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Abstract

We consider a kinetic model, which describes the sedimentation of rod-like particles in
dilute suspensions under the influence of gravity, presented in [8]. Here we restrict our con-
siderations to shear flow and consider a simplified situation, where the particle orientation
is restricted to the plane spanned by the direction of shear and the direction of gravity.
For this simplified kinetic model we carry out a linear stability analysis and we derive two
different nonlinear macroscopic models which describe the formation of clusters of higher
particle density. One of these macroscopic models is based on a diffusive scaling, the other
one is based on a so-called quasi-dynamic approximation. Numerical computations, which
compare the predictions of the macroscopic models with the kinetic model, complete our
presentation.
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1 Introduction

We discuss different mathematical models which describe the sedimentation process for dilute
suspensions of rod-like particles under the influence of gravity. The sedimentation of rod-
like particles has been studied by several authors in theoretical as well as experimental and
numerical works, see Guazzelli and Hinch [5] for a recent review paper. Experimental studies of
Guazzelli and coworkers [9, 10, 12] start with a well stirred suspension. Under the influence of
gravity, a well stirred initial configuration is unstable and it is observed that clusters with higher
particles concentration form. These clusters have a mesoscopic equilibrium width. Within a
cluster, individual particles tend to align in the direction of gravity.

The basic mechanism of instability and cluster formation was described in a fundamental
paper of Koch and Shaqfeh [11]. In Helzel and Tzavaras [8], we recently derived a kinetic model
which describes the sedimentation process for dilute suspensions of rod-like particles. By ap-
plying moment closure hypotheses and other approximations to an associated moment system,
we derived macroscopic models for the evolution of the rod density and compared the predic-
tion of such macroscopic models to the original kinetic model using numerical experiments.
This is done in [8] for rectilinear flows with the particles taking values on the sphere.
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In the present work, in order to explain our approach, we restrict our analysis to the
simpler case of shear flows for particles with orientations restricted to take values on the plane.
While the derivations in [8] are often quite technical, the restriction to this simpler situation
provides a useful and technically simple setting in order to understand the underlying ideas.
In addition, it turns out that the form of the derived macroscopic equations is identical in both
cases apart from the values of numerical constants that capture the effect of dimensionality
in the microstructure. Therefore, we hope that this paper will make our results accessible
and useful to a wider community interested in the modelling of complex fluids. Moreover,
we also consider an alternative route to closure at the density level via diffusive scaling. The
closure via diffusive scaling leads to the classical Keller-Segel system while the quasi-dynamic
approximation leads to a variant of a flux-limited Keller-Segel system. The different effective
equations are numerically compared among each other and also compared with a computation
of the full nonlinear kinetic model.

The article is organised as follows: In Section 2, we present the kinetic model from [8]
and the non-dimensionalization of the problem. For vertical shear flows we derive a simplified
one-space dimensional model, obtained by restricting the orientation of particles to move in a
plane. In Section 3 a nonlinear moment closure system is derived (see (38)-(41)) which forms
the basis for all further considerations. Effective equations for the evolution of the macroscopic
density are obtained via two approaches: Starting from the moment system (38)-(41) in Section
4, we employ a quasi-dynamic approximation and derive an effective equation for the evolution
of the macroscopic density. The approximation amounts to replacing the dynamical behavior
of the second order moments by enslaving the second-order moments to their respective local
equilibria. An alternative approach is presented in Section 5 and Appendix A, where the
effective equation for the density is obtained directly from the kinetic equation via a diffusive
limit. The diffusive approximation leads to the well known Keller-Segel model (52), while the
quasi-dynamic approximation leads to a flux-limited Keller-Segel type model (46).

In Section 6 we present numerical results comparing the diffusive approximation and the
quasi-dynamic approximation to the full kinetic model. Although the idea of diffusive scalings
to obtain macroscopic equations is commonplace in kinetic theory (see [3, 13, 6]), it has not been
applied (to our knowledge) in the sedimentation problem. The derivation of the hyperbolic
and diffusive scaling equations for general rectilinear flows is presented in Appendix A for the
general case where the directions of the rod-like particles take values on the sphere. Finally,
in Appendix B, we present a stability analysis for the linearized moment closure system to
establish the linear instability of the rest state under a shear flow perturbation. It turns out
that a nonzero Reynolds number provides a wavelength selection mechanism. An asymptotic
analysis of the largest eigenvalue around Re = 0 explains this behavior.

2 A kinetic model for the sedimentation of rod-like particles

We describe a kinetic model for sedimentation in dilute suspensions of rod-like Brownian
particles, following Doi and Edwards [4, Ch. §]; see also [14] and [7]. The model accounts for
the effects of gravity and hydrostatic interactions in a dilute suspension (see [8]).

Consider a suspension consisting of inflexible rod-like particles of thickness b and length [,
with b < [, submerged in a solvent extending over the entire space. The rods are subjected to
a gravity field g = —ges, with gravitational constant g and where eg is the unit vector in the
upward direction. If mg denotes the mass of an individual particle then G = —mgges is the
force of gravity on a single particle. Some of our basic notation is depicted in Figure 1.
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Figure 1: Basic notation for rod-like molecule which is falling sidewards.

The motion of the particles is friction dominated. If u(x,t) stands for the velocity field of
the solvent, then a rigid particle is described by the position & € R? of the center of mass and
the orientation m € S4~! of the rod. Kinematic considerations dictate that each rod obeys the
equations

1 1
dw:u+<—n®n+—([—n®n)>G

dt q CL
d

o P, Vzun

dt

where
P,.Vzun = (I —n®n)(Vyu)n

is the projection of the vector (Vzu)n onto the tangent space at m, while (| and ¢ are the
frictional coefficients in the tangential and the normal direction. Note that ¢, = 2(, see
[4, App 8.I], implying that a particle with a vertical orientation sediments twice as fast as a
particle with horizontal orientation while a particle of oblique orientation moves also sideways.

Upon including the effects of rotational and translational Brownian motion the kinematics
of the microstructure is described by the system of stochastic differential equations

B 1 1, 2%k 50 2kpl,
da:—[u—l—(q'n@n—i-g([ n®n)>G]dt+\/ 7 nn+ C (I-nen)dV

2kp0
Cr

(1)

dn = P, Vyundt + dB

where W is the translational Brownian motion and B the rotational Brownian motion, ¢, the
rotational friction coefficient, kg the Boltzmann constant and 6 the absolute temperature.
We consider a suspension of many such molecules in the dilute regime, characterized by
the relation vI3 < 1. In this regime the average distance of molecules is much larger than their
length and the molecules remain nearly statistically independent. By the law of large numbers
the empirical distribution of particles as a function of the center of mass x and orientation
n is well approximated by a probability distribution f(¢,x,n)dndx. By the equivalence of
drift-diffusion equations and Fokker-Planck equations, the dynamics can be described by the



Smoluchowski equation

Of+Vyg- [(u—l— C%(n®n+1) G) f] + Vi (P, Vgunf)

kgt kgt
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Here, V, and V- denote the usual gradient and divergence in the macroscopic flow domain.
On the other hand, V,, stands for the surface gradient operator (on the sphere), acting on a
scalar function ¢ = ¢(n) by the formula Vo = Vo —n(n- V) where V stands for the usual
gradient operator. The gradient, divergence and Laplacian on the sphere are denoted by V,,,
V- and Ay, The second term on the left hand side of (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
Vzu. The terms on the right hand side describe rotational as well as translational diffusion.
The translational diffusion is non-isotropic as is also the spatial transport term.

If an initial isotropic distribution of particles is distorted by a velocity gradient Vg u, this

will lead to an increase in entropy. A requirement of thermodynamic consistency (see [4, Sec
8.6]) suggests to define the elastic stress tensor o(x,t) induced by the microstructure by

(2)
e (M@N+I1)Vaf.

o(x,t) = kgl /Sdl (dnen—1I) f(x,t,n)dn. (3)

This stress resulting from the suspension is added to the stresses of the solvent (usually assumed
to be Newtonian fluid) and produce the total stress.

To derive the equation of motion for the solvent we take into account that local variations
in the density mg f ga—1 Jdn of the suspended microstructure 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. If the solvent is an incompressible fluid and its density ps is taken
constant, then the balance laws of mass and momentum take the form

pf<3tu+(u-vw)u) = pulNgtt —Vgp+ Vg -0 — (/ fdn>m0963

gd—1

(4)
Ve -u=0

In (4) we have incorporated in the pressure p, p = p’ + prges - , the hydrostatic pressure
caused by the effect of gravity prges on the solvent.

The equations are collected into a nonlinear system consisting of a kinetic equation cou-
pled to the macroscopic Navier-Stokes system through the zero and second moments of the
distribution function :

atf = _vm : (uf) - vn : (Pnlvacunf) + DrAnf

—i—DLVw-(I—l—n@n)(wa—l-éfVmU), (5)
o(x,t) = kpb (dn@n—1I) f(z,t,n)dn (6)
gd—1
Vi u=0 (7)
pr(Ou+ (u-Vy)u) = pAgu —Vap+ Vg -0 — < f dn)mogeg (8)
gd—1



Here D, := %, D, = %, and Dll = %‘9 = 2D, stand for the rotational and translational

diffusion coefficients and U(x) = mog(x - e3) is the potential of the gravity force G = —VU.
The total number of rod-like particles is

/ f(a:,t,n)dnd:c:/ f(x,0,n)dndx = N,
QJS§d-1 0 .Jgd—1

i.e. f has dimensions of number density.

Thermodynamical structure of the model. The free energy functional (internal energy
minus temperature times entropy) reads

Alf] == /Q/Sd_l (kgbfIn f + fU(x)) dnde, (9)

where U(x) = mogx - e3 is the gravitational potential.
We next compute using (9) and (5)

B A[f] = /Q/Sd_1 (k39(1 —|—1nf)+U(:c))ft dndz
= Itr + Idr + Ird + Itd

(10)

where Iy, 14, I.q and I;4 stand for the contributions of the transport, rotational drift, rota-
tional diffusion and translational diffusion, respectively, that are computed below.

The computations are based on vector calculus formulas for the surface gradient operator
V., that are listed below. Let F = F(n) be a vector-valued function and f = f(n), g = g(n)
be scalar-valued functions with n € S9!, the unit sphere in the d-dimensional space, then

/ (Vp - F)fdn = — F-(Vof—(d—-1)nf)dn (11)
Sd—1 Sd—1
/ (Vi - Vi f)gdn = / (Vi - Ving)fdn (12)
gd—1 gd—1
/ n® Vyfdn = an®ndn:/ (dn®@n—1)fdn (13)
Sd—1 Sd—1 Sd—1

The contribution of the transport term —Vg - (wf) is

Ly = — /Q /52 <k39(1 +Inf)+ U(ac))Vw - (uf) dnda

(2 / moges </ fdn) . udar:
(9] Sd—1

The contribution of the drift term —V,, - (P,,1 Vyunf) is :
Iy = —/ / <k39(1 +1nf) +U(sc))Vn (P Vyunf) dndz
0 Jga-1
= / / k5OValn f- P, (Veunf) dnde
0 Jga-1

= / Veu : kb n®V,fdndx (13):(6) / Vzu : ode.
Q gd—1 Q



The contribution of rotational diffusion leads to

Ird:/Q/SQ (k501 + 10 ) + Ule) ) D, A f dnda
:_(hz_if)Q/Q/Sdlwnlnfﬁfdnd:c.

The last term in (5), modeling the effect of translational friction and translational diffusion,
contributes

Itdf:/Q/Sd1 (k39(1+lnf)+U(a:)>Dle-(I+n®n)< wf+%v U)

_ (kpb)?
_—T/Sd_l/ﬂvw (lanr@U) (I+nen)fVs, <lnf+ﬁU>

Combining these terms together yields

6tA[f]+Dr/<:B«9// fIVplIn f?dndx

+DLI<:B€// lnf+ﬁU) (I+n®n) (lnf+@U)dndac (14)

= / Vzu : odx + / mopges (/ fdn) -udx
Q Q gd—1

We note that the second and third term capture dissipative mechanisms due to the Brownian
motions, while the last two terms capture the work done by the microstructure on the fluid.

Next, we multiply the Navier-Stokes equation (8) by w and integrate over € to obtain the
balance of the kinetic energy

d
7 pf|u| da:+,u/ Vzu : Vyudr
(15)
—/Vmuzada:—/u-mogeg</ fdn>da:
Q Q gd—1
Combining (14) and (15) leads to the balance of total energy.
1
Elu, f] = / <§pf\u]2 +/ <(k39)flnf + fU(a:))dn) dx (16)
Q gd—1

In particular, it follows that the total energy dissipates and the dissipation is due to the
Brownian motions combined with the viscous dissipation of the solvent.

Non-dimensionalization. For the non-dimensionalization the units of mass, length and time
are denoted by M, L and T and we monitor the dependence on the number of particles V.
We list the dimensions of some terms that appear in the equations: The quantity kpf has

dimensions of energy [M L’ } the translational diffusion D = kCB dimensions [%2} while the
rotational diffusion D, ké?e has dimensions [T]v the number density f will have dimensions

of number of particles / volume [%] ; finally, the elastic stress of the microstructure o ~ (kgf) f

dimensions of [%] .

Now consider a change of scale of the form

2

t:Tt,LE:Xi :_u,f__f’p_ p,U—(kBH)V (17)



where we used two length scales: a length scale X that will be selected in the course of the
non-dimensionalization process, and a length scale L standing for the size of the macroscopic
domain and entering only through the volume occupied by the suspension V = O(L?).

In these new units the Smoluchowski equation takes the form

0:f + V- <uf> v, (Pnlvﬁ,fmf) = TD,Anf

18)
T ;D1 mog ; (
+ ﬁDJ_vﬁ: (I+nen)Vaf+ TT@V@' <(I+"®")€3f)
while the elastic stress tensor (6) and the momentum equation, respectively, become
&:/ (dn®mn —1I) fdn, (19)
Sd—1

X? . . .

—prlO0;u+ (4 V) u}

i (20)

. . XTkpON . N XT .
= A@u — V@p—i* TTVvﬁ, -0 — VmogT </Sd_1 fdn) €3.

The time scale T' is an observational time scale (linked to the Deborah number) that will
be selected later. The ratio X/T is fixed at this point to be the velocity of sedimentation
X mgg
TG
i.e. the velocity scale is proportional to the motion of a single rod falling due to gravity in a
friction dominated flow.

= Vsed, (21)

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

Xvsed )(2
Re := =pr—". 22
=t =i (22)

(b) A dimensionless number I' describing the ratio of elastic over viscous stresses at the fluid,

ro XTkpd N <X2Pf> (g k:BXH 2) _ inertial elastic (23)
ps ()

v XV \ Tu viscous inertial

(c¢) A dimensionless number ¢ describing the ratio between buoyancy forces and viscous stresses,

N XT <X2Pf> ( Nmgg ) _ inertial buoyancy (24)

0= v g o\ Tu Vpras viscous  inertial
Note that fovged = Vpy (%)2 is the total kinetic energy of the sedimenting solution, while
Nkp0 is the total elastic energy of entropic origin of the microstructure. Hence, the last term
in (23) is a 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 (24) stands for the ratio of buoyancy over inertial forces, and in



the usual practice of fluid mechanics it will be denoted as % where F'r is a Froude number.

In summary, we have two dimensionless numbers:
5 = Re— (25)
= e——
Fr’

the ratio of buoyancy over viscous stresses, and

_ I kgt

= 26
o (26)

which stands for the ratio of elastic over buoyancy forces. The non-dimensional form of the
momentum equation then reads

Re (0ptr+ (- V) it) = Agit — Vap+64Vg -0 — 0 < fdn) es. (27)

gd—1
We turn now to the transport equation (18) and introduce the Deborah number

1

De =
T DT

(28)

which as usual expresses the ratio of a stress relaxation time Di over the observational time
T

scale T. By virtue of (26) and (21) we have <D J_% = %%)@Zgg = 1. The kinetic equation
(18) is expressed as

0f + Vs - (uf) + V- (va@fanf) - ﬁAnf%—V@-(I%—n@n) (Wiﬂegf)

and depends on two dimensionless numbers: « defined in (26) and the Deborah number De -
or equivalently the observational time scale T'. For simplicity we will use the notation D, in
the place of Die.

The non-dimensional form of the equations is summarized (dropping the hats):

8tf+vw'(uf)+vn'(Pnikunf)_vw'((1+n®n)e3f)

D, Anf 41V ([+1@n) Vaf (29)
“:/Sdl (dn@n—T)fdn (30)
Re(atuﬂu-vm)u):Awu—vawww-a_a( d 1fdn> e (31)
Vo u=0 ’ (32)

Shear flows. Let © = (x,y,2)T and u = (u,v,w)?. We restrict attention to the case v = 0,
when the effect of the translational Brownian motion in (29) is ignored and as a consequence
the effect of the elastic forces is negligible compared to the buoyancy forces. We consider an
ansatz of a shear flow in the vertical direction:

u = 0 , f= f(t,x,n) y D= _"i(t)z : (33)



The director m in general takes values in S2, which means that the rod-like particles are allowed
to move out of the plane described by the direction of shear and the direction of gravity. For
a shear flow, with m € S2, the system (29)-(32) simplifies to

Of(t,z,m)+ V- (P'nl (Oa 0, nle:)Tf) - ax(nlnfﬂf) = D, Anf

g2

The form of the pressure in (33) is the most general consistent with the ansatz of a shear
flow and k(t) can account for an externally applied pressure gradient. The choice K = dp in
(34), where p describes the total mass of suspended rods, provides an equilibrated flow. Under
special boundary conditions (e.g. spatially periodic or prescribing the same distribution f at
the boundary of €2) we have conservation of the total density which determines

ﬁ:/ f(t,x,n)dnd:c:/ f(0,z,n)dndz.
QJS2 QJS2

An even simpler system is obtained, if we consider again a shear flow (33) but restrict the
director to take values in the (x,z) plane, i.e. the plane spanned by the direction of shear
and the direction of gravity. (While this restriction is not natural, it turns out to be much
simpler to analyze and in retrospect to provide the same form of macroscopic equations.) In
this situation the shear is again w, = d,w but now n € S!, that is m = (cos 6, sin )7
the angle 6 € [0,27] is measured counter-clockwise from the positive z-axis. The model for
shear flow can be written in the form

where

O f(t,x,0) + Oy (wx cos? Hf) — Oy (sinfcosOf) = D,0po f

0

We now consider numerical simulations of system (35), which resemble the basic mechanism
of cluster formation that is observed in experimental studies of sedimentations of rod-like
particles. Since we are interested in the process of cluster formation, we monitor the density of
rod-like particles as a function of space and time. In our simplified situation this means that

we monitor
27

p(t,x) = ; f(t,z,0)de. (36)

Initially this density is set to approximately one, i.e. p(z,0) = 1+ €;(z) where €;(x) is a small
random perturbation, see Figure 2 (left plot). The initial values of f used in the computation
are constant in 6, i.e. we use f(0,z,0) = (1 + €1(x))/2n. The vertical velocity component w is
initially set to zero.

In Figure 2 (middle and right plot) we show p(z,t) as computed via (36) from the numerical
results of f at different times. We observe that after some time clusters of higher particle
density form. In applications where we are only interested in the particle density p(z,t) and
not in a more detailed description of the particle orientation, it would be much more efficient to
compute numerical solutions of mathematical models which directly describe the evolution of
p without computing f. In this paper we describe different approaches to derive such models.
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Figure 2: Numerical results for system (35).

3 Nonlinear moment closure

In this section we consider (35) and proceed to describe the evolution of a system of moments.
The macroscopic density is

p(t,x) = /S1 f(t,x,m)dn.

We use as basis for the moments the eigenfunctions of the Laplace-Beltrami operator dgg on
the circle S'. These are the functions 1, and cosnf, sinnf, n = 1,2,3, .... Since the rods are
identical under the reflection & — —# only the even eigenfunctions will play a role.

First we derive a nonlinear system of equations for the zero-th order moment p and the
second order moments s and ¢, defined via the relations

2m
plt.o)i= [ f(t.a0)d9
2m
c(t, ) ::% ; f(t,x,0)cos(20)do
2m
s(t, x) ::% ; f(t,x,0)sin(20) db.

We will close the system by neglecting the moments of order higher than 2. This closure is
based on the premise that higher moments will experience faster decay, as they correspond to
a larger eigenvalue of the Laplace-Beltrami operator. The validity of this hypothesis will be
tested numerically.

In our derivation we consider the different terms of the first equation in (35) separately,
using the notation

O f = —0p (wy COSQHf) + 0y (sin@cosOf)+ D,Opg f -
N——

37
(1] (2] (3] 37)

The evolution equation for p is obtained by integrating (37) over S'. Note that there is no
contribution from [1] and [3], and

2
Op = O f db
0
2w

= Oy (sinfcosOf) do = 0ys.
0

10



To obtain the evolution equation for ¢, we compute

2m
Oc = %/ cos(20)0, f db.
0

We separately consider the different contributions from the right hand side of (37).
contribution from [1]:

2m 2m
—%/ c0s(20)0p (w, cos® 0f) df = —%wx/ cos(260)0y (%(1 + cos 29)f> do
0 0

2m 1
= —wy / sin(29)§(1 + cos(20) f d
0
1 2m
= —WyS — —wx/ sin(460) f d
4 0

contribution from [2]:

DO | —

2 1 2
/ c0s(20)0, (sinfcosb f) do = 2 / cos(20) sin(20)0, f do
0 0
1 27
= —/ sin(40)0, f do
8 Jo
contribution from [3]:
1 2m 2m
3 / cos(20) D, Ogg f dO = DT/ sin(20)0p f db
0 0

2m
= —2DT/ cos(20)f do
0

= —4D,c

Now we neglect higher order moments, i.e. terms that involve integrals of the form
fOZW sin(40) f df and fOZW cos(40)f df. Under this assumption, the evolution equation for ¢ has

the form
Oic = —wys — 4D,.c.

Similarly we can derive an evolution equation for s. The complete nonlinear moment closure

system reads

O¢p = OpS

Oic = —wys — 4D,.c
1 1
Os = 3 P+ WyC + Zwmp —4D,s
Redyw = 0w + 6 (p—p) .

4 The quasi-dynamic approximation

(38)
(39)
(40)
(41)

In [8], we derived various systems of evolution equations describing the macroscopic behavior
of the system (34) for intermediate and long times. We considered rectilinear flows in the
direction of gravity with the rod orientations taking values on the sphere S? and derived the

11



so called quasi-dynamic approximation (c¢f [8]). When we restrict our analysis to a shear flow
(33) and set D, = 1 we obtain the system consisting of an advection-diffusion equation coupled
to a diffusion equation,

1 49?2 1
Oplt,x) = —0p | ——m— —0

Redyw(t,x) = Oppw + 0 (p— p) .

(42)

This model belongs to the class of flux-limited Keller-Segel systems and enjoys gradient-flow
structure (see [8]). The derivation of (42) is quite technical due to the complex form of the
moment equations (and their closures) reflecting the structure of harmonic polynomials in
dimension d > 2.

To shed some light on the derivation of (42), we consider the simplified shear flow model
(35), where now the rigid-rods are constrained to move in-plane, n € S', and present a deriva-
tion of the quasi-dynamic approximation. The idea behind the quasi-dynamic approximation
is that the transient dynamics (39)-(40) of the second order moments ¢ and s is replaced by
its equilibrium response, i.e. by

4Dc+ wes =0
1 1 (43)

—gaxp — wap —wgc+4D,s = 0.

System (43) can be solved for s, to obtain

~ Dywgp + %Dr(?mp

44
16D2 + w2 (44)
Inserting (44) into (38), we obtain the quasi-dynamic approximation
D,w 1 1
op =0y —5—— —Dy0y | ————0
t $<16D2+w§p>+2 " $<16D,2,+w% ”’) (45)

Redyw = Oppw + 0 (p—p) -

For the special case D, = 1 it gives

1 1
Op = a:v P T _a:v
w (16+wg <w'0+2 p>> (46)
Redyw = 0w + 0 (p—p) .
A comparison of (46) with (42) shows that we obtain the same general structure of a flux-

limited Keller-Segel model. The simplification, which restricts the director to S*, just leads to
different constants.

5 The diffusive scaling

The diffusive scaling provides another approach for obtaining a macroscopic evolution equation
for p. Here we present a direct derivation of the diffusive scaling for the simplified shear flow
model (35), where we assume that the director f only takes values on S'. Again we restrict
our considerations to the case D, = 1.

12



We consider (35) and rescale the model in the diffusive scale, i.e.
1. 1.
r=—=x,t

5 = ﬁt, u
The scaled equations (dropping the hats and for D, = 1) have the form

5% 0 f(t,2,0) + 0 9y (wy cos® Of) — 50, (sinf cos O f) = dpo f

= 1.

2 2 2 (47)
Reé” Qyw(t,x) =9 amw—|—5<ﬁ—/ de) .
0
Now we introduce the ansatz
f(t,m,@) - 5f0 +52f1 +.
u=1ug+ou; +...= 0 + 4 0 + ...
wo wq
p=10po+02p1 +...
and obtain the relations
0(9) Dpgfo =0 (48)
0(5?) Oy (wx cos? Hfo) — O, (sinf cos 0 fy) = 9o f1 (49)
27
Redyuwg = Oty + <ﬁo -/ fod9>
0
0(53) Oy fo + Op (wm cos? Hfl) — Oy (sin B cos O f1) = gy fo. (50)

The relation (48) implies that fy depends at most linearly on #. As a function on S', f is
periodic. Thus, fo must be constant in # and

2

po(t,.%') = 0 fO(tvx)da = 27Tf0(t,1’).

Now we integrate equation (50) over S!. The second and the last term vanish and we obtain
2m
Ospo — 836/ cos@sinf f; df = 0.
0

Using integration by parts, we arrive at

2w

Opo = —i@m < Opg (cos OsinB) fi d9>
0

1 2w
= —Zam </ cos 6'sin 0 Ogg f1 d9> .
0

Using (49), we replace g f1 by terms which depend on fy and obtain an evolution equation
for po:

1 27
Orpo = —1835 </ cos fsin 0 [39 (ww cos? Hfo) — O, (sin 6 cos Hfo)] d@)
0

1 27 1 21
=—0, <wx,00 / cos® fsin’ 0 d9> + —0, (8;,3,00 / cos® fsin® 0 d9>
47'(' 0 87'(' 0

1 1
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Thus, in the diffusive limit, the dynamics of the simplified shear flow problem (35) is described
by the system

1 1
Op = 1_6836 (wxp + 5‘%/’)

Redyw = Opew + (p— p) -

(51)

In Appendix A.2, we derive the diffusive scaling for the kinetic model (29)-(32) in the case
of rectilinear flow for rigid rods where the director is allowed to take values in S2. For shear
flow and in the special case D, = 1, v = 0, the diffusive scaling of (34) leads to the model
equation

1 1

Redyw = Opw + (p— p) -

(52)

Again we obtain a Keller-Segel type model. In contrast to the quasi-dynamic approximation,
the diffusive scaling does not provide flux limiting.

6 Numerical simulations

In this section we show numerical simulations for shear flow, which compare the simplified shear
flow model (35) with the quasi-dynamic approximation (42) and the diffusive scaling (51). In
Figure 3 we show results of numerical simulations using the parameter values D, = § = Re = 1.
The initial values are set to be

p(zx,0) =1+ 107" (6(9%) _ %)

w(zk,0) =0,

(53)

where €(zy) is a random number between 0 and 1. We impose the periodicity condition on
an interval of length 100. For our test simulations we used 800 grid cells in space, thus
k=1,...,800. In the simulation of the full model, S* is discretized with 200 grid cells. We
observe the formation of clusters with higher particle density.

Both the solutions predicted by the quasi-dynamic approximation as well as the solutions
predicted by the diffusive limit compare very well with the solution structure obtained by the
full model. Only at very late times, some differences can be observed and the quasi-dynamic
approximation leads to slightly more accurate results.

Note that the model equations obtained by the quasi-dynamic approximation contain the
same non-dimensional parameters as the full model. For the diffusive limit this is not the case,
since the parameter § does no longer appear in (51). Using our insight from the derivation
of the diffusive model, we can nevertheless set up a simulation for values § # 1. In order to
simulate the problem with the diffusive model, we impose periodic boundary conditions on
a domain of length §100 = 20 and consider numerical approximations for ¢t < §22000 = 80.
Furthermore, we set initial values as described by (53) but multiplied by 1/6. Finally we
replaced p by p/d in equation (51). To compare the numerical solution of the diffusive limit
system with the solution of the full model, we map the numerical solution to the interval
[0,100] and multiply with 6. In Figure 4 we show simulations comparing the quasi-dynamic
approximation with the full model for § = 0.2.
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Figure 3: Comparison of the density as predicted by the full model (black solid line) with the
prediction of the diffusive scaling (blue dashed-dotted line) and the quasi-dynamic approxima-
tion (red dotted line) at different times.

At later times the cluster start to merge. This coarsening behavior can be observed with
all of the three models. Here a slightly better agreement is observed for the quasi-dynamic
approximation.

Conclusions

Based on a simplified kinetic model, we have studied the sedimentation of rod-like particles
under the influence of gravity. Linear stability shows both instability of a well stirred initial
configuration as well as a wave length selection mechanism for a non-zero Reynolds number.
We presented two models describing the macroscopic response of the system. One of these
models, the quasi-dynamic approximation, is obtained from a moment closure system using
the assumption that the evolution equation of the second order moments can be replaced
by an equilibrium relation. The resulting macroscopic system has the form of a flux-limited
Keller-Segel model. Another macroscopic model is obtained by taking the diffusive limit of
the kinetic model. In this case we obtain a standard Keller-Segel type model. Numerical
computations confirm good agreement of the predicted solution structure of both macroscopic
models compared to the kinetic model. For very long times the quasi-dynamic approximation
shows a better agreement with the original kinetic model.

Finally, it is interesting to note the differences of the macroscopic models depending on
whether the orientation of the rod-like particles is a function on S or S2, respectively. The
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|
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Figure 4: Comparison of the density as predicted by the full model (black solid line) with the
prediction of the diffusive scaling (blue dashed-dotted line) and the quasi-dynamic approxima-
tion (red dotted line) at different times. The simulation corresponds to 6 = 0.2.

macroscopic models which are derived from the simplified kinetic model are less diffusive than
those which are derived from the more general kinetic model.

A Appendix: Collective behavior in scaling limits

In this appendix we derive the hyperbolic and diffusive limits for the system (29)-(32). The
description of collective behavior of kinetic models through hyperbolic or parabolic limits is well
known in several contexts in fluid dynamics or biological transport systems (e.g. [3, 13, 15]).
The novelty here is that the kinetic variable takes values in the sphere, which requires some
special calculations detailed in this appendix.

It is expedient to view the scaling limits from the perspective of describing the aggregate
behavior of a suspension. The function

p(t,x) = f(t,xz,n)dn
gd—1
measures the density of rod-like particles. Linear stability theory predicts an instability for the
quiescent solution; it is then natural to calculate the aggregate response of the system in long
times. To this end, we proceed to calculate the hyperbolic and diffusive limits. It turns out that
the limiting behavior in the hyperbolic scaling will be described by a Boussinesq type system.
For certain flows the hyperbolic scaling produces a trivial behavior, and it is then natural to
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consider the diffusive scaling. Such a situation occurs for two-dimensional rectilinear flows of
suspensions, where we will show that the collective behavior in the diffusive limit is described
by the Keller-Segel model. The calculations below are presented for space dimension d = 3
and n € S

A.1 The hyperbolic scaling
We first rescale the model (29)-(32) in the hyperbolic scaling,

1. .

xr=-=x, t:(st, u=u, p=np.

S

The scaled equations (after dropping the hats) are

0O f +0u-Vyf —dD(n)es - Vyf +0Vy - (P, Vzunf)
=D, Anf + 52'7v:v -D(n)Vaf

9 9 (54)
Red (O + (u- V) ) — 02Agu + 0Vap — 624 Vy -0 = —5(/ fdn)e3
S2
OVg - -u =0,
where D(n) =1 +n®mn.
We introduce the ansatz
f=fo+dofi+...
u=ug+ou +...
pP=po+op1+...
to the system (54) and obtain equations for the various orders of the expansion:
O(1) Anfo=0 (55)
0(9) Oifo+uo - Vafo— D(n)es-Vafo+ Vi (P Vauonfo) = Anfi (56)
0(d) Re (Oyuo + (uo - V) o) + Vapo = _(/52 fodn) es
0(5) Vm Uy = 0

It follows from (55) that fp is independent of n and thus

1 1
fO( 756777“) A 52 fO n 47Tp0( 7CC)

Then integrating (56) over the sphere, we deduce that py = | g2 fodn and wug satisfy the
Boussinesq system

1
Opo + Vg - <U0P0 - (E /52 D(n)dn)€3po> =0

Re (Oyug + (ug - V) ug) + Vapo = —poes
Vm Uy = 0.
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A.2 The diffusive scaling

Next, we confine to rectilinear flows with a vertical velocity field obeying the ansatz

u(t,z,y) = (0,0,w(t,z,y)" , f=ftzymn) (58)

depending only on the horizontal variables (z,y). The flow cross section is the domain D and
we assume that the boundary conditions are either periodic or no-slip. This restriction to the
two-dimensional case is motivated by experimental observations of long clusters with higher
particle density. We note that for this ansatz the nonlinear transport terms w-V f and (u-V)u
drop out and the pressure must be of the form p = —£(t)z. One checks that under the ansatz
(58) the system (57) reduces to the trivial problem

Oipo =0, Redywo = (p—po), po=—pz

which can be easily solved in terms of the initial data.
The objective then becomes to calculate the next order correction in the diffusive scale.
We return to (29)-(32) and introduce the diffusive scaling, i.e.

1 1. R

The scaled equations (after dropping the hats) have the form

620, f —6D(n)es - Vuf + 6V - (P, Veunf) = D, Apf + 6°yVy - D(n) Vg f

82 Re Oy + 0V gp = 62 At + 624V g - 0 — 5(/ fdn) es
S2
OVge -u=0
We introduce the ansatz
[tz y,m) =fo+0%fi+ ...
0 0
u(t,z,y) =uwo+our+...=| o |+0| o |+-.. (60)
Wo w1
p=208py+62p1+ ...
to the above system and collect the terms of the same order,
0(9) Apfo=0 (61)
0(5) — D(n)es - Vafo+ Vn + (PorVatonfo) = Drdn fi (62)
0(53) Orfo—D(n)es - Vg fi+ Vi - (Pnl (kulnfo + Vmuonfl))
The same procedure applied to the Stokes system yields
0(5) Vw cU) = 0
0(8%) duo + Vapo = Agug — (/ fodn> es (64)
S2
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We proceed to derive an evolution equation for pg and wy. In order to do this, we first
summarise a few tools. Recall that n € S? has the form

sin 6 cos ¢
n=| snfsing |, 0<0<m0<¢<2m

cos 6

Furthermore, recall that the components of the tensor 3n ® n — I are the surface spherical
harmonics of order 2. This means, they are harmonic polynomials on R? of order 2, restricted
to S2. The surface spherical harmonics are eigenfunctions of the Laplacian on S? with corre-
sponding eigenvalue —¢(¢ + 1), where ¢ is the order [1, App. E]. Hence

An(?) n; nj — 5@]) = —6 (3 n; nj - 52J) (65)
Finally, note that for any 3 x 3 matrix x, the equation

Vn  (P,ikn) =tr k —3n-kn, (66)

n

holds, where tr stands for the trace operator. Also, using symmetries of S?, we obtain the

formula

1
g 2n®ndn:%1. (67)

Now we are ready to derive an evolution equation for py. Equation (61) implies that fj is
independent on m, that is

1 1
— t
fO 471' 47Tp0( 7way)

Next, integration of (63) over the sphere and use of (67) and the fact that es - V,f1 = 0 for
our ansatz gives that pg satisfies

fodn =

1
Opo = Vg / (D n)—— [ D(n) n) esfidn+yVg - — | D(n)dn Vgpo (68)
S2 47 S2

=:1; =:1s

where the terms I; and I are computed in terms of f; solving (62) for fy = ﬁpo.
It remains to compute the terms I; and Is. Observe now that we have the identities:

1 1 1
/ (n®n——[)dn(6:5)—— Apmn@n—=-I)dn=0
- 3 6 /s 3
1 1 4
Iyy=— | Dn)dn=— | (n®@n+[)dn=-I (69)
47 S2 4 S2 3
1 1
D(n) — e Dn)dn=n®n — §I

These, in conjunction with (61), (62) and (66), imply that f; satisfies

1 1
Apfi =—(D(n) - i Js D(n)dn)es - g o Vero t o V - (Pp1Vgugn) po
—(n®n—11)e -LV _ 3 (n - Vzuon) (70)
3 3 A L0 47Tp0 zWott).
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Next, we compute I}
1
L= / <D(n) - — D(n)dn> esfidn
S2 41 S2
1
~ [ (non-ghespiin
g2 3

) —1/ An(n®n—11)egf1dn
52 3

6
L / (nen—T)es|(n&n — L1)es- Vap +3po(n - Vauon)|dn
1 nins
=50 nang [(3/)01003; + poz)nins + (3powoy + POy)n2n3} dn
n—1

Observe that, due to symmetry considerations, the integrals
3 1
niny — =ninzdn =0
52 3

1
/ TL2TL§ — =nonzdn =0
g2 3

nlngngdn =0,
SQ

while the remaining integrals are computed via spherical coordinates

s 27 A7
/ nlngdn = / sin® 6 cos? 9d9/ cos? pdp = —
s2 0 0 15

s 27 A7
/ n2n3dn = / sin® 6 cos? 9d9/ sin? pdyp =
s2 0 0 15

I =

We conclude that 1
% (3powor + pox » 3powoy + poy 0 )"
and that pg satisfies the equation

1 1 1 4
8tﬂ0 = % <8$ <§p0m + P0w0x> + 8 ( Poy + p0w0y>> +73 A(ac,y)

1 1
Finally, we derive the evolution equation for wy. From (64) we obtain
835]90 = 3yp0 =0 (71)

Redywy — A($7y)w0 + d.po = —po- (72)

Since the right hand side of (72) depends only on (x,y), the pressure is of the form p = —x(t)z,
where £(t) reflects the effect of an imposed pressure gradient. If there is no imposed pressure
gradient and the boundary conditions ensure conservation of density (e.g. periodic) then the
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pressure is hydrostatic and we may select k(t) := p = ‘—})‘ [p p(t,z,y)dedy the conserved
density. For periodic boundary conditions and for the case v = 0, the functions (pg,wq) solve
the coupled system
Apo = iV(x (PV (@ y)wo) TN
30 " (@) (,y) Y0 90~ (@y)Fo
Re ywo = A(g yywo + (P — po),

(73)
where p is the average density.

B Appendix: Linear stability theory

In this appendix we study the linear stability of the shear flow problem and give an asymptotic
expansion of the most unstable eigenvalue of the linear system in the Reynolds number Re.

We linearize the moment closure system (38)-(41) around the state w = 0 and p = 1 and
consider the simplest case v = 0, D, = 1, which gives

8t,o = (9:,35
Oyc = —4c

1 1 74
Oss = g@;p + wa —4s (74)

Redyw = Oppw — 0p.

We take the Fourier transformation of (74) and consider first the case Re = 0. The last
equation of (74) gives

E(€) = —0p(€), (75)
while the remaining once lead to
p o 0 i\ (s
Il e | = 0 —4 0 ¢ (76)

Va8

giE—1 0 —4

>

The matrix on the right of (76) has the eigenvalues

1 1
{—4, ~2 = V64440 — 262, -2 4 /64 + 40 252}.

The last eigenvalue, which we denote by Mg, is larger than zero provided that 6 > 0 and &2
is small enough. Thus, the linear moment closure system coupled with the Stokes equation
is most unstable for waves with wave number & — 0. The eigenvector corresponding to the
eigenvalue \g has the form

2i¢ (8 +/641 45 2§2> 01)
rg=|-——= —
0 25 — 52 s Uy
Now we consider the case Re > 0, for which the linearized coupled system can be expressed
in the form
] A B
T = 1 1 T, (77)
Y D =€ Y
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0 0 i 0
A= 0 —4 0 |[|,.B= 0 ,D:<—500),C=—§2-
& 0 —4 i€

Our goal is to give an asymptotic expansion for eigenvalues of the matrix arising on the right

hand side of (77), which is valid for small values of Re. For ¢ = é we consider the ansatz

Az, + Bye = A\

(78)
Cy: + Dx. = e\ ye,
set
Ae=Xt+eM+..., xo=xg+ex1+..., Ye=yYo+ey1+....
and calculate the first two orders:
A—-X B
o(1) Ao o)), (79)
D C Yo 0
0(6) A— )\0[ B I _ )\1580 (80)
D C Y1 AoYo

The left null space of the matrix on the left hand side of (80) is given by
ul = <—8 — /64 1 45 — 2620, —4ic, 1) . (81)

We multiply both sides of Equation (80) from the left with u” and obtain

T [ Ai®o

0=u (82)

AoYo
From the second equation of (79) we obtain
—2i0 (8 4 /64 — 282 4 49)
§ 20 — &

Using the expressions for Ao, g, yo and u in Equation (82), we can now calculate A;, which
has the form

yo = —C ' Dz =

A\ = — (83)

(23%2)(8 + /64 + 40 — 2€2)2 + 4¢2

In Figure 5(a) we plot the eigenvalue Ay as a function of the wave number £. This eigenvalue
describes the linear stability behavior of the system for Re = 0. The longest possible waves
are most unstable and there is no wave length selection. In Figure 5(b), we plot A\g + Re);
vs. the wave number £ for ¢ = Re = 1 and § = 0.2. A non-zero Reynolds number provides a
wave length selection mechanism. The curve attains its maximum for a wave number £ ~ 0.27.
Thus, the linear theory predicts the wave length of the most unstable wave to be approximately
27/0.27 &~ 23.27. On an interval of length 100, we expect the formation of 4-5 clusters. This

is in agreement with our numerical result shown in Section 6, Figure 4.
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Figure 5: Positive part of the (a) A\g and (b) A\g + A1 vs. wave number £ for § = 0.2.
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