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A weakly nonlinear theory, in terms of the well-known Landau equation, has been
developed to describe the nonlinear saturation of the shear-banding instability
in a rapid granular plane Couette flow using the amplitude expansion method.
The nonlinear modes are found to follow certain symmetries of the base flow
and the fundamental mode, which helped to identify analytical solutions for the
base-flow distortion and the second harmonic, leading to an exact calculation of
the first Landau coefficient. The present analytical solutions are used to validate
a spectral-based numerical method for the nonlinear stability calculation. The
regimes of supercritical and subcritical bifurcations for the shear-banding instability
have been identified, leading to the prediction that the lower branch of the
neutral stability contour in the (H,¢°)-plane, where H is the scaled Couette
gap (the ratio between the Couette gap and the particle diameter) and ¢° is
the mean density or the volume fraction of particles, is subcritically unstable.
The predicted finite-amplitude solutions represent shear localization and density
segregation along the gradient direction. Our analysis suggests that there is a
sequence of transitions among three types of pitchfork bifurcations with increasing
mean density: from (i) the bifurcation from infinity in the Boltzmann limit to (ii)
subcritical bifurcation at moderate densities to (iii) supercritical bifurcation at larger
densities to (iv) subcritical bifurcation in the dense limit and finally again to (v)
supercritical bifurcation near the close packing density. It has been shown that the
appearance of subcritical bifurcation in the dense limit depends on the choice of
the contact radial distribution function and the constitutive relations. The scalings
of the first Landau coefficient, the equilibrium amplitude and the phase diagram,
in terms of mode number and inelasticity, have been demonstrated. The granular
plane Couette flow serves as a paradigm that supports all three possible types of
pitchfork bifurcations, with the mean density (¢°) being the single control parameter
that dictates the nature of the bifurcation. The predicted bifurcation scenario for the
shear-band formation is in qualitative agreement with particle dynamics simulations
and the experiment in the rapid shear regime of the granular plane Couette flow.
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1. Introduction

The lack of a unified theory for granular materials, a collection of macroscopic
‘dissipative’ particles, for different flow regimes of dilute to dense flows is largely
responsible for a poor understanding of its dynamical behaviour and the related
pattern formation scenario. Over the last 10 years, there has been a surge in
research activity to unveil the pattern formation scenario in various types of granular
flows (such as Couette flow, Poiseuille flow, vibrated bed and inclined chute flow),
especially in the rapid flow regime (Goldhirsch 2003; Aranson & Tsimring 2006). The
granular plane Couette flow is the prototype problem that supports various types
of stationary and travelling wave instabilities as predicted from the linear stability
theory (Alam & Nott 1998) — the related patterns have subsequently been verified
in particle simulations of the plane Couette flow (Conway & Glasser 2004). Another
interesting pattern that appears in a flowing granular material is the ‘shear-band’:
when a granular material is sheared in shear-cell experiments (Savage & Sayed
1984; Mueth et al. 2000; Schall & van Hecke 2010), shearing remains confined to
a narrow localized zone (i.e. a ‘shear-band’ where the shear rate is non-zero) near
the walls and the rest of the material remains almost unsheared (i.e. a ‘plug’ where
the shear rate is close to zero). Such a shear-banding phenomenon, where the shear
rate is non-uniform along the gradient direction in a plane shear set-up, seems to
be generic in wall-driven flows and occurs in a variety of sheared complex fluids:
colloidal suspensions (Hoffman 1972), worm-like micelles (Berret, Porte & Decruppe
1997), lyotropic liquid crystals (Bonn et al. 1998), suspensions of rod-like viruses
(Lettinga & Dhont 2004) and liquid-liquid biphasic systems (Caserta, Simeon &
Guido 2008). One possible origin of shear-banding is bulk instability of the complex
fluid (Greco & Ball 1997; Alam & Nott 1998), the signature of which is implicated
in the ‘non-monotonic’ variation in certain constitutive/rheological field (stress or
dynamic friction) with some hydrodynamic field (shear rate or density) — this is
reminiscent of ‘phase-transition’ in driven systems; see Olmsted (2008) for a review
on shear-banding phenomena. Such shear-banding, wherein the flow undergoes an
ordering transition into alternate layers of dense and dilute regions of low and high
shear rates, respectively, aligned along the gradient direction (i.e. the density bands
are parallel to the flow direction), has also been realized in the molecular dynamics
simulations of granular Couette flow (Tan 1995; Alam & Luding 2003; Khain 2007)
for a range of densities from dilute to dense flows (without gravity) in the rapid flow
regime. A possible theoretical description of shear-banding phenomena in terms of
order-parameter equations is the focus of this paper.

The Ginzburg-Landau-type order-parameter equations have been widely used to
study the bifurcation scenario, nonlinear waves and patterns in fluid mechanics
(Newell, Passot & Lega 1993; Manneville 1990; Cross & Hohenberg 1993). In
condensed matter physics, the complex Ginzburg-Landau equation has been used
to obtain a qualitative (and sometimes quantitative) understanding of a host
of phenomena, namely phase transitions, superconductivity, superfluidity, liquid
crystals, vortex glass and defect turbulence (Cross & Hohenberg 1993; Aranson &
Kramer 2002). Moving from traditional fluid mechanics (Newell et al. 1993) to the
‘dissipative’ granular fluid, it is appropriate to pose the question: can Ginzburg—
Landau-type order-parameter theories be used to probe the pattern formation
scenario in granular flows? In the context of granular fluid, Tsimring & Aranson
(1997) first postulated a complex Ginzburg-Landau equation which is coupled
to mass and momentum balance equations. This set of equations, called order-
parameter theory, was then shown to reproduce the complete phase diagram of
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patterns (e.g. squares, stripes, hexagons and oscillons) in a shallow vibrated bed
(Umbanhower, Mello & Swinney 1996) — this underscores the success of their
order-parameter theory. Subsequently, they have used this order-parameter theory
to probe the pattern formation scenario in a variety of flowing granular systems;
see the review by Aranson & Tsimring (2006). Despite its success, note that
the foundation of this order-parameter theory of granular fluid is empirical since
the related order-parameter equation has been postulated with fitting parameters
(that vary from one flow to another), which must be obtained from simulation/
experiment.

Against this background, a more pertinent question in this context is as follows: is it
possible to derive the relevant order-parameter equation of granular flows to describe
pattern formation from first principles? Over the last two decades, the well-studied
granular hydrodynamic models have been derived from the dense gas kinetic theory
(Lun et al. 1984; Sela & Goldhirsch 1998; Brey, Santos & Dufty 1998; Garzo & Dufty
1999; Brilliantov & Poschel 2004). Such hydrodynamic models have been reasonably
successful in describing both the rheology and the flow dynamics of granular materials
in a variety of flow configurations in the rapid shear regime (see Goldhirsch 2003 for a
review). Starting with such continuum models, we could follow the route of nonlinear
stability theory (Stuart 1960; Watson 1960; Reynolds & Potter 1967; Busse 1978;
Newell et al. 1993) to derive the relevant order-parameter equation for describing
the bifurcation scenario and patterns in granular flows. This is precisely what we
have recently done to probe the shear-banding phenomenon in the granular plane
Couette flow via an order-parameter equation: we used the centre-manifold reduction
technique (Carr 1981) to derive the Landau equation (Shukla & Alam 2009).

In the present paper, we develop a weakly nonlinear stability theory for the
same ‘shear-banding’ phenomena using a different method: the amplitude expansion
method of Stuart (1960) and Watson (1960). This is an indirect method to arrive at
the Landau equation and complements our previous effort (Shukla & Alam 2009)
that used a direct method of centre-manifold reduction (Carr 1981). It is important
to understand the difference between the present formalism of amplitude expansion
method and the centre-manifold reduction. The Landau equation is postulated to
hold in the amplitude expansion method, and the Landau coefficients are determined
from the solvability condition of certain inhomogeneous differential equations at
higher order (cubic, quintic, etc.) in perturbation amplitudes. This is in contrast to
the direct method of centre-manifold reduction (Shukla & Alam 2009) wherein the
Landau equation is derived from the evolution equation of the slow mode via its
inner product with the adjoint linear eigenfunction, and the expressions for Landau
coefficients appear in the resultant Landau equation as the coefficients of terms
of appropriate order in perturbation amplitudes. The underlying subtle differences
between the two methods will be made clear in §4. One of the goals of the present
paper is to show that both the direct and indirect methods of nonlinear stability lead
to the same order-parameter equation, with the same expression for the first Landau
coefficient for the present problem of granular shear flow. This, in turn, establishes
an equivalence between these two seemingly different methods of nonlinear stability
for granular shear flows (which are much more complicated than incompressible
shear flows of Newtonian fluids). Put differently, it should be mentioned that the
weakly nonlinear stability theories for compressible Newtonian fluids (e.g. air)
are very scarce and we have not found any prior work, for example, on the
compressible plane Couette flow (see Malik, Dey & Alam 2008 and references therein).
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FIGURE 1. Schematic diagram of the plane shear flow between parallel plates. The upper plate
moves with the velocity U,,/2 along the positive x-direction and the lower plate moves with
the same speed in the opposite direction.

The present analysis can also be adapted to probe the nonlinear stability of
compressible shear flows.

This paper is organized as follows. The continuum equations and boundary
conditions are presented in §2. The nonlinear perturbation equations and the related
linear adjoint system are formulated in §3. The methodology of the amplitude
expansion technique is discussed and compared with the centre-manifold reduction
technique in detail in §4. We show that the first Landau coefficients (which determine
the type of bifurcation that the flow is supposed to undergo at the onset of pattern
formation) obtained from both these methods are identical. The symmetries of the
linear and nonlinear modes are discussed in § 5. A spectral-based numerical scheme has
been developed to solve the related nonlinear stability problems as detailed in § 6. The
symmetries of the underlying nonlinear modes have helped us to identify analytical
solutions for the second harmonic, the base-flow distortion and the distortion of the
fundamental mode, leading to an exact calculation of the first Landau coefficient
— these analytical solutions and their comparison with numerical solutions are
detailed in §§7.1-7.3. The comparison between numerical and analytical solutions
validates our spectral-based numerical scheme, which is another outcome of this
paper. The predictions of our analytical order-parameter theory are discussed in
§8.1 (linear shear-banding instability), §8.2 (equilibrium amplitude and the nature
of bifurcation), §8.3 (phase diagram for nonlinear stability), §8.4 (finite amplitude
solutions) and § 8.5 (scaling of the first Landau coefficient, equilibrium amplitude and
phase diagram). The influence of different forms of the contact radial distribution
function and the constitutive relations on our predictions is discussed in §§9.1 and
9.2, respectively, along with a summary of all possible bifurcation scenarios for the
nonlinear shear-banding instability in the granular plane Couette flow in §9.3. A
qualitative comparison of our predictions on the bifurcation scenario with particle
simulations and experiment is given in §9.4. We summarize the major findings of this
paper and suggest future extensions of the present order-parameter theory in § 10.

2. Plane Couette flow: continuum equations and boundary conditions
Consider a flow of granular particles between two infinite parallel plates at

y=+h/2, where h is the gap between the plates as shown in figure 1; both the
plates are moving in the opposite direction along the x-direction with the velocity
U, /2. Here, the overbar denotes a dimensional quantity. The physical state of the
particles of the granular system under study is that the particles are monodisperse,
smooth, spherical and inelastic with the particle diameter d and the coefficient of

restitution e. Here o =mn =p¢ is the mass density, m is the particle mass, 7 is the
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number density of particles, p is the material density (mass density of individual
particles), and ¢ is the volume fraction of the particles or the solid fraction; u = (u, v)
is the bulk (coarse-grained) velocity and 7 is the granular temperature (i.e. fluctuation
kinetic energy of particles).

The boundary conditions are chosen to be no-slip velocity and zero heat flux:
u(y=+h/2)=4U,/2, v(y=+h/2)=0 and dT /dy(y =+h/2)=0. For the purposes
of non-dimensionalization, we use the reference length, velocity and time scales as A,
U, and h/U,, respectively, and the material density p is used to non-dimensionalize
the mass density ¢ wherever it appears; see Alam & Nott (1998) and Alam, Shukla &
Luding (2008) for related details. In the following, all ‘unbarred’ quantities are
dimensionless.

2.1. Streamwise-independent equations

The full tensorial form of balance equations and the constitutive relations for the
stress tensor, the granular heat flux and the rate of collisional dissipation can be found
in our previous paper (Alam et al. 2008). Since the focus of this paper is on the shear-
banding instability, which originates from a specific form of perturbations having
no variation along the streamwise direction (x), here we start with the simplified
form of balance equations that do not depend on the streamwise coordinate. In the
dimensionless form, the streamwise-independent (d/dx(-)=0) balance equations for
mass, momentum and granular energy, respectively, are

ap v 3
v - X =0 2.1
ar TPy Ty =0 1)
3 3 1 8 [ ou
AL I L L 22
¢[3f+v8y}u H? 9y <M8y)’ 22
3 9 1 [ ap o v v
v lv=— |—LE 4+ T (2u 422, 2.3
? [fﬁ +v8y] L { oy "oy ( Moy * Byﬂ 23
dL% 9 O Lo faTy o
2 ot ay H? 0y dy dy

aw\> 1 /au\> A [ov)’

— P — = —-9. (24
(By) +2<3y> T <8y) 1 24
Here, H =h/d is the ratio between the Couette gap (k) and the particle diameter (d),
called the ‘scaled Couette gap’, which can equivalently be thought of as the inverse of
the dimensionless particle diameter i.e. H =(d/h)~"; ‘dim’ refers to the dimensionality

of the problem (dim =3 for spheres and 2 for disks). The dimensionless transport
coeflicients are

p(¢.T) = fi(§)T (pressure),
(¢, T) = foa@)JT  (shear viscosity),

1(¢.T) = fs($)NT  (bulk viscosity),
(¢, T) = fo(¢)T (granular thermal conductivity),
D(p,T) = fs(¢p,e)T** (collisional dissipation rate),

2
/q”(d)’ T) = é‘ - ﬁ“a

(2.5)
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where f;(.) values are dimensionless functions of the solid fraction:

fi(¢) = (1 + 4 x),

NG 8\, 8 ,
f2(¢)—96x<1+5¢X> +ﬁ¢ X
8

f5(9) =3 ﬁdfx, 26)
fald) = 21525;/: (1 + 152¢x>2 + \4ﬁ¢2x,
fi(e) = fﬁ(l — gy
The contact radial distribution function, yx(¢), is
x(¢) = W, (2.7)

where ¢,, corresponds to the maximum solid fraction at a random close packing
which is taken to be 0.65 in this work. All results, up to §8, are presented for (2.7),
but the effect of other choices of x(¢) on our predictions is discussed in §9.1. Also,
the effect of different forms of f; values in (2.6) that are valid for hard disks (dim =2)
is discussed in §9.2.

It may be noted that we have chosen a Navier—Stokes-order constitutive model
(Lun et al. 1984), which has been used by a number of authors (Alam & Nott 1998;
Forterre & Pouliquen 2002; Alam et al. 2005; Khain 2007) to probe the stability of
various types of granular shear flows. In the expression for the collisional dissipation
2 (which is proportional to fs5(¢, e) as in (2.6)), some authors (e.g. Garzo & Dufty
1999) have found an additional contribution proportional to V - u, which appears as
a dense gas correction. We have checked that this additional term does not affect the
onset of linear shear-banding instability and it is hence omitted in the present work.
We have also neglected a ‘Dufour-like’ term (~V¢) in the expression for the granular
heat flux (see, for example, Lun et al. 1984; Sela & Goldhirsch 1998; Garzo & Dufty
1999) — even though this is a Navier—Stokes-order term, i.e. of the order of the
Knudsen number (Kn), it appears at O(eKn), where € = (1 — ¢?) is the inelasticity.
However, it can be easily verified that the shear rate (~Kn) and the inelasticity cannot
be separated from each other (Kn ~ \ﬁ) in a uniform shear flow and, therefore, the
above ‘Dufour-like’ term is likely to be of higher order in terms of the Knudsen
number. In any case, the effect of this additional term on the stability of the uniform
shear flow, along with the effects of spin fields and tangential restitution, was checked
by Gayen & Alam (2006), who showed that this term does not introduce any new
instability in the plane shear flow.

Note that Gayen & Alam (2006) used more general expressions for fi—fi in (2.6),
which also depend on the restitution coefficient e, having a larger range of validity
in terms of e; for example, the correct expression for f; for inelastic particles is
fi(g,e)=ao(1 + 2(1 + e)px), with similar expressions for f,—f4. Even with such an
elaborate restitution-coefficient-dependent constitutive model, they reported no new
instability in plane shear flow. Since the present nonlinear analysis is a finite-amplitude
saturation of the underling linearly unstable mode, our contention is that a more
complex restitution-coefficient-dependent constitutive model would not qualitatively
alter our predictions on ‘nonlinear’ shear-banding instability.
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The Navier—Stokes-level constitutive models are strictly valid in the quasi-elastic
limit (e ~ 1) since certain non-Newtonian effects, such as the normal stress differences
(Sela & Goldhirsch 1998; Alam & Luding 2003, 2005; Chikkadi & Alam 2009),
become prominent at smaller values of the restitution coefficient (i.e. at larger
dissipation levels). Such effects can only be incorporated using Burnett- or super-
Burnett order constitutive models (Sela & Goldhirsch 1998), which we do not consider
here. It should, however, be noted that the nonlinear analysis presented in §§ 3 and 4
can also be easily adapted to non-Newtonian constitutive models and, therefore, our
nonlinear order-parameter theory, as described in §§ 3 and 4, is of general import.

The boundary conditions in the dimensionless form are

u=i1, v=0, d—T=O at y=+41/2, (2.8)
2 dy

which correspond to zero-slip, zero-penetration and zero heat-flux, respectively. More
general forms of the boundary condition with non-zero slip velocity and/or non-
adiabatic (d7/dy # 0) walls can be incorporated into the nonlinear stability theory,
but the resulting nonlinear analysis (especially the adjoint problem and the higher
harmonics) becomes very complicated, which we do not discuss in this paper. As
rightly pointed out by one reviewer, the walls can act as sources or sinks of granular
(fluctuation) energy, which might affect the nonlinear saturation of the shear-banding
instability, thereby modifying the structure and the spatial position of shear-bands
within the Couette cell. The effect of such slip boundary conditions with non-adiabatic
walls on the ‘linear’ shear-banding instability has been discussed by Alam & Nott
(1998), to which we refer the readers for related details. In this paper, as a first
step towards developing an order-parameter theory, we restrict ourselves to simpler
boundary conditions (2.8) that admit analytical solutions even for the nonlinear
problem and the related bifurcation scenario remains perfect (Alam 2005; Alam
et al. 2005), leaving aside the related imperfect problem with realistic boundary
conditions (Chikkadi & Alam 2009) to a future work.

2.2. Steady plane Couette flow: base state
The stability of the flow which we want to study is the steady, fully developed, two-

dimensional flow between two infinite parallel moving plates. Under these assumptions,
we can write the base state solution as

¢=¢"(y). u=("(y).0). T=Ty). (29)
With no-slip and adiabatic boundary conditions (2.8), the resulting base flow equations
admit the following solution of uniform shear with constant density and granular
temperature:

0
W’(y)=y, v'=0, ¢°=constant, T°¢°)= constant = _S9) (2.10)

fs(¢0,e)’
where f>(¢°) and f5(¢°, ) are given by (2.6). Note that the pressure (p°) and the
shear stress [u°(du®/dy)] are also constants for the steady plane Couette flow. In the
following discussion, we use density or solid fraction or volume fraction to refer to
the same quantity ¢.

3. Nonlinear disturbance equations and linear adjoint system

The stability of the basic flow is examined by decomposing all the flow variables
and transport coefficients into a base flow part and a finite-amplitude perturbation:
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d(y, 1) =¢°(y)+¢'(y, t), where the superscript 0 denotes the base state and the prime
denotes its perturbation. The transport coefficients are analytic functions of density
and temperature, and hence can be written as a Taylor series around the base state,
ie.
1 2 2

(6. T) = P+ pi¢'+ prT'+ 57 (P3ed” + Pyrd' T+ Ppr T+ P2, T'9) -0, (31)
where the subscripts denote the respective partial derivatives, and the superscript 0
implies that the quantity is to be evaluated at the base flow conditions. Inserting the
Taylor series expansions of all hydrodynamic variables and transport coefficients into
(2.1)-(2.4) and subtracting the base flow equations, we obtain nonlinear perturbation
equations, correct up to cubic order, which can be put in the operator form:

(;t—$>X=A/2(X,X;8,)—|—JV3(X,X,X). (3.2)
Here, % is the linear operator, /7, and /"3 are the quadratic and cubic nonlinear
terms, respectively, and X =(¢',u’,v', T')" denotes the disturbance vector. The
explicit forms of 4", and .4'; are given in Appendix A (Appendix A is part of
the supplementary material available at journals.cambridge.org/flm); note that in
addition to standard quadratic terms involving disturbance variables and their spatial
derivatives, /", also contains terms involving time derivatives of X, which originate
from inertial terms in momentum and energy equations as seen in (A3), (AS5) and
(A7). The linear stability operator is given by

0 0 —¢°i 0
dy
RN py 0
PO H? 3y POH? §y? PO H? 3y
g —
—py 9 0 2u° +1°) 8* —py 0
H2¢0 ay H2¢0 8y2 H2¢0 ay
2o —78) 4 o 2" 0 2 (KO,
¢°dim ¢°dim dy #°dim 3y  ¢°dim \ H? 9y? T T
(3.3)
The boundary conditions can be written in the matrix form as
000 O ,
¢
01 0 O y
BX(y=x1/2)=]0 0 1 0 S| = 0, (3.4)
d
0 0 0 — T'
dy
with the boundary operator 4 as defined above.
3.1. Linear adjoint system
Neglecting nonlinearities, the linear stability equations can be presented as
X
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The adjoint equation for this linear stability operator (%¥) is
ax'
ot

where XT=[¢", uf, v", TT]T is the adjoint eigenfunction and #' is the adjoint
operator, which is calculated from the definition of the adjoint operator

(X", 2x) = (£'x7, X). (3.7)

= 77X, (3.6)

In the above, the standard inner product has been defined as

1

12 12 4
vonzon = [ Tz - [ IRIEITER (38)
- i=1

for two complex-valued vector functions Y(y) = [y1, y2, y3, y4] and Z(y) = [z1, 22, 23, 24]
on the interval —1/2 <y < 1/2, with the tilde denoting a complex conjugate quantity.

With the above definitions, the form of the adjoint operator can be shown to be
related to the linear operator via

= LT0/dy » —8/dy, 8% /0y*;¢°, T, ..)), (3.9)
and the adjoint boundary conditions are
BX" =0, (3.10)
with 4 being given by (3.4).

3.2. Analytical solutions for fundamental mode and its adjoint

Since the linear problem is invariant under arbitrary time translation ¢ — ¢ 4-constant,
the normal mode solutions with complex frequency ¢ are sought:

X(y, 1) = X(y)e“, (3.11)

where X (y)= (6, &, D, f"](y) are unknown functions of y. This reduces the linearized
system of partial differential equations to a set of ordinary differential equations:

I X =LX, with %X =0, (3.12)

where L=%(d/dy,d?/dy?, ...) is a linear ordinary differential operator, I is an
identity operator and ¢ =c¢, +1ic¢; is a complex eigenvalue such that the flow is stable
if ¢, > 0, but unstable if ¢, <0, and neutrally stable if ¢, =0. It can be verified that
this system of equations has analytical solutions (Alam & Nott 1998):

(, (¢1. Ty) coskg(y £ 1/2), }

)= _ (3.13)
(6, 9) = (uy, v1)sinks(y £ 1/2),

where kg = gm, with =1, 2,3, ... being the mode numbers. Substituting the above
solution in (3.12), we get an algebraic eigenvalue problem for linear stability:

CIX1 ZQX1, (314)

where X = (¢, uy, vy, T1) represent the amplitude of the fundamental mode, and the
elements of the matrix Q are straightforward to obtain from L.

The classification of the mode number 8 as defined in (3.13) is given in terms
of the number of zero-crossings of the density eigenfunction within y e (—1/2,1/2)
as shown in figure 2, which displays all four eigenfunctions of the first three modes
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FIGURE 2. Linear eigenfunction profiles across the Couette gap for the first three modes g = 1
(solid line), 2 (dashed line) and 3 (dot-dashed line) for ¢°=0.15, H=100 and ¢=0.8. (a)
density, (b) streamwise velocity, (c) transverse velocity and (d) granular temperature.

B=1,2,3for  =0.15, H=100 and e =0.8. It is clear that the eigenfunction for mode
B =2 can be obtained by joining the eigenfunction of mode =1 twice along the
y-direction, and so on. Therefore, ks = fm in (3.13) can be considered as a ‘discrete’
wavenumber along the gradient (y) direction, with k; =7 being the wavenumber of
the lowest-order mode: the higher the mode number (8) the larger is the ‘gradient’
wavenumber (kg).

It can be verified that the adjoint system (3.6) satisfies the analytical solution of
the linear stability problem, and hence we can write its solution in terms of sine and
cosine functions as in (3.13):

¢'(y) = @] cosks(y £1/2),  ul(y) = ulsinks(y £ 1/2), }

I T (3.15)
vi(y) = v sinkg(y +1/2),  TT(y) =T, coskg(y +1/2).

Similar to linear eigenfunctions, we found that the adjoint -eigenfunctions
corresponding to the least stable shear-banding mode are real.
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4. Nonlinear stability: amplitude expansion method and Landau coefficients

We follow the amplitude expansion method of Stuart (1960) and Watson (1960),
which was later formalized by Reynolds & Potter (1967) in an elegant manner. This
is an indirect method to arrive at the Landau—Stuart amplitude equation, and the
related Landau coefficients are found by using the Fredholm integral or the solvability
condition as detailed here. The nonlinear solutions are determined in terms of the
basic wave and its distortion and harmonics of various orders.

As mentioned in the Introduction (§1), we have recently developed an order-
parameter theory for the same problem using the centre-manifold reduction
technique — the interested readers are directed to the supplementary information
of our paper Shukla & Alam (2009) to understand the detailed methodology of that
technique. While discussing the amplitude expansion method in §§4.1 and 4.2, we
will remark on how and where the present method differs from the centre-manifold
reduction technique.

In linear theory, we assume infinitesimal disturbances (basic wave) of the form

X(y, l) — X[l;l](y)ei(wf)eat’ (41)

where a + iw is the complex eigenvalue; e is the amplitude of the basic wave with
a denoting its growth rate and w is the frequency of the basic wave. (The superscript
notation on the amplitude, X! of the linear eigenfunction is clarified in §4.2.2.)
The flow is linearly unstable or stable or neutrally stable if a is positive or negative
or zero, respectively.

In nonlinear stability, the amplitude of the disturbance, A(¢), is finite and time-
dependent, which is taken to be the counterpart of the real exponential term in (4.1),
ie. A(t)=¢“; moreover, the frequency of the basic wave, w, is allowed to depend on
the disturbance amplitude, i.e. w =w(A).

4.1. Transformed nonlinear equations
Let us use the following transformation (Reynolds & Potter 1967):

0 =wt, w=w(A), A=A(), (4.2)

where A(t) is the real amplitude of the disturbance such that A(¢) =e* for infinitesimal
disturbances in the linear theory. The following fact is embodied in the above
transformation: the growth rate and frequency will change with the finite size of
the perturbation. Therefore, the partial time derivative can be transformed into

ﬁﬁdii_k _}_dﬁ tdi i (43)
ot droa |CTaa\"dar )| 96 '

This transformation is equivalent to a two time-scale transformation, where the
first term in (4.3) represents a slow time scale (which implies that the perturbation
amplitude A(¢) is a slowly varying function of time) and the second term represents
a fast time scale.

The above transformation (4.3) is then inserted into streamwise-independent
disturbance equations (3.2). For example, the x-momentum disturbance equation
is transformed into

0dA du’ + ¢° {w%— do <tdA>} u + ¢%’

dr 9A da \'dr /| 96
1 dd’ oT’ 92u’ .
=1 [/Lg 8(}; + /L(} 3y +u° 3;2 + nonlinear terms, (4.4)
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and the rest of the disturbance equations are transformed accordingly. All four
equations can then be written in a compact form as

[M(Bp, 06;0) — L(0y,05;8°,..)] X = N2(X, X;0, > (04, %)) + N3(X, X, X). (45)

Here £(9,, 82;¢°, ...) is the linear stability operator and ./ is a diagonal operator,

yr Yy
dA 9 do [ dA 9
with I being the identity operator. In (4.5) the arguments of .4"5(+) contain partial

derivatives 94 and 9y that appear due to the replacement of the time derivative in the
quadratic nonlinear terms in (A3), (AS5) and (A7) via (4.3).

4.2. Amplitude expansion method
4.2.1. Fourier expansion and transformed nonlinear equations

To solve (4.5), now we look for solutions X = X(y, A, 0) in terms of the wall-normal
distance (y), the amplitude of the perturbation (A) and the instantaneous position
of the basic wave (0 =wt). Let us consider the following Fourier expansion for the
perturbation quantities (Watson 1960; Reynolds & Potter 1967):

X(y, A, 0) = XB(y, A)e? + XO(y, A)e k¢, (4.7)

where the summation is taken over all positive integers k = 0, and the tilde over any
quantity denotes its complex conjugate. This Fourier expansion (4.7) shows that, as
mentioned before, the finite size of the perturbation will change both the frequency
(~6 as embodied in the exponential term in (4.7)) and the growth rate (~A as
embodied in the amplitude function in (4.7)) of the perturbation.

Substituting (4.7) into the nonlinear perturbation equations (4.5) and collecting the
coefficients of ¢*’, we obtain an infinite set of coupled nonlinear partial differential

equations for each Fourier coefficient X*), k=0, 1, 2,.... The matrix representation
of these equations for X®(y, A)=(¢®, u®, v® T*NT can be written as
(™ — L)X = N5+ N3, (4.8)
MP = M3y, 3 = ik;0) = [i{:a‘i‘ + <w+ j—j (zi’?)) ik] I. (4.9)
The boundary conditions are transformed into
AXY =0 at y=+1/2. (4.10)

Because of the nonlinear interaction/coupling of different Fourier modes, the solution
to the infinite set of partial differential equations (4.8) is difficult to ascertain. Focusing
on small-amplitude (but finite) waves, a power-series solution in the amplitude A can
be sought. This procedure amounts to choosing a variable separable solution in terms
of a Taylor series in the perturbation amplitude which, in turn, helps to decouple the
coupled system of nonlinear equations (4.8).

4.2.2. Taylor expansion and superscript notation

When the nonlinearities of governing equations are taken into account, the
perturbation interacts with (i) itself, (ii) its complex conjugate and (iii) its higher-order
harmonics, leading to the generation of harmonics and the corrections/distortions
of various orders in the amplitude of perturbation. We require that the nonlinear
problem for infinitesimal amplitudes (A — 0) should reduce to the linear problem;
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here O(A) denotes the fundamental mode (linear eigenfunction), O(1) denotes the
mean flow, O(A?) consists of the second harmonic (k=2) as well as the distortion
of the mean flow (k=0). The fundamental mode interacting with (i) itself and (ii)
its complex conjugate leads to the generation of (i) the second harmonic and (ii) a
distortion of the mean flow, respectively, both O(A?). Similarly, the interaction of (ia)
the fundamental mode with the second harmonic and (ib) three fundamental modes
generates the third harmonic (k = 3), and (ii) the interaction of the fundamental mode
with the distortion of the mean flow leads to the generation of the distortion of the
fundamental mode (k= 1), all three being O(A*). The above physical considerations
suggest the following power-series expansion for the perturbation vector:

XW(A, y)=A"xEn(y),  with k>0, n>1, (4.11)

where XWn1(y) = (¢l gk ylnl Tk T represent the spatially varying amplitude
functions. We have followed Reynolds & Potter (1967) to identify the superscript
notations and their bounds as indicated below:

(n)=n=>0, []l=n=1, {n}=>n>=22, nym=n<m, (4.12)
k;n]=n>=k, k=0, nx=1, (4.13)
{k;n}=>nz=k, k=1, n=2. (4.14)

Note that the negative indices are not permitted and the lower bound on any index
is greater than or equal to zero, depending on the type of the bracket/delimiter, ()
or { } or []. The last item in (4.12) asserts that a semicolon puts a limit on the first
index which is bounded by its second index.

In the dual superscript notation for X% in (4.11), the first index (k) refers to a
particular Fourier mode and the second index (n) indicates the order of a particular
term as O(A"). To clarify this, let us consider the Taylor series expansion of the first
three Fourier coefficients:

XDy, 1) = A@) (XU() + ACPXII) + ),
XO(y,0) = AGP (XO2(y) + A@PXOA(y) +- ),
XO(y,1) = AGP (XBA(y) + A@PXEA(y) +- ).

(4.15)

The leading term of the first (k=1) Fourier coefficient X*=1 is AXW!  which
is O(A™!), representing the fundamental mode; the next-order term in X*=1 is
A3XU31 which represents the first correction/distortion of the fundamental mode
and is O(A%), and X3 is called the distortion of the fundamental mode. The zeroth
(k=0) Fourier coefficient X*=9 is related to the base/mean flow (which in our
double index superscript notation would be X9 (y)=(¢°, u°, v°, T%)T, as in (2.10)).
Therefore, the leading term in X© is A2X[%2 which represents the distortion of
the mean flow, and the remaining terms are its subsequent higher-order corrections.
Similarly, the leading term of the second Fourier coefficients X*=2) is A2X 1 which
is the second harmonic, and the remaining terms are its subsequent higher-order
corrections. It is clear from the above arguments and (4.15) that

x®n =0, for odd (k+n) (4.16)

in the power-series expansion (4.11)
The above superscript bracket notations (Reynolds & Potter 1967) are extremely
useful in simplifying the algebra as well as in identifying a particular mode (i.e. a
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fundamental or a harmonic of a particular order) and its modal interactions of any
order.

4.2.3. Landau equation and modal equations for X%

From the requirement that A(¢) be proportional to € (a =a'”) as A — 0, it follows
that
1da | o
A dt
This is the well-known limit of infinitesimal disturbances in linear stability theory.
Since the amplitude for infinitesimal A must behave as in linear theory (i.e. grow/decay
exponentially), we can write (1/A)(dA/dr) as a power series in A:

dA
AT —
dr

where a” is an eigenvalue (growth rate) from the linear theory, and a for odd n

turns out to be zero (see below). For the nonlinear analysis, we are interested in a?

or, in general, a™ for even values of n. Similarly, we can write an expression for the
terms involving frequency w,
do [ dA

o+ (tdt> =00 + ApY + A% - = A", (4.19)

as A —0. (4.17)

=a% + AadV + A% 4 = A", (4.18)

where b is an eigenvalue (frequency) from the linearized theory, b for odd n turns
out to be zero and b™ for even values of n are needed for the nonlinear analysis.
Note that »® would represent the leading-order nonlinear correction to the frequency
of oscillation.

It is clear that the Landau equation is postulated to hold in the present formalism
of the amplitude expansion method (Stuart 1960; Watson 1960; Reynolds & Potter
1967). This is in contrast to the centre-manifold reduction (Carr 1981) wherein the
Landau equation is derived from the evolution equation of the slow mode by taking
its inner product with the adjoint linear eigenfunction (Shukla & Alam 2009). This is
one of the main differences between the ‘direct’ method of centre-manifold reduction
and the ‘indirect’ method of the amplitude expansion technique (see the last paragraph
of §4.5 for other major differences).

Inserting (4.11)—(4.19) into (4.8) and equating the coefficients of A", we get an
infinite set of inhomogeneous equations for X’ = [k ylknl k] gt

Lknx[k;ﬂ] — _C[nfl]X[l;l]Sk1 + G,
=1 = g1y pln=]
G = —(ma"™" +ikb?"=") XM 4 E /(1 + 810) + Fra,
Ly, = (na + kb1 — L,

(4.20)

where L = #(d/dy, d>/dy?, ...) is the linear stability operator as in (3.3), ¢~ values
are Landau coefficients, the vector Gy, represents a sum of linear and nonlinear
(quadratic and cubic) terms, I is the identity operator and &y, is the Kronecker delta;
for superscript notations used in the above equation, see (4.11)—(4.13). In (4.20), the
factor 1/(1 + 8,0) with E,, arises from the product of two Fourier series in which the
zeroth-order terms are multiplied by a factor 2; F}, represents cubic nonlinear terms
that arise from the product of three Fourier series. Note that the nonlinear terms Ej,


https://doi.org/10.1017/S0022112010004143

https://doi.org/10.1017/50022112010004143 Published online by Cambridge University Press

218 P. Shukla and M. Alam

and F;, are vector-valued functions:
Ew = [E}, B}, E, EL]" and F, =[F., FA F, Fi]', (4.21)

where the superscripts 1, 2, 3 and 4 refer to terms that originate from the continuity, x-
momentum, y-momentum and granular energy equations, respectively. Furthermore,
we can decompose the quadratic nonlinear terms Ey, as

E.,=E) +E. =E;,, +E, (4.22)

where Ef = E!, corresponds to 6-dependent terms that involve the derivatives of r,
and E;, corresponds to terms that are y-dependent and their derivatives with respect
to y. Note that the term E},, corresponding to the time-dependent part of disturbance
equations, is the product of a Fourier series and a time derivative of a Fourier series
that involves Landau equation (4.18). The above system of equations (4.20) is to be
solved with the following boundary conditions:

BX%N =0 at y=+1/2. (4.23)

Equations (4.20) with boundary conditions (4.23) embody all necessary information
for the nonlinear analysis of the granular plane Couette flow as discussed in §§4.3—
4.5. We have reduced our nonlinear stability problem to a sequence of linear
inhomogeneous differential equations (4.20) for X% and each of which can be
solved sequentially if we know the Landau coefficients ¢~ along the way. The
latter can be obtained using the Fredholm alternative or the solvability condition of
inhomogeneous differential equations discussed in §4.5.

4.3. Linear disturbance: fundamental mode
At O(A) we get back the linear problem for the fundamental mode X!l by
substituting k =n =1 into (4.20):

LyxUBl =0 = pL[xt= 0fpxl1 (4.24)

where L is the linear stability operator. This equation is the same as (3.12) with
c=c© and X = x:1,

4.4, Mean-flow distortion and the second harmonic
At O(A?), we get equations for the mean-flow distortion and the second harmonic.
Substituting k =n =2 into (4.20), we get

L22X[2;2] = [2(41(0) + ib(o))l — L}X[Z;z] = G22 = Ezz (425)
with the boundary conditions X2 =0 at y =+41/2. Here, G5, = No(X:1, x 1) =
E»; is the product of two fundamental modes. Note that there is no cubic nonlinear

contribution at second order (i.e. F»; =0).
Substituting k =0 and n =2 into (4.20), we get, at O(A?),

LpX" = 2497 — L] X" = Gy, = Ep/2, (4.26)

where G, = G (X1, X[1:1) with boundary conditions #X1% =0 at y =+1/2. The
explicit functional form of G, is

Gor = 0.5 [No(XTH1, x 1) 4 Ny (x U X TE0)] (4.27)

Note that X[ is always real. To verify this, let us write the complex conjugate
equation for X102,

LpX"? = G, (4.28)
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where Ly, = Loy, and G, is given by
Gor = 0.5[No(x 1, X 4 Ny(XTH1, X )] = Gy, (4.29)
This immediately implies that X2 is real:
x02 = k021, (4.30)

In §7.1, we will further prove that X2 = X2 je the base flow distortion and the
second harmonic are equal for the shear-banding mode.
4.5. Distortion of the fundamental mode and the first Landau coefficient
At O(A?), we get an equation for the distortion of the fundamental mode X3 by
substituting k =1 and n =3 into (4.20):
L x5 = [(31,1(0) +ib N1 — L]Xm] =—cPxM 4 Gys. (4.31)
The expression for the inhomogeneous term G3 is

Gi3 = Nz(X[O’z], X[l;ll) + NZ(X[OJ]’ X[l;l]) + NZ(X[M]’ X[0’2]) + Nz(X[l;l], 5([0’2])
—I—Nz()N([l']], X[2;2]) + Nz(X[Z;zl, f([l,l]) + N3()~([1’1], Xll;l]’ X[l;ll)
Np(XI) I My Tt x sl gLy
=2 [Nz(X[O’Z], Xy 4 Ny(x Y] X[O,Z])] + No(X1) x 22y 4 Ny (x22) XIL0)
+N3()~([1’”, X X[l;l]) + N3(X“;1], X X[l;l]) + N}(X[l;l], X, 5([1’1])
(4.32)

and the boundary conditions are #X[31 =0 at y =+1/2. In the above equation, the
quadratic and cubic nonlinear terms represent E;, and Fj,, respectively, in (4.20).
In (4.31), the first Landau coefficient ¢® is unknown, which can be found by
invoking the solvability condition
1/2
/ X'Gi;dy

1/2 (4.33)

12 ’
1:1
Xtxmgy
—1/2

@ = 4@ 4 ipd =

where X is the adjoint linear eigenfunction that corresponds to the solution of (3.6).
The solvability condition or the Fredholm alternative asserts that the inhomogeneous
part of differential equations (4.31) must be orthogonal to the adjoint of the associated
homogeneous problem — this guarantees the uniqueness of the solution to the
inhomogeneous differential equations (4.31).

Similar to (4.33), we can write down a general expression for Landau coefficients
of any order, ¢, in terms of an integral involving inhomogeneous terms, Gy,, of
(4.20). It is straightforward to verify from (4.16) that Gy, =0 when (k + n) is odd,
and hence ¢ vanishes for all odd n =1, 3, 5, . ... The next non-zero coefficient is ¢*,
which is called the second Landau coefficient. In this paper, we restrict ourselves to
calculating only the first Landau coefficient ¢® from (4.33).

Note that the expression for the first Landau coefficient obtained from the centre-
manifold reduction ((9) in Shukla & Alam 2009) is exactly the same as (4.33)
with the normalization (X T, X[} = 1. Before proceeding further, note an important
difference between the amplitude expansion method and the centre-manifold reduction
with respect to the calculation of this first Landau coefficient. It is clear from
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the above discussion that in the amplitude expansion method, the first Landau
coefficient (4.33) is determined from the solvability condition of the inhomogeneous
differential equation for the distortion of the fundamental mode (X'33) that appears
at cubic order as in (4.31). This may be contrasted with the calculation of the same
from the centre-manifold reduction (see Shukla & Alam 2009), where our starting
point is an evolution equation for the slow/critical mode which is obtained from a
spectral decomposition of the linear operator in terms of slow and fast modes, with
the fundamental mode being called the ‘slow’ mode (because the growth rate of
the fundamental mode is close to zero, this is the slowest decaying mode) and the
remaining eigenvalues (having large negative growth rates and hence fast decaying)
as ‘fast’ modes. The inner product of the evolution equation for the slow mode with
the adjoint of the linear eigenfunction then leads to the well-known Landau equation,
and the coefficient of the cubic term (A3) in the Landau equation is simply the
first Landau coefficient, which is expressed in terms of an inner product of certain
nonlinear terms and the adjoint linear eigenfunction. The evolution equations for
fast/slave modes are used to concurrently determine the base-flow distortion and the
second harmonic that are needed to evaluate the nonlinear terms in the expression
for the first Landau coefficient. The related mathematical details can be found in the
supplementary information of Shukla & Alam (2009) and hence we do not repeat
them here for the sake of brevity.

5. Symmetries of linear and nonlinear modes

Before embarking on the analytical/numerical solution procedure of (4.23), (4.24),
(4.25), (4.30) and (4.33), here we analyse certain symmetries of the linear (X[!) and
nonlinear modes (X2, X021 and XU:3) up to the cubic order.

First, let us consider the base state solution of uniform shear with constant density
and granular temperature. The base state equations remain invariant under the
following transformation:

(=) =8°(y),  u’(=y)=—u’(y), T°(=y)=T). (5.1)

This symmetry about the midplane y =0 of the base state solution (2.10) implies that

the velocity is antisymmetric about y =0 and the density and granular temperature
are symmetric about y =0.

The linear disturbance equations for the fundamental mode and the related

boundary conditions satisfy the following two symmetry groups (Alam & Nott 1998):

PI(y) = plN(—y),  ul(y) = —ult ),

vl (y) = —oltl(—y),  TEN(y) =TI (—y), } 52
and

U l(y) = =gt l(=y),  ull(y) = ul (),

W (y) = ol (—y),  TIy) = —T U (), } e

where the former preserves the symmetry of the base state solution (5.1), and the
latter breaks (5.1).
It follows from the symmetries of the fundamental mode that the interaction of two
fundamentals would give rise to the following symmetry for the second harmonic:
PEA(y) = LA (—y),  uPA(y) = —uP(—y), }

U[Z;Z](y) — _v[2;2](_y)’ T[2;2](y) _ T[Z;zl(—y). (54)
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This, of course, preserves the symmetry (5.1) of the base state solution. The distortion
of the mean flow, X2, also follows the same symmetry of the base state since X2
appears at the quadratic order O(A?).

Similarly, the distortion of the fundamental mode, X3 satisfies the following
symmetries:

¢[1;3](y) = ¢[1;3](_y)’ u[1;3](y) _ _u[1;3](_y)’

WI3l(y) = —pl13(—y),  TH3I(y) = TOS(—y), } (5.9)
and

¢[1;3](y) — _¢[1;3](_y)’ u“ﬁ](y) — u“ﬁ](—y),

ol13(y) = pl1B3l(—y), TU3(y) = — T3 (—y). } (5.6)

The above symmetry groups can be understood from the fact that the fundamental
mode is O(A) and the interaction of two fundamentals gives rise to the terms O(A?),
and so forth. Thus, the second harmonic X>? admits a symmetry which is the product
of symmetries of the fundamental mode. Similarly, the symmetry of the distortion of
the fundamental (O(A?)) would follow the product of symmetries of the fundamental
and the second harmonic.

6. Numerical method: spectral collocation and Gauss—Chebyshev quadrature

In §4, we have reduced the nonlinear stability problem to a sequence of systems
of inhomogeneous linear differential equations for the fundamental mode and its
distortions and higher-order harmonics. The general form of this system of equations
is

L, Xk = _c—=lxlknls 4 G, with k>0, n>1, (6.1)

where Ly, is the linear operator, /"=l are the Landau coefficients and Gy, denotes
the nonlinear terms. We have developed a spectral-based numerical method to solve
the above problem and a brief description of this numerical method is given below.
For the linear stability problem (4.24), we need to solve the linearized perturbation
equations along with homogeneous boundary conditions. All four equations have
been discretized along the y-direction by implementing the staggered-grid spectral
collocation method that uses Chebyshev polynomials as a basis set. More specifically,
the mass balance equation is collocated at Gauss points and the momentum and
energy equations at Gauss—Lobatto points. The interpolation matrices of spectral
accuracy are then used to interpolate between the variables at Gauss (density)
and Gauss—Lobatto (velocity and granular temperature) points. For details on the
spectral collocation technique, the reader is referred to Canuto et al. (1988) and
Fornberg (1998). The discretized form of perturbation equations, along with boundary
conditions, is formulated as a generalized matrix eigenvalue problem of the form

Axl — (Ogxlin (6.2)

where ¢ is the linear eigenvalue and X[ is the discrete representation of linear
eigenfunction; A and B are square matrices of order (4M + 3), where M denotes
the number of collocation points (i.e. the degree of the Chebyshev polynomial).
The eigenvalues of the generalized eigenvalue problem are determined by the QZ-
algorithm of MATLAB software. The eigenvectors X!l are normalized by dividing
it by a component of the vector X!l having the maximum absolute value. Another
part of the linear stability problem is to solve the associated adjoint system. Using
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the same spectral method, the adjoint system has been discretized and solved for the
adjoint eigenfunction X and its adjoint eigenvalue ¢ = ¢, Recall that the adjoint
eigenfunction is used in the solvability condition (4.33) to calculate the first Landau
coefficient.

For nonlinear stability, we need to solve the related inhomogeneous differential
equations, (4.25), (4.26) and (4.31), and the solvability condition (4.33). We can
subdivide these nonlinear calculations into two parts: one is to solve /X =b
type equations ((4.25), (4.26) and (4.31)), and the other is to calculate the first
Landau coefficient using the solvability condition (4.33). Similar to the linear
eigenvalue problem, the higher-order inhomogeneous system of differential equations
is discretized using the same staggered-grid spectral collocation method, where the
continuity equation is evaluated at Gauss points and other equations are at Gauss—
Lobatto points. The resulting square matrix ./ in .&/X =b turns out to be dense,
unstructured, unsymmetric and ill-conditioned; thus, the method of the Gaussian
elimination is not a good choice to solve these algebraic equations. We employed
the method of singular value decomposition (Press et al. 1992) for solving «/X =b
system in each case of (4.25), (4.26) and (4.31).

The second part of nonlinear computations is related to evaluating the solvability
condition (4.33) to determine the first Landau coefficient: this is a ratio of two definite
integrals. These integrations are calculated using the Gauss—Chebyshev quadrature:
the Gaussian quadrature using the Chebyshev polynomial as an interpolating
polynomial is called the Gauss—Chebyshev quadrature. Next, we briefly discuss an
accurate quadrature formula at Gauss—Lobatto points (Hanifi, Schmid & Henningson
1996) to evaluate the above-mentioned integrals. In the spectral collocation method,
we approximate the unknown variables in terms of the Chebyshev polynomials of
degree M,

M
@)= aTu(2). (6.3)
a=0

where T,(¢) = cos(a cos~'(¢)). The Chebyshev polynomials are then evaluated at the
extrema of the Mth-order Chebyshev polynomial, called Gauss—Lobatto points, given

by
JjT
{j = cos (M)’ (6.4)

where j =0,..., M.
The general rule for Gaussian quadratures is

M

1
JRGEE SN (6.5)

j=0

where w(¢;) is the weight function and ¢; are called nodes. To derive the Gauss—
Chebyshev quadrature formula, we need to find weight functions on the Chebyshev
grid (i.e. on the Gauss—Lobatto grid). Now we make use of the discrete orthogonality
condition of the Chebyshev polynomials, which reads as

M
(f.8) = b f(£)8(z)), (6.6)

j=0
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where by=by =1/2,b;=1 for 0 < j <M, and ¢; are the Gauss—Lobatto points as
defined in (6.4). From this definition, it follows that

0 aFy,
(To(0). T,(5) =4 M a=y=0M, (6.7)
M/2 a=y +0,M,

which can be used to obtain the expansion coefficients a, in (6.3):

Cy

to =27 > bif(E)Tu(E)), (638)
j=0

where ¢o=cy =1 and ¢, =2 for all 0 <« < M. Therefore, the expansion formula (6.3)
simplifies to

M M M
b
F@) =) aTul@) =) caTult) Y L F(E)TL(E)). (6.9)
a=0 a=0 j=0
which, upon integration with respect to ¢, leads to
1 1 M M 1
[ r0de =53 b)Y et [ nid (6.10)
- j=0 a=0 -
where
1 0 a odd,
[ n@ac=3 (6.11)
-1 « even.
1—a?

This immediately yields an expression for the weight function as defined via (6.5):

M

w(;) = Z{2+an1:__(;12)acos <OUMR>} (6.12)
a=2

If a mapping ¢ =¢(y) is used to transform the physical domain y € [y;, y,] into the
Chebyshev domain ¢ € [—1, 1], then the expression for the weight function becomes

B bij M OleE 1 dl
MW‘MZ%“SW’lnm@“' (6.13)
a=0 -

In the present problem the physical domain is y=[—1/2,1/2] and hence we can
assume a mapping ¢ =2y, and the Gauss—Chebyshev quadrature formula can be
rewritten as
1/2 M
FOdy =D w(g) £(&)), (6.14)
—1/2 =0
where w(¢;) is given by (6.13) with dy/d¢ =1/2.

To numerically evaluate the solvability condition (4.33), we first calculate each
integrand at the Gauss—Lobatto points (where the terms related to the continuity
equation are interpolated from Gauss points to Gauss—Lobatto points) and then take
the weighted summation as in (6.14). For the present problem, the above quadrature
formula has been compared with two other composite integration methods, namely
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Symbols Definition

¢° Mean density or solid fraction (the volume fraction of particles)
H=h/d Ratio between the Couette gap and the particle diameter

e Restitution coefficient

kg =pmn ‘Discrete’ wavenumber along the y-direction, (3.13)
B=1,2,3,... Mode number, (3.13), (7.1)

a® Growth rate of the fundamental mode, (4.1), (4.16), (4.17), (8.9)
a® Real part of the first Landau coefficient, (4.17), (4.32), (8.9)

M Number of collocation points, (6.4), (6.13)

H. Critical Couette gap, (8.4)

0B Critical mean density, (8.5)

A=A, Equilibrium amplitude, (8.9)

H* HB™'(1 — €)', (8.19)

TaBLE 1. Control parameters for stability.

Simpson and trapezoidal quadrature rules. It has been verified that the Gauss—
Chebyshev quadrature converges with about M =75 collocation points, while to get
the same accuracy using the Simpson quadrature we need to use M > 200 grid points.
This superior convergence of the Gauss—Chebyshev quadrature is presumably due to
the spectral accuracy of the underlying scheme (Canuto et al. 1988; Hanifi et al. 1996).
Table 1 summarizes all dimensionless parameters that we will frequently refer to while
presenting our results in §§ 7-9.

7. Analytical solution and comparison with numerical (spectral) solution

The underlying symmetries of the fundamental mode and its nonlinear corrections
as discussed in §5, together with the analytical solution of the fundamental mode
(Alam & Nott 1998), helped us to solve the nonlinear problem analytically as discussed
in §§7.1-7.3. As mentioned above, this problem was tackled numerically in our recent
papers Shukla & Alam (2008, 2009), even though the order-parameter equation was
derived there using another method, namely, the centre-manifold reduction technique.
Apart from providing new analytical solutions in the present paper, the spectral-based
numerical technique, as detailed in §6, is also validated here against our analytical
solutions for harmonics and the first Landau coefficient.

7.1. Solution for second harmonic and mean-flow distortion
It can be verified that there exists an analytical solution for the second harmonic:

PP A(y) = ¢y cos kag(y +1/2),
ul?A(y) = uy sin kyp(y +1/2),
v (y) = vy sin kap(y + 1/2),
TRA(y) = T cos kyg(y & 1/2) + T,

kz,g

where kop =287, with §=1,2,3,... and X» = [¢, u», v2, T5] is the amplitude of the
second harmonic. The mean term in the disturbance energy equation is calculated
from

(7.1)

mean fnl
T = . (7.2)
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where f,; denotes nonlinear terms and f; are related to linear terms:

Ju = 2¢0 (—uiTiks + V¢ Ty) + qb‘)cliim [_kﬂ (pg¢1 + PYTi)ve

2% (13 30 )+ 308003 + 308572 ot

+ 2kguy (nypr + ) T1) + Akjvi — (;@g(qu% + %gwﬁ + @grmﬂ , (7.3)
fi=2¢0— odim (47— 71)- (7.4)

The modal amplitude of the second harmonic, X, = [¢,, uz, v2, T3], satisfies the
following algebraic matrix equation:

L5 Xy = GY,, (7.5)
where L5, = 2(a® +ib©)I — LF with
0 0 — 0% 0
kap g kg1’ | kap ity
- POH? E - - ¢OH?
Lf = Ko 0 12, (210 + 29) Ko 0 ;
28P¢ 0 Ko 122 2801
H2¢0 H2¢0 H2¢0
2ng —Z4) Ao _ 2kyp° 2 2 K + 1l — 99
#°dim #°dim #°dim #°dim B2 T r
(7.6)

and the nonlinear inhomogeneous terms, G5, =[G, G2, G, G, are

Gy = —kﬂablvl, (7.7)

L] 1
Gy = 5 ¢0 (¢°viuiks + rvi + cVuy) + SH? (—ké (u2¢1 + w3 Ti)uy
— kg (1gg®7 + 131 TE + 200701 T1) — ki (1gd1 + 12 T1) 1) ] : (7.8)
[ 1 1
G = 5 | g5 (ked"o] +O0) + S5 (ke (hodl + P T7 + 204 T1)
— 4k; (M¢¢1 + ug Ti)v — 2k; (igfbl +23T)vy) ] , (7.9)
Gy = { 30 (P 0Tiks + VG T) = s KT (G + 7 Th)

: 1
* $°dim <_kﬂ (p3¢1 + P(%Tl) v+ 2M0k§ <v12 + 2u%>

1 1
+ ( Moot + “TTTI + “¢T¢1T> + 2k (ng1 + 13 T1)uy

1 1
+ kgt — (293,4,@2 + EQ%TE + 2%, Tf))] . (7.10)
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FIGURE 3. Comparison between the analytical (solid line) and spectral/numerical (circles)
solutions for the second harmonic X2 with mode 8 =1: (a) ¢34, (b) u3, (¢) v24 and (d)
7122 for ¢°=0.15, H=100 and ¢ =0.8.

The matrix equation (7.5) can be easily solved to determine the complete solution for
the second harmonic from (7.1).

For the shear-banding mode, the eigenvalue is real (Alam & Nott 1998; Alam
et al. 2008), i.e. b¥' =0. This implies that

Ly = [2(a(0) —|—ib(0))l —L] = [2a(0)1 —L] =Ly, (7.11)

i.e. the linear operators for the second harmonic and the mean-flow distortion are
identical. From (4.24) and (4.25) we have G = No(X!1 X1y = G, and therefore

X102 = x@2 (7.12)

for the shear-banding mode. Therefore, the solution to the mean-flow distortion, X2,
is the same as in (7.1).

Before moving to the first Landau coefficient, let us compare our analytical solutions
for the second harmonic (7.1) with those calculated numerically by discretizing the
differential equations using the spectral collocation technique and solving the resulting
algebraic equations by the singular value decomposition as detailed in §6. Figure 3
shows a representative comparison between the analytical and numerical solutions
for the shape of the second harmonic for mode 8 =1 at a mean density of ¢°=0.15
and H =100. In each panel, the solid line refers to the analytical solution and the
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circles to the numerical solution, and we find excellent agreement between the two. It
has been verified that a similar level of agreement holds for other modes =2, 3,....
7.2. Solution for the first Landau coefficient

To determine the first Landau coefficient, we consider the equation for the distortion
of the fundamental (4.31) which appears at the cubic order. Recall that the
inhomogeneous terms G;; of this equation depend on the fundamental (X!1), the
second harmonic (X>?) and the mean-flow distortion (X2), along with the base
state solution; see (4. 32). Inserting solutions for X1, X221 and X2 the expressions
of Gi3 —(G13, 1, Gi;, G1,) are simplified as follows:

(Gls, G1) =3(G\5, GI2°) cosksg(y £ 1/2) +3(G15', G5 cosky(y £ 1/2), (7.13)
(G}, G3) =3(G5°, G159 sinksp(y £ 1/2) + 3(GS', Gi5') sinkg(y £1/2). (7.14)
The y-independent terms G5, G5, G5, GY5', GiF°, GI%°, GI%' and Gi%' are
given in Appendix B (Appendix B is part of the supplementary material avallable

at journals.cambridge.org/flm). Inserting G3, X" and XU in the numerator and
denominator of (4.33), we obtain

12 12
/ X'Gydy =3 (¢1 G 4T G4ﬂ3> / cos ks(y + 1/2)cos kss(y + 1/2) dy
~1,2 ~172

172
+3 (zﬂc;ff” + ~*G3ﬂ3) / sinks(y + 1/2)sin kss(y + 1/2) dy
1,2

B 12
+3(9lGH! + TJG;‘?)/ cos® ky(y + 1/2)dy
y)
12
(@G +31GE") | sinke(y £1/2)dy
(#lcl + TGl + a6 +lGl) (7.15)
and
12 3 _ 172
/ Xt xtldy = (qsqul + TJTl)/ cos®kg(y +1/2)dy
1,2

—12
172

+ (aIul +ﬁjv1)/ sin® ky(y 4+ 1/2)dy

—172
1/~ .- N s
=3 (¢f¢1 + 7T+ ijuy + vlvl). (7.16)
The final expression for the first Landau coefficient (4.33) simplifies to
(¢1G1ﬁ1 + T1+G451 + ~.G2ﬂ1 + ~TG3/31)
¢]¢1 + T1 Tl + ﬁ]ul + ﬁ]vl

Since for the shear-banding mode the linear eigenfunction, its adjoint and the second
harmonic are found to be real, the right-hand side of the above equation is always
real for this mode. This implies that the imaginary part of the first Landau coefficient
is identically zero for the shear-banding mode:

PP =0, = =4, (7.18)

D = 4@ 1 ip® = (7.17)
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FIGURE 4. Comparison of the first Landau coefficient between the analytical (solid line) and
spectral/numerical (the stars, circles and squares correspond to M =20, 50 and 100 collocation
points, respectively) solutions: (a) ¢* =0.15 and (b) ¢° =0.05, with ¢ =0.8. The inset in each
panel shows the variation in the growth rate of the least stable mode (mode number 8 =1)
with H.

To compute a'® analytically, we need to insert the analytical solutions of the
fundamental mode (3.13) and the second harmonic (7.1) in (7.17). The solution of the
first Landau coefficient from (7.17) is shown in figures 4(a) and 4(b), shown by solid
lines, which display the variations of a'® with the Couette gap at two values of the
mean density ¢° =0.15 and 0.05, respectively.

To ascertain the accuracy of the Gauss—Chebyshev quadrature (as detailed in §6),
we also calculated a'® by using the numerical solutions for the fundamental mode and
the second harmonic and then evaluated the integrals in (4.33) by using the Gauss—
Chebyshev quadrature with a different number of collocation points (M). The stars,
circles and squares in figure 4 denote the corresponding numerical solutions for a
with M =20, 50 and 100, respectively, which agree well with our analytical solution.
The insets in figures 4(a) and 4(b) show the variation in the growth rate a© of the
least stable mode, again calculated both analytically and numerically with excellent
agreement between the two. Note that the least stable mode is stable (ie. a'® <0)
at both mean densities in figure 4, and we will discuss the possibility of subcritical
bifurcations in such cases in §8.3.
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The quantitative accuracy of our numerical method was further checked by
comparing the numerical values of the least stable growth rate a'®© and the first
Landau coefficient a® at different parameter values of (¢°, H,e). While M =10
collocation points were found to be sufficient to calculate a® within an error of less
than 0.001 %, we needed more than M =75 collocation points to calculate a'? within
1% error.

7.3. Solution for higher-order harmonics: distortion of the fundamental mode

Recall that at cubic order O(A?) we have two harmonics: the distortion of the
fundamental mode X!U3! and the third harmonic XB?l. Here we determine an
analytical solution for X3 The governing equation for the distortion of the
fundamental mode is

LX) = Qx4 G, (7.19)

Having determined the first Landau coefficient ¢'? =a®, the right-hand side of (7.19)
is now completely known, and hence (7.19) can be solved for X3,
The general solution for X3! for any mode number 8 can be written as

P! = @3, cos kap(y £ 1/2) + ¢l cos ks(y + 1/2),
ul™ = 13, sin ksp(y + 1/2) 4+ uly sin kg(y + 1/2),

=y s i3 S (7.20)
I = vy sin kag(y £ 1/2) + vf sin kg(y +1/2),
T = T} cos kap(y +1/2) + T} cos kg(y £1/2),

where k3p =3Bn, with the mode number B=1,2,..., and [¢{;, ui;, vi;, T3]" and

[¢l5, uly, vi5, T5]" represent unknown amplitudes. Substituting this solution (7.20)
into (7.19) and equating sine and cosine terms, we obtain inhomogeneous algebraic
equations for unknown amplitudes that can be easily evaluated.

The analytical solutions (7.20) are compared with the numerical solution of (7.19)
in figure 5 at a mean density ¢°=0.15. Similar to the second harmonic, we observe
good quantitative agreement between the analytical and numerical solutions for each
mode shape of X131,

On the whole, the quantitative agreement in figures 3-5 between the analytical
and the spectral/numerical solutions for the harmonics (of various orders) of the
fundamental mode as well as for the first Landau coefficient ascertains the accuracy
of our spectral-based numerical method for nonlinear stability. One outcome of this
paper is the validation of a numerical technique (based on the spectral collocation and
the Gauss—Chebyshev quadrature) for nonlinear stability calculations: our spectral-
based numerical code can be adapted/extended for a host of granular flow problems
for which analytical solutions do not exist.

8. Bifurcation, phase diagram and finite-amplitude solution
8.1. Phase diagram and critical parameters for ‘linear’ shear-banding instability
For linear stability, the dispersion relation is a quartic in ¢ =c¢¥ =a© +ih¥ (Alam &
Nott 1998):
t Fase F o +ae +ap =0, (8.1)

where «; are functions of the base state density and temperature, the Couette gap
and the restitution coefficient. Previous studies on linear stability (Alam & Nott
1998; Alam et al. 2008) have found that out of four eigenvalues of (8.1), there is
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FIGURE 5. Comparison between the analytical (solid line) and spectral/numerical (circles)

solutions for the distortion of the fundamental X3! with mode number 8 =1: (a) ¢!'*, (b)
ul3 (¢) v and (d) TU). Parameter values are the same as in figure 3.

a complex conjugate pair, representing propagating modes, which is always stable;
one real eigenvalue corresponds to the temperature mode which remains the most
stable mode for any values of control parameters, and the remaining real eigenvalue
could be unstable depending on the base state condition. This real unstable mode has
been referred to as the ‘shear-banding’ mode (Alam 2005) since the corresponding
eigenfunctions represent shear localization and density segregation along the gradient
(y) direction.

Since the shear-banding instability corresponds to a real eigenvalue, the locus of
the neutral stability (a'” = Re(c) =0) is given by ap =0, which can be simplified to

H® = —kj. (8.2)

Here kg = B, with =1, 2, ... being the mode number, and ¥; and ¥, are functions
of the base state density,

1y I\ R
U= and W= (2242 )IL 5 8.3
1 st an p) <f50 + f20 f& (8.3)

The zero growth rate contour a'” =0 (i.e. the neutral stability curve) for the shear-
banding mode is shown in figure 6 by a thick solid line; the flow is unstable (a'® > 0)
inside the neutral stability contour and stable (a'® <0) outside. It is seen that for a
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FIGURE 6. Phase diagram in the (H, ¢)-plane: contours of the zero first Landau coefficient
(thin solid lines) and the zero growth rate (thick solid line) in the (H, ¢°)-plane for ¢ =0.8 and
B =1. The flow is unstable (a'¥ > 0) on the right of the thick solid contour.

given density, there is a minimum/critical value of the Couette gap,

Hc = H(¢01 e, lg;a(O) = 0) = kﬁ V lpl/lp27 (84)

depending on ¢°, e and B, below which the shear flow is stable according to linear
theory. On the other hand, for a given H, there is a minimum/critical density,

¢c = ¢0(H7 e, IB;a(O) = 0)’ (85)

below which the shear flow is stable. While this critical density depends on H, ¢ and
B, there is a global minimum density, defined as

¢l =ming’(a” =0) V H, (8.6)

below which the uniform shear flow is always stable to the shear-banding instability,
irrespective of the values of e and 8. For our Navier—Stokes-order model (2.5)—(2.7),
this global critical density is ¢! ~0.154; this numerical value depends on the explicit
form of constitutive relations and the radial distribution function as discussed in §§9.1
and 9.2.

In the following two sections, we investigate the possibility of subcritical shear-
banding instability in dilute flows ¢° <¢! from our nonlinear analysis. One goal
is to check the feasibility of finite-amplitude segregated solutions that have been
observed in molecular dynamics simulations of the dilute granular shear flow (Tan
1995). This constitutes a stringent test of our order-parameter theory since the same
has been predicted from the direct numerical simulation of continuum equations
for the same flow configuration (Nott et al. 1999). We will also determine finite-
amplitude solutions for moderately dense flows (¢° > ¢!) which are linearly unstable
to shear-banding instability, signalling the possibility of supercritical bifurcations for

¢ > ¢.
8.2. Equilibrium amplitude and the nature of bifurcation

First we discuss the nature of bifurcation for the appearance of finite-amplitude
nonlinear solutions that would bifurcate from the uniform shear base state due to
the shear-banding instability as discussed in §8.1. This is closely tied to the concept
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of equilibrium amplitude (i.e. the finite-amplitude equilibrium solution) and the first
Landau coefficient a'? as shown below.

Let us rewrite the amplitude order-parameter or the Landau equation (4.18) as

S = ‘(11—? =aVA+a?A +a9A% + -, (8.7)

which is an infinite series in which a'® is the growth rate from the linear theory
and a®, a¥, ..., are nonlinear corrections to the linear growth rate, called Landau
coeflicients. The above series (8.7) is also known as the Stuart-Landau series (Stuart
1960; Watson 1960). As mentioned above, we have restricted ourselves to the leading-
order nonlinear correction term by calculating only the first Landau coefficient a'?.

The stationary solution of (8.7), ie. the value of A for which S=0, is called the
equilibrium amplitude A = A,. To determine the equilibrium amplitude, we truncate
(8.7) at cubic order,

0)

dA,
P aVA, +a?PA}=0, (8.8)
which has three possible solutions:
a©
Ae =0 and Ae =+ _ﬁ (89)

The trivial zero solution, A, =0, corresponds to the base state of the uniform shear,
implying that the uniform shear solution is stable if the two non-zero solutions are
unfeasible. It is clear that the finite-amplitude /nonlinear solutions exist if and only if
the following condition holds:

0) 2)

a® and a® are of the opposite sign.

Two situations can arise:

i) a9>0 and a? <0  (supercritical), (8.10)
(i1) a” <0 and a? >0 (subcritical). (8.11)

The former/latter condition corresponds to linearly unstable/stable flow with
positive/negative growth rates and negative/positive first Landau coefficients,
respectively, leading to supercritical/subcritical bifurcations. In other words, the
subcritical bifurcation arises when the first Landau coefficient a® has a positive
sign and the supercritical bifurcation occurs when a? is negative. In either case, there
is a new finite-amplitude solution given by (8.9).

8.3. Phase diagram for ‘nonlinear’ shear-banding instability

As described in the previous section, the sign of the first Landau coefficient a'? decides
the type of bifurcation: supercritical (8.10) or subcritical (8.11). From our analytical
solution, the condition for the vanishing first Landau coefficient (7.17) simplifies to

HGU TG LG +lGY =0 12

The zero contour of the first Landau coefficient, ¢ =a® =0, is superimposed over
the neutral stability contour (a'® =0) in figure 6 by a thin solid line. The restitution
coefficient is set at e =0.8, with the mode number being 8 = 1. The regions of positive
and negative a'? are shown in the figure. Note that the thick solid line in figure 6
corresponds to the zero growth rate contour (i.e. the neutral stability contour), to the
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(x107%

e

FIGURE 7. Variation of the first Landau coefficient with density for subcritical flows: (a) H =50
and (b) H =100, with ¢=0.8. The inset shows the variation in the growth rate of the least
stable mode (mode number 8 = 1) with density. The solid line represents the analytical solution,
and the spectral/numerical solutions are denoted by stars, circles and squares, respectively,
with M =20, 50 and 100 collocation points. The arrows in insets show the critical value of
density, ¢., above which the flow is linearly unstable (ie. a® > 0).

right of which the uniform shear flow is linearly unstable and is stable in the rest of
the (¢°, H)-plane.

In the following, we discuss the results of the first Landau coefficient and the related
bifurcations for linearly stable (¢° < ¢!) and unstable (¢° > ¢!) regimes separately in
§§8.3.1 and 8.3.2, respectively. We will show that the lower part of the neutral contour
(enclosed by the zero line of a'? =0) in figure 6 is subcritically unstable but its upper
part is supercritically unstable.

8.3.1. Linearly stable regime: ¢° < ¢!

Focusing on the stable dilute flows (¢° <¢!~0.154) in figure 6, we show the
variation of the first Landau coefficient with density in figures 7(a) and 7(b) for
two Couette gaps H =50 and 100, respectively. The inset in each figure shows the
corresponding variation in the growth rate of the least stable shear-banding mode
(B=1); the arrow in each inset shows the critical value of the density, ¢., above
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FIGURE 8. Bifurcation diagram in the (A, ¢° — ¢.)-plane at three Couette gaps with e =0.8.
Note that the bifurcation is subcritical in each case.

which the flow is linearly unstable. For both cases, we find that the growth rate, a©,
is negative but the first Landau coefficient, a'?, is positive for a range of densities
in the linearly stable region (¢° < ¢.), suggesting the existence of finite-amplitude
solutions as per (8.11). This is also evident from figures 4(a) and 4(b), which show
the variations of a'? (main panel) and a© (inset) with the Couette gap at two values
of the mean density ¢° < ¢!.

The bifurcation diagrams in the (A, ¢° — ¢.)-plane, related to figures 7(a) and
7(b), are shown in figure 8 for three values of the Couette gap H =50, 100 and
200. For each case, the horizontal line with A, =0 represents the base state of the
uniform shear solution which is stable for ¢° < @', but we also have new unstable
finite-amplitude solutions, representing subcritical bifurcations (also known as inverse
bifurcation). For subcritical bifurcations, the higher-order Landau coefficients (which
we have not calculated) are needed to identify the stable finite-amplitude solution.
Note that the finite-amplitude unstable branch in figure 8 provides a threshold for
nonlinear stability: the uniform shear flow is nonlinearly stable/unstable for A < A,
or A> A,, respectively. At a given density, this threshold amplitude A., to reach a
stable nonlinear state, is higher for smaller Couette gaps. Apart from its dependence
on the mean density (¢°) and the Couette gap (H), A, also depends on the restitution
coefficient (e), ie. A, =A.(¢°, H, e). This is evident from figure 9, which shows the
bifurcation diagrams in the (A, ¢° — ¢.)-plane for three values of the restitution
coefficient at a Couette gap of H =100. Clearly, the threshold amplitude A, decreases
with increasing dissipation (i.e. with decreasing e).

The results presented in figure 8 can be replotted as a bifurcation diagram in the
(A, H)-plane as in figure 10. The mean density is set at ¢° < ¢! =0.154 (¢° =0.15 and
0.10 in figures 10a and 10b, respectively) and the restitution coefficient to ¢=0.8.
The finite-amplitude branch in each panel of figure 10 provides a threshold for
nonlinear stability, and the magnitude of this nonlinear threshold decreases with
increasing Couette gap. In fact, this branch bifurcates from infinity, i.e. from H = oo,
as we explain below. Let us consider the leading-order analytical expression for the
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FiGURE 9. Effect of the restitution coefficient on (a) the variation of the first Landau coefficient
with ¢°, and (b) the bifurcation diagram in the (A, $°)-plane for H =100 and 8 = 1. The inset

shows the related variations in the linear growth rate with ¢° for different e. Note that the
bifurcation is subcritical in each case.
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FIGURE 10. Bifurcation from infinity (H — o) at (a) ¢°=0.15 and (b) ¢°=0.1 , with e=0.8.

shear-banding mode (Alam & Nott 1998):

S0 2 WP i) — pr( 7 + )]k
2ppu0 +¢°[pg(PG — 1) — pH(Zg — 15)]

+ O(H™). (8.13)

It has been verified that a'¥ is always negative for ¢° < ¢, over which the shear flow
is linearly stable. However, it is clear from (8.13) that ¢'© — 0 in the limit H — oo,
and hence there is a critical point (a' =0) at H = co. Therefore, the bifurcation point
for linearly stable densities (¢° < ¢!) originates from H =oo. This is the origin of the
nomenclature for the special type of bifurcation as shown in figure 10, bifurcation

from infinity (Rosenblat & Davis 1979; Alam 2005). In fact, this belongs to a more
general class of subcritical bifurcations.
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FiGURre 11. Bifurcation diagram in the (A, H)-plane for a range of densities with e =0.8. Note
that the bifurcation type changes from supercritical to subcritical below a critical value of the
mean density ¢° € (0.173, 0.174).

From the above discussion, we conclude that the region in the (¢°, H)-plane in
figure 6, below the intersection of the zero contours of a® and a'?, is subcritically
unstable. More specifically, in this region (¢° < ¢') of linearly stable flows, there is a
bifurcation from infinity in the sense that the bifurcation point lies at H =oco. In all
cases, there exist finite-amplitude nonlinear solutions, provided the amplitude of the
perturbation exceeds a threshold for nonlinear stability,

A> A4 H, e), (8.14)

which depends on various control parameters.

8.3.2. Linearly unstable regime: ¢° > ¢’

Here we consider moderately dense flows with ¢ > ¢!, for which the linear stability
theory predicts that the uniform shear is unstable to shear-banding instability if the
Couette gap is sufficiently large; more specifically, we focus on the regime in figure 6
which is enclosed by the neutral stability contour (a'¥ =0).

Figure 11 shows a series of bifurcation diagrams in the (A, H — H,)-plane for six
values of the mean density, ¢° =0.16, 0.17, 0.173, 0.174, 0.18 and 0.2, just above the
critical density for the onset of the linear shear-banding instability. The restitution
coefficient is set at ¢=0.8, as in figure 6. It is clear that the bifurcation type is
not supercritical immediately, even though we are in the linearly unstable regime
(¢° > ¢!). However, we have a window of mean densities,

Pl < ¢’ < ¢, (8.15)

with ¢! € (0.173,0.174), over which the bifurcation is subcritical and is supercritical
for larger densities,

#° > ¢:. (8.16)
From figure 11 we find that the critical density at which this switchover between the
subcritical and supercritical bifurcations occurs is about ¢ ~ 0.1735.
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FIGURE 12. Variations in the first Landau coefficient, a'¥, and the growth rate of the least
stable shear-banding mode, a'®, with the Couette gap for linearly unstable mean densities
#° > ¢l ~0.154: (a) ° =0.17 and (b) 0.18. The arrow in each panel shows the critical Couette

gap H,, above which the shear flow is linearly unstable (¢ > 0).

To understand the origin of the above switchover between the two bifurcations,
we show the variation of the first Landau coefficient with H at ¢°=0.17 and 0.18
in figures 12(a) and 12(b), respectively. In each figure, we have superimposed the
corresponding variation of the least stable mode, a'”), shown by the dot-dashed line,
and the critical Couette gap, H. = H(a'® =0), is also shown by an arrow. In the case of
#°=0.17 < ¢*, we find a range of Couette gaps (shown by vertical lines in figure 12a)
over which a® <0 and a'® > 0, which correspond to subcritical bifurcations (8.11).
On the other hand, for ¢°=0.18 > ¢, we have a range of Couette gaps (shown by
vertical lines in figure 12b) over which a® >0 and a® <0, signalling the presence of
supercritical bifurcations (8.10).

Even at larger mean densities (¢°>> ¢?), the bifurcation remains supercritical as
seen in figure 13(a). The corresponding variations of a'® and a'© are shown in the
main panel and the inset of figure 13(b). At both ¢°=0.3 and 0.5, the condition for
the supercritical bifurcation (8.10), a® >0 and a'® <0, is satisfied. It is seen from
figure 13(a) that the magnitude of A, required to reach the nonlinear finite-amplitude
branch, increases with increasing density.

In §9, we will discuss the possible influence of different constitutive relations and
the contact radial distribution function on the above bifurcation scenario.

8.4. Finite-amplitude solutions: density segregation and shear localization
Once we know the equilibrium amplitude, the finite-amplitude solutions for the density
and the shear rate are computed from

¢ =9¢"+ A", (8.17)
y = ddy (u® £ Au™M), (8.18)

with leading-order corrections in the amplitude O(A). Typical subcritical finite
amplitude solutions for ¢ and y are shown in figures 14(a) and 14(b), respectively, for
mode B =1, with parameter values ¢°=0.15, H =100 and ¢=0.8. The analogue of
these figures for mode 8 =2 is shown in figures 15(a) and 15(b). For any mode number
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FIGURE 13. (a) Bifurcation diagrams in the (A, H)-plane and (b) the variations of first Landau
coefficients at larger mean densities, ¢° > ¢., with e =0.8. The inset shows the variations in
the linear growth rate with H.
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FIGURE 14. Finite-amplitude solutions for (a) the density, ¢° + A¢!'s!l and (b) the shear rate,
d/dy® + Aul"1), for mode g = 1. Parameter values are ¢° =0.15, H =100 and ¢=0.8

B, there are two solutions that are mirror-symmetric, which is due to the underlying
symmetry of the plane Couette flow. It is clear that the density and shear rate are
non-uniform across the Couette gap (y), leading to density segregation and shear
localization — the shear rate is large/small in the dilute/dense regions, respectively.
The varying shear rate across the Couette gap (i.e. along the gradient direction)
is the hallmark of shear-banded solutions in complex fluids (Olmsted 2008). Note
that the solution profiles shown in figures 14 and 15 are ‘unstable’ since they belong to
the unstable ‘subcritical’ bifurcation branch. For subcritical bifurcations, the higher-
order Landau coefficients (which we have not calculated) are needed to identify stable
finite-amplitude solutions. The ‘stable’ finite-amplitude solutions of the density and
the shear rate, corresponding to supercritical bifurcations (for example, at ¢°=0.3
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FIGURE 15. Same as figure 14, but for mode g =2.

and H > H,, as in figure 13a), are also characterized by shear localization and density
segregation across the gradient direction, similar to those shown in figures 14 and 15.

8.5. Scaling of the first Landau coefficient, equilibrium amplitude
and bifurcation diagram

So far we have presented bifurcation diagrams and the first Landau coefficients for
mode B=1. In this section, we will demonstrate that there exists a simple scaling
for a®, a'® and A in terms of mode number 8 with respect to the Couette gap H.
More specifically, we will show that the dependencies of a'”, a® and A (at a given
density ¢°) on B can be absorbed by defining a new length scale: H — H*(H, ). In
other words, knowing the variations of a®, a® and A with H for any 8 (at a given
density), one can determine these quantities at other values of 8 at the same mean
density. (However, there is no such scaling solution in terms of mean density.) We
will further demonstrate that the phase diagrams in the (H, ¢°)-plane, showing zero
loci of a'? and a'%, remain invariant under a composite scaling for the Couette gap:
H — H*(H, B, e), ie. in terms of both B and the inelasticity (1 — ¢?).

Figure 16(a) shows the effect of mode number 8 on the first Landau coefficient
a® (main figure) and the linear mode a'® (inset) for parameter values of ¢°=0.3
and ¢ =0.8. The flow becomes unstable to higher-order modes at larger values of the
Couette gap; see the inset of figure 16(a). The corresponding supercritical bifurcation
diagrams for 8 =1, 2 and 3 are shown in figure 16(b) — note that the abscissa has
been normalized via H — H,, where H. = H.(8) is the critical Couette gap, as denoted
by vertical arrows in the inset of figure 16(a). When the Couette gap is rescaled via
H — H/B, the results for various 8 do collapse on a single curve for each case of a'?
(main panel of figure 17a), a'® (inset of figure 17a) and A (figure 17b).

The above scaling of the equilibrium amplitude with 8 also holds for subcritical
values of the mean density; see figures 18(a) and 18(b) for ¢°=0.15 and 0.1,
respectively. The inset in each figure displays the variations of A with H for three
values of 8 =1, 2, 3. Such scaling of A with H/B holds at any value of the restitution
coefficient (not shown).

It has been verified (not shown for brevity) that the scaling of the Couette gap
in terms of mode number, H — H/B, holds for the zero contours of the first
Landau coefficient a'® =0 in the entire (H, ¢°)-plane at any value of the restitution
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FIGURE 16. Effects of the mode number 8 on the (a) variation of a® and a® and (b) the
bifurcation diagram in the (A, H)-plane. Parameter values are ¢°=0.3 and ¢ =0.8.
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FIGURE 17. Universal scaling with 8 of the variations of (a) a'® and a¥ and (b) A with H.
Parameter values are ¢°=0.3 and ¢=0.8.
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FIGURE 18. Bifurcation from infinity: (a) ¢° =0.15 and (b) ¢° =0.1 at e =0.6.


https://doi.org/10.1017/S0022112010004143

https://doi.org/10.1017/50022112010004143 Published online by Cambridge University Press

Nonlinear theory of shear-banding instability in a granular Couette flow 241

(@ 0.6 b 06
0.5 0.5
0.4 0.4
0
¢ 0.3 0.3
0.2 0.2
0.1 0.1
20 40 60 80 100 20 40 60 80
H H(1 —e2)12

FIGURE 19. Scaling for the zero contour of the first Landau coefficient, a'® =0, in terms of
the restitution coefficient for mode g =1.

coefficient e. Furthermore, the phase diagrams also remain invariant under a simple
transformation in terms of inelasticity: H — H+/1 — €2, see figure 19. Three sets of
contours of a'? =0 in the (H, ¢°)-plane for ¢ =0.95, 0.8 and 0.6 (figure 194) collapse
onto a single contour as seen in figure 19(b) when the horizontal axis is scaled by
H — H\/1—¢%

For the neutral stability contour [a'® =0], the above-mentioned composite length
scale, H*(H, e, B), directly arises from the analysis of our linear stability results. From
(8.4) we find that the locus of the neutral stability contour (a® =0) is given by
H~ B /Ui~ B(1—e*)"/*since Yy ~1/f) ~(1—e*)7"; see (8.3). Therefore, the neutral
stability contour, a® =0, would remain invariant under the following scaling of the
Couette gap:

H— HB "Wl —e)=H". (8.19)
It is still not clear why the above composite scaling (8.19) should hold for the zero
contour of the first Landau coefficient a' =0. The expression for a® =0 in (8.12)

can be simplified to (see (C9) in Appendix C, part of the supplementary material
available at journals/.cambridge.org/flm)

1ﬁ=_%m+@&+%&+@m)
(k3Ks + k3 Kg + ks K7 + Ko)

where kg =mnp and the expressions for Ky, K», K3, ..., which depend on base state
variables (and hence on the restitution coefficient ¢) as well as on the modal amplitudes
of the fundamental and second harmonic, are given in Appendix C. The dependence
of K; on B comes via the implicit dependence of modal amplitudes on 8 and hence
not known a priori. Nevertheless, it appears that the same composite scaling for the
Couette gap (8.19) also holds for the zero loci of the first Landau coefficient, as
demonstrated in figure 19.

Finally, figure 20 displays the scaled phase diagram in the (H*, ¢°)-plane, where
H*=HB'\/(1 —e?) is a new length scale or an instability length scale, delineating
the regions of the supercritical and subcritical bifurcations. The grey-shaded region
in figure 20 corresponds to a® >0 and a'” >0 and, therefore, no finite-amplitude
solution is possible at cubic order, according to (8.9), in the shaded region. There

: (8.20)
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20 40 60 80
H*
FIGURE 20. Scaled phase diagrams in the (H*, ¢°)-plane, where H* = HB~! /(1 —¢?), showing

the zero contours of the first Landau coefficient, a'® =0, and the linear growth rate ' =0.
The shaded region corresponds to a® >0 and a® > 0.

is subcritical bifurcation in the dilute limit (below the lower branch of the neutral
contour and on the right of the a'® =0 contour), and supercritical bifurcation at
moderate-to-large densities.

9. Discussion
9.1. Influence of radial distribution function

So far we have presented results for a specific choice of the contact radial distribution
function, yx(¢), as defined in (2.7), which was chosen following the linear stability
analysis of Alam & Nott (1998). Here, we consider a modified form of the well-
known Carnahan—Starling radial distribution function, x(¢):

(1-9/2)
KO = g/ G1)
where ¢,, corresponds to the maximum solid fraction at a random close packing
which is taken to be 0.65 in the present work. Note that with ¢,, =1, (9.1) reduces to
the well-known Carnahan—Starling form with its singularity being at ¢,, =1, which
corresponds to point particles.

With constitutive relations as in (2.5)—(2.6) and the Carnahan-Starling radial
distribution function (9.1), we show the scaled phase diagram in the (H*, ¢°)-plane,
where H* = HB™' /(1 — ¢?) and ¢° is the mean density, in figure 21(a) for ¢,, =0.65.
(The overall features of the phase diagram remain similar at other values of ¢,,.)
The thick solid line is the neutral stability contour (a'” =0), to the right of which
the flow is linearly unstable and is stable outside; the thin lines correspond to the
zeros of the first Landau coefficient a'® =0. A contrasting feature between the phase
diagram in figure 21(a) and that in figure 20 (for which we had used (2.7) as the radial
distribution function) is that the zero contour of the first Landau coefficient a® =0
crosses the neutral stability curve a® =0 at two additional points at large densities
in the former. Recall that a crossing of a® =0 and a'® =0 signals a switchover from
one type of bifurcation to another. This is clearly shown in the bifurcation diagrams
in the (H", A)-plane in figure 21(c,d), with parameter values as in figure 21(a). In
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FIGURE 21. (a) Scaled phase diagram in the (H®,¢°)-plane, where H*=Hp™' /(1 — €?),
showing the zero contours of the first Landau coefficient, a'® =0, and the linear growth rate
a®© =0. The shaded region corresponds to a® >0 and a® > 0. Constitutive relations are the
same as in figure 20 (as in § 2.1), except that we used the Carnahan—Starling radial distribution
(9.1) with ¢, =0.65. (b—d) Bifurcation diagrams in the (A, AH")-plane, where AH*=H"—H_,
showing a sequence of transitions from subcritical to supercritical bifurcations and vice versa;
see text for details.

figure 21(c,d), a series of finite-amplitude bifurcating solutions are shown against
AH"=H"— H; (ie. a renormalized Couette gap) that measures a distance from its
respective neutral/critical point (H* = H, with H, as defined in (8.4)). It is clear
that the nature of bifurcation changes (from subcritical to supercritical or vice versa)
with increasing mean density in each figure. We find three critical densities at which
the nature of bifurcation changes: (i) from subcritical to supercritical bifurcations
at ¢! ~0.196, in figure 21(b); (ii) from supercritical to subcritical bifurcations at
¢ ~0.467, in figure 21(c); and (iii) from subcritical to supercritical bifurcations at
¢ ~0.559, in figure 21(d). While the first transition from subcritical to supercritical
bifurcation was also found for the radial distribution function (2.7), the last two
transitions in the dense limit, supercritical — subcritical — supercritical, are specific
to the choice of the Carnahan—Starling-type radial distribution function (9.1).

We conclude that both the radial distribution functions, (2.7) and (9.1),
predict a similar bifurcation scenario (bifurcation-from-infinity — subcritical —
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supercritical) at dilute-to-moderate densities; however, the Carnahan—Starling-type
radial distribution function (9.1) is responsible for the onset of subcritical bifurcations
in the dense limit. Clearly, the exact form of the radial distribution function is needed
to correctly predict the bifurcation type (sub- or supercritical) and the corresponding
critical density for the onset of the nonlinear shear-banding instability.

9.2. Influence of constitutive relations: disks versus spheres

Recall that the constitutive expressions for f;(.) values (dimensionless functions of the
solid fraction, ¢) in (2.6), which were used in all calculations, are valid only for spheres.
Therefore, our results pertain to the granular plane Couette flow in two dimensions,
having a monolayer of spheres along the spanwise direction. It is interesting to
ascertain whether our predictions about the onset of the nonlinear shear-banding
instability and the corresponding bifurcation scenario in different density regimes still
hold if we use constitutive relations for hard disks.

For hard disks in two dimensions (dim = 2), the balance equations and the form of
constitutive relations remain unaltered; however, the expressions for f;(.) values as
defined in (2.6) are different for disks:

Fi(@®) = $(1 426 ),
ENCINNG ﬁ( 8) 2
h@) =3+ 3o+ (141 ) o

2
f3(p) = ﬁ(ﬁzXa (9.2)

f(9) = 5/;+3f¢+ﬁ<i+z> e

fil( ) = jﬁa — Ax.

In two dimensions, the contact radial distribution function, x(¢), is chosen to be of
the form

(1—"7¢/16)
(1 —¢/du)*

which diverges at ¢ = ¢,,, which is taken to be either (i) ¢,, = n/2ﬁz0.906 (the
maximum packing limit in two dimensions) or (ii) ¢,, = ¢, ~0.82 (the random close
packing limit in two dimensions). The expression (9.3) reduces to that of Henderson
for ¢,, =1, which corresponds to point particles.

Recall that changing the explicit forms of constitutive relations amounts to changing
only the forms of the linear and nonlinear operators, L, and Gy,, respectively, in
(4.20) since the governing equations (2.1)—(2.4) and the boundary conditions (2.8) are
the same for both spheres and disks. With constitutive relations (9.2) and (9.3), we
have repeated some of the nonlinear stability calculations that we briefly discuss here.
The scaled phase diagram in the (H", ¢°)-plane, where H* = HB™' /(1 —¢*) and ¢°
is the mean density, is shown in figure 22(a) for ¢, =0.906. A closer look at the
zero contour of the first Landau coefficient ' =0 and the neutral contour a® =0
near the dense limit (at much larger values of H* ~500) ascertains that there is no
crossover between a'? =0 and a'® =0, except that at a moderate density ¢°~0.37.
With parameter values as in figure 22(a), a series of bifurcation diagrams in the
(A, AH")-plane are shown in figure 22(b) for a range of mean densities. For this
case, the nature of bifurcation changes from subcritical to supercritical at ¢! ~0.373.

x(¢) = (9.3)
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FIGURE 22. (a) Scaled phase diagram in the (H*, ¢°)-plane, where H* = HB™' (1 — ¢%), for

constitutive relations for hard disks (two dimensions) as in (9 2) (9 3) with ¢, = n/2\ﬁ ~0.906.
(b) Bifurcation diagrams in the (A, AH")-plane, where AH" — H, showing a transition
from subcritical to supercritical bifurcations.

Note in figure 22(a) that the flow is linearly stable in the dilute limit, and the shear-
banding occurs via a ‘bifurcation-from-infinity’ for ¢/ <0.338. A comparison between
figures 22(a) and 20 reveals that the region of ‘bifurcation-from-infinity’ is much
larger for hard disks.

With constitutive expressions for hard disks as in (9.2) and (9.3), the following
sequence of pitchfork bifurcations, leading to nonlinear shear-banded solutions, holds
as we increase the mean density from the Boltzmann limit: bifurcation-from-infinity —
subcritical — supercritical. In contrast to results for spheres, we do not find subcritical
bifurcations in the dense limit for hard disks with (9.2) and (9.3). We have verified
that the same sequence of bifurcations also holds even if we allow the shear viscosity
to diverge at a faster rate than other transport coefficients.

9.3. Granular plane Couette flow as a ‘microcosm’ of pitchfork bifurcations

Let us now summarize our results on different types of pitchfork bifurcations in the
granular plane Couette flow that result from the nonlinear saturation of the shear-
banding instability. With (2.7) as the contact radial distribution function and the
constitutive relations as in §2.1, the sequence of pitchfork bifurcations in the present
flow configuration, with increasing mean density, reads as

bifurcation from infinity: ¢° < ¢! ~0.154,
subcritical bifurcation: ¢! < ¢° < ¢, (9.4)
supercritical bifurcation: ¢° > ¢? ~ 0.1735.
This prediction is the same as in our previous paper, Shukla & Alam (2009). Note
that the direct numerical simulation of continuum equations (2.1)—(2.4) for the same
problem (Nott et al. 1999) has also identified the above three types of bifurcations. By

changing the contact radial distribution function to the Carnahan—Starling type (9.1),
with ¢, =0.65, and the constitutive relations as in §2.1, the sequence of pitchfork
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bifurcations reads as
bifurcation from infinity: ¢° < ¢! ~0.174,
subcritical bifurcation: ¢! < ¢° < ¢ ~ 0.196,
supercritical bifurcation: ¢f < ¢° < ¢*! ~ 0.467, (9.5)

subcritical bifurcation: ¢! < ¢ < ¢*? ~ 0.559,

supercritical bifurcation: ¢° > ¢*2.

This bifurcation sequence remains intact even when the singularity of the Carnahan—
Starling radial distribution function (9.1) is moved to ¢,, = 1; only the critical densities
at which each transition occurs are quantitatively different: ¢! ~0.218, ¢*~0.246,
¢1~0.717 and ¢ ~0.842.

It is clear from the above discussion that the sequence of bifurcations (the first
three in (9.4) and (9.5)) remains the same in the regime of dilute to moderate
densities, irrespective of explicit forms of constitutive relations for different transport
coefficients; however, the nature of bifurcations at larger densities (especially the
appearance of subcritical bifurcations in the dense limit) depends crucially on
constitutive relations and the contact radial distribution function. It is recommended
to employ the exact forms of constitutive relations that are likely to be valid in the
whole range of densities (which can be obtained from particle simulations) so as
to make a fair conclusion about the bifurcation type and the corresponding critical
density for the onset of the nonlinear shear-banding instability in the granular plane
Couette flow. Such a detailed parametric study is beyond the scope of the present
paper and is left to the future.

Figure 23 summarizes all possible bifurcation scenarios for the nonlinear shear-
banding instability in a granular plane Couette flow. Note that a single control
parameter, the mean density (¢°), needs to be varied to obtain any type of pitchfork
bifurcation in this flow. Therefore, the granular plane Couette flow serves as a
microcosm of pitchfork bifurcations since all three possible types of pitchfork
bifurcations, as shown schematically in figure 23, can be realized by just varying
the mean density.

Moving to the well-researched field of Newtonian fluids, we note that a similar
type of bifurcation from infinity occurs in the plane Couette flow (Nagata 1990);
note, however, that there is no supercritical or subcritical bifurcations in this flow
since the Newtonian plane Couette flow is known to be stable according to the linear
stability theory (Romanov 1973). For Newtonian fluids, the examples of subcritical
and supercritical bifurcations can be found in the plane Poiseuille flow (Stuart 1960;
Reynolds & Potter 1967) and Rayleigh-Bénard convection (Busse 1978), respectively.
We are not aware of any flow which admits all three types of pitchfork bifurcations
and, therefore, the granular plane Couette flow is truly a paradigm for pitchfork
bifurcations.

9.4. Qualitative comparison with particle simulations and experiment

The plethora of pitchfork bifurcations in the granular plane Couette flow, as
summarized in figure 23, agrees qualitatively with previous particle simulations of
the same flow (Tan 1995; Tan & Goldhirsch 1997; Sasvari, Kertesz & Wolf 2000;
Alam & Luding 2003; Conway & Glasser 2004; Conway, Liu & Glasser 2006; Khain
& Meerson 2006; Saitoh & Hayakawa 2007; Khain 2007). For example, the earliest
simulations of Tan (1995) with inelastic hard disks in the dilute regime (at a particle
volume fraction of 0.05) identified shear-banding patterns with a dense plug around
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FIGURE 23. A schematic of different types of pitchfork bifurcations, showing the whole
paradigm, in the granular plane Couette flow. The dashed lines in the subcritical bifurcation
diagrams represent threshold amplitude for nonlinear stability.

the channel centreline and the corresponding density profile is similar to that in
figure 15(a), denoted by the dashed line. As discussed previously (Shukla & Alam
2009), the related bifurcation scenario corresponds to the ‘bifurcation-from-infinity’
(at ¢° < ¢! as in figure 23) — our order-parameter theory resolved a related paradox,
‘the appearance of shear-bands in a linearly stable flow’, by providing a threshold
perturbation amplitude which is likely to trigger nonlinearly stable shear-banding
patterns even in a ‘dilute’ granular plane Couette flow (which is stable according to
the linear stability theory). As for the latter point, the overall bifurcation scenario
predicted by our order-parameter theory is also in tune with previous direct numerical
simulations of the same hydrodynamic equations (Nott et al. 1999). Therefore, the
shear-banding in the granular plane Couette flow is an instability-induced-ordering
phenomenon.

The inelastic hard disk simulations of the bounded shear flow at a particle volume
fraction of 0.3 by Sasvari et al. (2000) showed that the ‘asymmetric’ shear-banding
patterns with a dense plug located near one of the walls can be sustained in a plane
Couette flow. According to our order-parameter theory, such asymmetric shear-bands
can appear due to pitchfork bifurcations from odd-modes g =1, 3, ..., with typical
density profiles as in figure 14(a) for mode g =1. Alam & Luding (2003) have also
identified such asymmetric shear-bands in dense flows, as well as the recent simulations
of Khain (2007). Khain (2007) further showed that even in the dense regime of the
plane Couette flow, the shear-bands can appear via a ‘hysteretic’ transition (i.e. a
subcritical bifurcation and hence bistability) — this agrees with our predictions of
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subcritical bifurcations in the dense limit at ¢! < ¢° < ¢3? (see figure 23). Note that
Khain (2007) compared his simulation results with the numerical solution of Navier—
Stokes-order hydrodynamic equations with a set of modified constitutive relations,
with reasonable agreement between the two. Conway & Glasser (2004) and Conway
et al. (2006) have conducted large-scale particle simulations of the granular plane
Couette flow of both monodisperse and bidisperse particles. They found the existence
of ‘stable’ symmetric and asymmetric shear-bands (with the symmetry being about
the spatial location of the shear-band around the channel centreline) for a range
of particle volume fractions spanning from the dilute to the dense regime. All these
simulation results agree qualitatively with our order-parameter theory, which predicts
both symmetric and asymmetric shear-banding modes which can be stable/unstable
depending on the Couette gap and inelasticity.

The experimental evidence of shear-bands in the ‘rapid’ shear regime has been
lacking since the plane Couette flow is hard to realize in Earth-bound experiments
where gravity dominates, leading to a collapsed state near the bottom wall. However,
the recent experiments by Conway et al. (2006) in a circular Couette geometry at
very high shear rates have uncovered the possible existence of shear-bands. Note
that only a monolayer of glass beads resting on a bottom glass plate and confined
within an annular gap of about 65 particle diameters was sheared by rotating the
inner cylinder at very high speeds, which was varied up to a maximum shear rate of
221 s7!. The novelty in these experiments was that the bottom wall of the Couette
cell had a mild inward slope (less than 5°) to mitigate the effect of the centrifugal
force. Above a shear rate of about 44 s~!, the particles formed a single dense plug
(of about 15 particle diameters width) located around the centreline of the annular
cell away from both walls, and the resulting pattern was shown to be stable over the
experimental time scales of 30 min. The measurement of the instantaneous velocity
field using particle image velocimetry confirmed that the shear rate is large within the
particle-lean regions and small within the particle-rich (plug) regions, signalling the
onset of shear-banding-type patterns. Clearly, more such careful experiments or those
under microgravity conditions are required to quantitatively verify the theoretical and
simulation results. In summary, it is fair to conclude from the above discussion that
the order-parameter theory, the simulation and the experiment agree qualitatively
with regard to the formation of shear-bands in the rapid granular plane Couette flow.

10. Conclusions and outlook

We have analysed the nonlinear stability of the granular plane Couette flow, focusing
on the shear-banding instability (Alam & Nott 1998; Alam 2005; Alam et al. 2008)
for which the shear flow degenerates into an ordered state with shear localization and
density segregation along the gradient direction. The amplitude expansion method
of Stuart and others (Stuart 1960; Watson 1960; Reynolds & Potter 1967) has been
adapted to the present nonlinear problem of the streamwise-independent granular
plane Couette flow. Using this perturbation method, the nonlinear stability problem
has been reduced to a sequence of linear inhomogeneous differential equations for the
fundamental mode (linear eigenfunction) and its harmonics and the related distortions
of the base flow and the fundamental mode at various orders. The amplitude
expansion method constitutes an indirect method to arrive at the Landau equation,
and the related nonlinear corrections, the Landau coefficients, are determined from
the Fredholm alternative or the solvability condition at the cubic/higher order in the
perturbation amplitude.
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While the amplitude expansion method is physically appealing and easy to adapt, as
we have shown in this paper, the present method differs from several direct methods
of nonlinear stability analysis (e.g. the centre-manifold reduction, Carr 1981, Shukla &
Alam 2009; multiple scale analysis, Stewartson & Stuart 1971), wherein the Landau
equation is derived directly from the nonlinear perturbation equations, which is in
contrast to the present method where the order-parameter equation is postulated
based on physical arguments about the possible time evolution of the linear mode.
In the case of the centre-manifold reduction, the nonlinear analysis is carried out
through a spectral decomposition of the fast and slow modes (Shukla & Alam 2009);
the relevant order-parameter equation is derived by taking the inner product of the
evolution equation of the slow mode with its adjoint eigenfunction and the Landau
coefficients are subsequently picked up from the coefficients of nonlinear terms of
various orders. We have shown that both the direct and indirect methods lead to the
same expression for the first Landau coefficient, which is the first nonlinear correction
to the well-studied linear theory. Therefore, up to the first Landau coefficient, both
the amplitude expansion method and the centre-manifold reduction are equivalent
to the present problem of the granular Couette flow. The development of an order-
parameter theory for the shear-banding instability in the granular Couette flow, using
the amplitude expansion method, and establishing its equivalence with the centre-
manifold reduction constitute the first major outcome of the present paper.

For the shear-banding instability, the nonlinear modes are found to follow certain
symmetries of the fundamental mode and the base state solution, which have helped
us to discover analytical solutions for the second harmonic and the distortion of the
fundamental mode. It is shown that the second harmonic and the base state distortion
at the quadratic order are equal to each other for this instability. The present analytical
solutions for nonlinear modes have been used to evaluate the first Landau coefficient
exactly, which complements and verifies our previous numerical solution of the same
problem (Shukla & Alam 2009). These analytical solutions further helped to identify
universal scalings for the first Landau coefficient, the equilibrium amplitude, and the
phase diagram in the (H, ¢°)-plane in terms of the mode number B and the inelasticity
(1 — ¢*)!/2, as detailed in §8.5. Uncovering the analytical solution for the nonlinear
shear-banding instability in the granular plane Couette flow constitutes the second
major outcome of this paper.

Concurrently, we have developed a numerical method, based on the Chebyshev
spectral collocation technique, to solve the inhomogeneous differential equations at
each order in the perturbation amplitude. The quantitative agreement between our
analytical and the spectral solutions for the fundamental mode and its harmonics
(of various orders), as well as for the first Landau coefficient, ascertains the accuracy
of our spectral-based numerical method. This constitutes the third major outcome of
this paper: the validation of a numerical scheme for nonlinear stability calculations,
via its comparison with our analytical solutions, which can now be adapted to other
types of granular shear flows.

Analysing the zero contour of the first Landau coefficient in the (H, ¢°)-plane, where
H = h/d is the ratio between the Couette gap (k) and the particle diameter (d) and ¢° is
the mean volume fraction of particles, we have re-established our previous prediction
(Shukla & Alam 2009) that the lower branch of the neutral stability curve (i.e. the
‘zero’ growth rate contour) in the (H, ¢°)-plane is subcritically unstable. The related
threshold amplitude for the nonlinear stability has been determined, leading to the
possibility of shear-banding-type solutions in dilute flows via subcritical bifurcations.
In contrast to the predictions of the nonlinear theory, the dilute flows are known to be
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stable to gradient banding according to the linear stability theory (Alam & Nott 1998;
Alam et al. 2008). Irrespective of the nature of bifurcation, the predicted nonlinear
solutions indicate that the uniform shear flow undergoes an ordering transition into
alternate layers of dense and dilute regions of low and high shear rates, respectively,
along the gradient direction (and hence the name ‘gradient banding’).

Our order-parameter theory predicts that the nonlinear shear-banding instability
leads to different types of pitchfork bifurcations (see figure 23) as we increase the mean
density (¢°) from the Boltzmann limit: (i) bifurcation from infinity in the Boltzmann
limit (¢° < @), (ii) subcritical bifurcations over a small window of moderate densities
(¢! < ¢ < ¢?), (iii) supercritical bifurcations at moderate densities (¢? < ¢° < ¢5!), (iv)
subcritical bifurcations in the dense limit (¢! <¢® < ¢??), and finally again to (v)
supercritical bifurcations near the close packing limit (¢° > ¢:> ~ ¢,,). Note that the
‘bifurcation from infinity’ can be considered as a generalized subcritical bifurcation
wherein the bifurcation point originates from infinity (H = c0). The critical density at
which a transition occurs from one bifurcation type to another (¢., ¢¢, ¢:' and ¢:?)
depends on the detailed forms of constitutive relations as well as on the choice of the
contact radial distribution function. We have found that while the first three sequences
of bifurcations (i-iii) appear to be independent of the choice of constitutive relations,
the last two bifurcation sequences (iv—v), especially the appearance of subcritical
bifurcations in the dense limit, depend on the choice of the contact radial distribution
function. Since all three possible types of pitchfork bifurcations can be realized in
this flow by just varying the mean density, we conclude that the granular plane
Couette flow truly serves as a microcosm of pitchfork bifurcations. The predicted
bifurcation scenario for the shear-band formation and the structure of hydrodynamic
fields are found to be in qualitative agreement with particle dynamics simulations
and experiment in the rapid shear regime of the granular Couette flow as discussed
in §9.4.

Although we have focused on streamwise-independent flows (i.e. one-dimensional)
in this paper, our analysis is in no way limited but can be extended to analyse patterns
in the two- and three-dimensional plane Couette flows (Shukla & Alam 2010); for
example, we could allow inhomogeneities along both the streamwise and spanwise
directions, leading to spatially extended patterns for which a similar order-parameter
theory can be developed. Our spectral-based numerical code can be adapted to
such cases to analyse the nonlinear stability in a host of granular flow problems
for which analytical solutions would be hard to come by: granular Faraday waves
(Umbanhower et al. 1996; Tsimring & Aranson 1997), granular Rayleigh-Bénard
convection (Hayakawa, Yue & Hong 1995; Eshuis et al. 2010), granular Poiseuille
flow (Raafat, Hulin & Herrmann 1996; Alam, Chikkadi & Gupta 2009) and inclined
chute flow (Forterre & Pouliquen 2002). To investigate these flows using the present
order-parameter theory, we need to incorporate realistic boundary conditions (i.e. the
slip velocity and non-adiabatic walls), which are beyond the scope of this paper.

In weakly nonlinear stability studies, one important issue is the convergence of the
Stuart-Landau series (4.18)—(4.19), which can be checked by determining its radius of
convergence provided we know higher-order (second, third, etc.) Landau coefficients.
Such studies have been carried out for incompressible shear flows of Newtonian
fluids (Herbert 1980; Newell et al. 1993) by calculating the first 10 or more Landau
coefficients, and then finding the nearest singularity from Domb-Sykes plots (Hinch
1991) to estimate the radius of convergence. For the present problem of the granular
Couette flow, we have calculated only the first Landau coefficient and, therefore, we
are unable to make any conclusion about the range of validity of our nonlinear
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solutions in the parameter space (away from the neutral contour). Moreover, we
need to calculate at least the second Landau coefficient to determine the stable
solution branches for subcritical bifurcations. In principle, the higher-order Landau
coefficients can be calculated; however, the related analysis and algebra become
messy and tedious due to the nonlinearities inherent in the transport coefficients of
granular fluids. Such an exercise would further help to establish a detailed term-by-
term equivalence between the amplitude expansion method and the centre-manifold
reduction for the granular plane Couette flow. These issues should be looked into in
future.

We acknowledge partial funding support from a project (BARC/MA /4216). We
dedicate this paper to Professor Vijay H. Arakeri on the occasion of his 65th birthday
and to the memory of late Professor Isaac Goldhirsch, who passed away on 29 April
2010 while this paper was under review.
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