed line. Top line shows results for density, bottom line shows results for the absolut value of the
velocity gradient.

Density at time t=400 Density at time t=400 Density at time t=400

o 0 20 a0 a0 s &0 70 a0 0 1o o 0 20 a0 a0 s &0 70 a0 0 1o o 0 20 a0 a0 s &0 70 a0 0 1o
|wx| at time t=400 |wx| at time t=400 |wx| at time t=400

Fic. 4.3. Numerical results comparing the full model (black solid line) with (left) the nonlinear moment closure,
(middle) the linear moment closure, and (right) the quasidynamic approximation.

Let Hy(R?) be the space of homogeneous polynomials of degree k on R? that are harmonic,
Hi(RY) = {P € Pr(RY) : AP = 0}.

The elements of Hy(R?) are called solid harmonics. The spherical harmonics Hy(S971) are defined as
the restrictions of P € H;(RY) on the sphere. The map p : Hi(RY) — H;(S91) that maps the above
polynomial to its restriction is a bijection.

The relation between these spaces of polynomials is given by the following proposition.
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Density at time t=450 Density at time t=450 Density at time t=450

g u

o 1 2 3 4 s e 70 s s 10
wal at time t=450

o 1 2 3 4 s e 0 s s 10
wal at time t=450

8
g

s 70 8 s 100

Fi1a. 4.4. Numerical results comparing the full model (black solid line) with (left) the nonlinear moment closure,
(middle) the linear moment closure, and (right) the quasidynamic approximation.

Density (moment closure) at time t=450 Density (quasi-dynamic) at time t=450

Velocity gradient (moment closure) at time t=450 Velocity gradient (quasi-dynamic) at time t=450

Fic. 4.5. Numerical results for rectilinear flow, showing the density and the velocity gradient.

THEOREM A.1l. The map A : Pr(R?) — Pr_o(R?) is onto for all d and k > 2. Furthermore, we
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have the orthogonal direct sum decomposition
Pe(R?) = Hi(RY) @ [a]> Pu(RY)  for k > 2.
This proposition allows to compute the dimension of Hj,(S971) as

d+k1><d+k3

dim Hy (R?) = Hp(S971) = < L o

) for k > 2.

Note also that dim Ho(R?) = 1 and dim H;(R?) = d. Moreover, proceeding via induction we deduce
the direct sum decompositions

Pe(RY) = Hi(RY) @ |2 Hyo(R) @ ... & |z|2[§]7{k_2[§ (RY) (A1)
Pe(STH) = He (S @ Hp—o (ST H @ .. @ Hyea[x] (891 (A.2)

The importance of spherical harmonics stems from the property that for P € Hj(R?) the restriction
H=P o € Hi(S971) is an eigenfunction of the Laplace-Beltrami operator Aga—1. To see that for
P € Hp(RY) we write x = rn, with r = |z| and n = r7» and write P(z) = P(rn) = r®H(n). Recall
that for f € C(R%) the Laplacian is expressed as

1 0 <Td1g

Af

1
= 1o 8r> + T_QASdflf

Using this formula we compute
AP=0 <= Aga1H=—-k(d+k—-2)H

Moreover, one has the following theorem (see [10, Intro Thm 3.1]:

THEOREM A.2. The eigenspaces of the Laplace-Beltrami operator Aga—1 are the spaces of spherical
harmonics Hy(S?~1) with associated eigenvalue -k (d+k-2). The eigenspaces are ortogonal and L*(S¢~1)
admits the direct sum decomposition

L8971 = é%k(sd*) (A.3)
k=0

In the present context we are interested in functions on the sphere S%~! that are even, that is
f(=n) = f(n). In this case the basis will only involve the even spherical harmonics and the direct
sum in (A.3) will extend over the even integers. On S? the spherical harmonics are computed by using
the Legendre and associated Legendre polynomials. In Table A we list the harmonic polynomial basis
functions (up to order 4) that are used in the calculations of the present article.

Appendix B. Linear stability analysis. Experimental studies for the sedimentation of sus-
pensions with rod-like particles [13, 14, 21] reveal the formation of packets of particles which seem to
have a mesoscopic equilibrium width. Our goal is to give an explanation of this wave length selection
mechanism based on linear stability theory.

We consider the linear pde for shear flow

Oip = 0,513

2
0yS11 = ﬁazsw —6D,S11
4
0522 = *?&csw —6D,S%
2
0;S33 = ﬁazsw —6D,.533

1 1 1
(%Sl?, = *?aISQQ 4+ 1—581p —6D,.513 + gazw
Re dyw = Ogzw + 6(m — p),
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Oth order 2nd order

4th order

Py ? = sin?f cos 2¢
Py ' =sinf cosf cos ¢
Py=1 P) =cos®f — &
Pj = sin 6 cos fsin ¢

P$ = sin® §sin 2¢

P;* = sin 0 cos4¢
P?

P;? =sin?60(7cos? 6 — 1) cos 2¢
Pt =sin6(7cos® 0 — 3 cos ) cos ¢
P) =35cos*0 — 30cos? 0 + 3
P} =sinf(7cos® 6 — 3 cosf) sin ¢
P} = sin? 0(7 cos?  — 1) sin 2¢
P} = sin® 0 cos 0 sin 3¢

P} = sin 0sin 4¢

= sin® 0 cos § cos 3¢

TABLE A.1
Harmonic polynomial basis functions.

which is obtained by linearizing the nonlinear moment closure system (3.6) around the state p = 1 and

u =0.

Fourier transformation of the first five equations of (B.1) leads to the linear system of ordinary

differential equations

ﬁ/(gv t) = i§S13(§7 t)

Sty (& t) = 2—21i€§13(§,t) —6D,.511(&,1)

$hal6,1) = ~2iES15(E,1) — 6D, a1

Sha(,t) = 2—21i€§13(§,t) — 6D, S33(¢,1)

N 1. - 1 N 1

(B.2)

The case Re = 0:. First we consider the case Re = 0. In this case, Fourier transformation of the

last equation of (B.1) leads to the relation

0= —&%D(E) + 6 (mde — p(£)),

where d¢ is the delta function. Thus we can replace

1

w in the last equation of (B.2) by

W(§) = 76 (mde — p(E)) -

€

We obtain a linear ode system of the form

QU (& t) = A(E,6, Dy)U (€, 1) + dmiges,

with U = (p, S11, S22, S33, S13)T and

0 0 13

2 .
0 0 ﬁl&
—6D, 0 -2
0 —6D,  Zi
-3¢ 0 —6D,
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Let a(A) denote the spectral abscissa of the matrix A, i.e.

a(A) :==maxRe();),
J
where A1,..., A5 are the eigenvalues of A. The solution U (&, t) of the linear system remains bounded
provided a(A) <0 and U(§,t) — 0 as t — oo if a(A) < 0.
For D, = 0 the eigenvalues of (B.3) are

Mo23=0, Ais=+y/—1635£2+ 22050.

This predicts the instability of density modulations for horizontal waves with a sufficiently small
wavenumber but not a wavelength selection mechanism. This agrees with previous findings of Koch
and Shaqgfeh [19]. We also see that the problem becomes more unstable if we increase 0.

The introduction of Brownian effects in terms of translational difusion (a case which was excluded
here by setting v = 0) does also not provide a wavelength selection mechanism at the level of linear
stability analysis, see Saintillan [26]. If we include Brownian effects in terms or rotational diffusion,
i.e. in the case D, > 0, then we don’t have such a simple formula for the eigenvalues. However, we
computed the spectral abscissa as a function of £&. The results of these computations are shown in
Figure B.1. In all three plots we set 6 = 1 and varied the value of D,.. By increasing the value of D,

D,=0,8=1 D,=001,8=1 D,=01,8=1

spectral abscissa
spectral abscissa

Fra. B.1. Spectral abscissa as a function of wavenumber § for § = 1, Re = 0 and different values of D,-.

the problem becomes less unstable. There is no wavelength selection mechanism.

The case Re > 0:. Now we consider the case Re > 0. Fourier transformation of the linearized
equation for w gives

Redyiv(€,t) = —€4(¢, 1) + 8(mde — p(,1). (B.4)
We consider the linear stability of the system (B.2) together with (B.4). This system has the form
U (&, t) = A(&, 0, Dy, Re)U (&, 1) + dmdges,

with U = (p, §11,S'22,S'337S'13,15)T and

0 0 0 0 i€ 0
0 —6Dr 0 0 Zi€ 0
P 0 —6D, —2i& 0 (B.5)
0 0 0 —6D,  5yi€ 0
Lic 0 -iie 0 —6D, lig
—% 0 0 0 0 _é€2
For § =0 and D, = 0, the eigenvalues of A are
A1,2,3 =0, A45:iii\/@§, )\6:f§7
- ’ 105 Re
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and thus the linear system is stable. For § > 0, we observe instability as well as a wavelength selection.
In Figure B.2, we plot the spectral abscissa as a function of £ for 6 = 1, D, = 0 and different values
of Re. An increase of Re reduces the spectral abscissa, i.e. it makes the system less unstable. The

Re=1,D=05=1 Re=10,D,=0,8=1 Re=100,D,=0,8=1

spectral abscissa

spectral abscissa

a) ; b) ; c) ;

Fic. B.2. Spectral abscissa as a function of wavenumber £ for 6 =1, D, = 0 and different values of Re.

wavelength of the most unstable wave increases (the wavenumber decreases).

As in the case Re = 0, an increase of D, has a stabilising effect, while an increase of § has a
destabilising effect. In addition, an increase of D, leads to the selection of a longer wavelength, while
an increase of § leads to the selection of a shorter wavelength. In Figure B.3 we show plots of the
spectral abscissa vs. the wavenumber for Re = 1, 6 = 1 and different values of D,..

Re=1,D,=001,8=1 Re=1,D=015=1 Re=1,D=135=1

spectral abscissa

spectral abscissa

005, 005, 005,

Fic. B.3. Spectral abscissa as a function of wavenumber £ for 6 =1, Re = 1 and different values of D,.

Appendix C. Some remarks about the numerical methods. In this appendix we give some
details about the numerical methods, which were used to simulate the three different models for shear
flow. For rectilinear flow, the moment closure model and the quasi-dynamic approximation can be
discretized using two-dimensional versions of the methods described here.

For each model, the method is based on an operator splitting approach, i.e. during each time step
we successively approximate the different components of the coupled system.

We use a staggered grid and discretize the velocity w at the nodes of the grid, i.e. wﬁr% ~ w(xH% yln)
for ¢ = 0,...,m and the density p at midpoints of a grid cell, i.e.

o L [T

Py %A_x . pla, ty)de =~ p(x;,t,) i=1,...,m.

1
2
Each subproblem is discretized using either a second order accurate finite volume or a second order
accurate finite difference method. The update of w is computed using the Crank-Nicolson method for

periodic solutions.
For the full model (4.28), the evolution of f is split into the subproblems

atf+vn : (PnL(07Oan1w$)Tf) = Anf (Cl)
and

8tf — 896 (nlngf) =0. (02)



31

Recall that f = f(x,t,m). Thus, subproblem (C.1) is a drift diffusion equation on the sphere, which
needs to be solved at all the discrete positions zi,...,x,,. In our example, we solve during each time
step 400 times this drift diffusion equation on the sphere (m = 400). In each case we need to use
another value for w,, i.e.

Wy (ZL'Z', tn) ==

To discretize (C.1) at a point z;, we use the sphere grid from [4]. In this approach, a single
rectangular computational domain (discretized with an equidistant Cartesian mesh) is mapped to the
sphere. In our simulations, the sphere was discretized by mapping a rectangular Cartesian mesh with
60 x 30 grid cells to the sphere. This means that the position vector n is discretized at 1800 discrete
points on the sphere, which are denoted by n;, 7 =1,...,60, k=1,...,30.

In [4], it was shown how LeVeque’s wave propagation method [20] can be used to discretized
hyperbolic pdes on the sphere. A version of the wave propagation algorithm was here used to discretize

Of + Vi - (P (0,0,m1w;)" f) = 0.
Diffusion on the sphere, i.e. the subproblem

atf = Anfa

was approximated using a finite volume method for parabolic problems on surfaces, see [3].

Finally, we discretize the transport equation (C.2) for all discrete representations of the position
vector n on the sphere. Note that for fixed values of j and k, ning in (C.2) is constant. To discretize
(C.2), we solve an advection equation for each choice of j and k, i.e. in our test simulations we solved
during each time step 1800 advection equations, each with a different advection speed. Each of these
advection equations was discretized on a grid with 400 grid cells (the number of grid cells used to
discretize the macroscopic space). We used again the high-resolution wave propagation algorithm to
approximate these advection problems.

Compared to the full system, the discretization of the effective equation (4.29) as well as the dis-
cretization of the linear model (4.30) is simple and computationally much less expensive. The evolution
equation for p in the effective equation (4.29) is a combination of the wave propagation algorithm for
an advection problem with spatially varying advection speed and a finite difference discretization for
the nonlinear diffusion term. To discretize the linear moment closure model (4.30), we note that the
evolution of p, S11, S22, S33,.513 can be formulated as a linear hyperbolic system with source term. For
its discretization, we use the wave propagation algorithm for linear hyperbolic systems together with
an ODE solver for the source term.

In the rectilinear flow case, the evolution of p in the quasi-dynamic approximation is approximated
by a two-dimensional version of the wave propagation algorithm for scalar transport equations with
spatially varying flux function and a finite-difference approach for the diffusion term. The approxima-
tion of the nonlinear moment closure system combines the use of the wave propagation algorithm for
multidimensional linear hyperbolic systems with an ode solver for the source terms.
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