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The cessation of a dense granular flow down an inclined plane upon decrease in the angle
of inclination is studied using particle-based simulations for the linear and Hertzian particle
contact models for ordered and disordered flows. The nature of the flow is examined
by progressively decreasing the angle of inclination by fractions of a degree, with the
objective of examining the range of angles for which the hard-particle model can be used
to describe the flow and the nature of the flow dynamics very close to cessation where
the hard-particle approximation fails. For a disordered flow, when the angle inclination
exceeds the angle for flow cessation by about 0.5° for the linear contact model and about 1°
for the Hertzian model, the flow is well described by Bagnold rheology, and the Bagnold
coefficients are independent of layer height and the particle stiffness, implying that the
flow dynamics is well described by the hard-particle approximation. When the angle of
inclination exceeds the angle for flow cessation by less than 0.5° for the linear contact
model and 1° for the Hertzian contact model, the flow transitions into a layered state
consisting of a faster shearing zone of height about 30 particle diameters atop a bottom
slowly shearing zone. There are sinusoidal oscillations in the velocity of the center of mass
of the flow, and the period of these oscillations is proportional to the characteristic time
for particle interactions, indicating that the particle contact time does affect the dynamics
of the layered flow. The flow evolution is qualitatively different for an ordered flow. In
this case, there is an abrupt transition from a Bagnold flow to a plug flow with sliding
at the base when the angle of inclination is decreased by 0.05°. There is no discernible
intermediate flow regime where the particle contact time becomes relevant. We also
examine the deceleration of the flow when the angle of inclination is decreased from a
flowing state to a final angle below the cessation angle. The initial decrease in the flow
velocity is exponential for both contact models and for all final angles of inclination. This
is followed by a more rapid decrease to the static state. The time constant for the initial
decrease is significantly higher for an ordered flow in comparison to a disordered flow. The
time constant is independent of the contact model and particle stiffness, and increases with
height proportional to 432, as expected for the hard-particle model.

DOI: 10.1103/PhysRevFluids.4.024301

I. INTRODUCTION

A conceptual basis often used for the study of dense granular flows is the “hard-particle” ap-
proximation, where the interactions between particles are considered to be instantaneous collisions.
Since the time of an interaction is zero in the hard-particle limit, there is no material timescale. The
equilibrium configurations of dense hard-particle fluids have been studied for some time now [1-4].
More recently, the nonequilibrium steady states of hard-particle fluids have been used as models for
dense granular flows. For a sheared granular medium, the only relevant timescale is the inverse of
the strain rate. From dimensional analysis, all components of the stress are proportional to the square
of the strain rate. This relationship between the stress and strain rate, called the Bagnold law [5,6],
is found to be applicable for granular flows down an inclined plane even when the flow is dense and
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the coordination number (number of particles in simultaneous contact with a test particle) is 2 or
greater [7-9]. Thus, the constitutive relations are applicable over a wider range of particle volume
fraction than that for which the assumption of binary interactions is valid, provided the stiffness of
the particle contacts is sufficiently large. The Bagnold relations become inapplicable only when the
stiffness of the particle contacts is reduced to very low values, about 10*~10° smaller than those
applicable for materials of practical importance such as steel and glass [10].

A. Kinetic theory for granular materials

There has been a lot of theoretical development based on kinetic theory of gases [11] for
homogeneously cooling granular materials [12—19], dilute granular materials driven by shear
[20-29] or vibration [30-36], and dense granular flows. These have been described using conser-
vation equations for mass, momentum, and energy similar to those for molecular gases. At the
microscopic level, the main difference between granular and molecular gases is that the interactions
between molecules are energy conserving, whereas kinetic energy is dissipated in an interaction
between two grains due to the inelastic nature of the collisions. The energy equation for a granular
gas contains an energy dissipation term due to inelastic collisions between particles and therefore a
constant supply of energy is necessary to maintain a steady flow. This energy is provided either by
forcing from the boundaries, as in the case of a vibrated granular material, or by mean shear, as in
the case of the flow down an inclined plane. Constitutive relations for the stress and the heat flux,
which incorporate the effect of inelasticity, have been derived up to Burnett order for a granular flow
[24,25]. The theory has been extended to dense gases using the Enskog approximation [37-41] for
the two-particle distribution function. For dense flows, it has been realized that the molecular chaos
approximation in the Boltzmann and Enskog descriptions are not valid, and the effect of correlations
have also been included in deriving constitutive relations [42—44].

B. Flow down inclined plane

The granular flow down an inclined plane is a widely studied example of a dense granular flow,
because simulations and experiments have revealed that it exhibits many unusual features [45—48].
At steady state, the flow is characterized by a constant ratio of the shear and normal stress, which
is proportional to the ratio of the body forces parallel and perpendicular to the base. In simulations,
the volume fraction of the particles is a constant independent of depth, in contrast to the expected
increase in volume fraction with depth due to the increased overburden. A stable flow is obtained
only for a limited range of angles of inclination, and the minimum angle for flow initiation decreases
as the height of the layer increases [47]. The velocity profile in the bulk is independent of the base
configuration or the conditions at the base and is described by the Bagnold law. However, there are
temperature boundary layers at the top and bottom where the Bagnold law does not apply, because
the rate of conduction of energy is comparable to the rates of production and dissipation [49].

Constitutive relations obtained from the hard-particle description have been remarkably success-
ful in capturing the salient features of the granular flow down an inclined plane [49,50]. These
kinetic models do predict the constant volume fraction with height, the initiation of flow at a
finite angle of inclination, the applicability of the Bagnold relation in the bulk, and the effect of
the base configuration on the flow dynamics. The coefficients in the Bagnold relations have been
quantitatively predicted by incorporating the effect of correlations in the particle velocities in a
kinetic theory description [41].

The initiation and cessation of flow for thin layers up to about 40 diameters in height was
considered by Silbert et al. [S1]. The initiation and cessation of flow was found to be qualitatively
different for thin (thick) layers with thickness less (more) than about 20 particle diameters. For
thick layers, during flow development from a stationary state, there is a shearing layer at the bottom
which supports a plug on top. The thickness of the shearing region increases and encompasses the
entire layer as flow develops. During cessation of flow, there is deceleration at the bottom first, and
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the static zone at the bottom expands upward until flow stops. Here, two related phenomena are
analyzed. The cessation of flow is analyzed for thick layers, in order to examine how the rate of
decrease of the velocity and the timescale for cessation depends on the system parameters for layers
of height greater than the 35 particle diameters. In addition, the steady flow for angles very close to
the angle of cessation is considered.

C. Constitutive models

The hard-particle approximation is also the basis of the w (/) rheology [52—54], where the friction
coefficient w, the ratio of the shear stress and pressure, is expressed as a function of the inertia
parameter I which is (yd/+/p/p), where y is the strain rate, d is the particle diameter, p is the
pressure (or normal stress), and p is the density. In this description, the granular material is static
when u is below a minimum value, while there is flow when p exceeds a certain minimum value.
There is usually also a maximum limit for u for I — oo, indicating that the ratio of shear and
normal stresses cannot exceed a maximum value. The () rheology is a generalization, to flowing
states, of the critical state theory [55] which provides a yield criterion for static granular materials.
The w(Z) rheology can be derived from Bagnold rheology and is therefore based on the assumption
that the only relevant time cale is the inverse of the strain rate. However, the () relationship only
provides one relation among the shear stress, pressure, and strain rate. Therefore, it is not possible
to evaluate the stress and pressure from /. More recently, an empirical relation has also been used to
relate the volume fraction ¢ to the inertia number I [56]. This approach is useful if the pressure is
specified on the basis of the overburden, for example, but is more difficult to implement in complex
flows where there are complicated variations of the pressure with position, because there is only
one relation among three quantities, pressure, shear stress, and the inertia parameter. In order to fix
the pressure, the constant density condition is usually used, and this results in a pressure Poisson
equation [54]. This is applicable only when the volume fraction is nearly a constant for very dense
flows and is at variance with the ¢ (/) relation, which predicts that the volume fraction varies with /.

It is known that the w (/) constitutive relations could exhibit short wavelength instabilities under
certain conditions [57]. There have been extensions of the w(/) rheology to include a microscopic
length scale in the problem [58]. These follow earlier interpretations of a microscopic length scale
in the flow, such as the region of rotational disequilibrium between the particle spin and the material
deformation [59,60]. A microscopic length scale, the conduction length, does emerge naturally
from kinetic theory based constitutive relations, and this has been used to successfully explain the
variation in the flow properties near boundaries [10,49,61]. The extensions of the (1) rheology, and
other theories which postulate a microscopic length scale, still do not contain a material timescale,
and so they are consistent with hard-particle approximation. However, all of these theories contain
a material length scale; the square of this length scale multiplies the Laplacian of the dynamical
quantity (granular temperature, fluidity, etc.). When the flow length scale is large compared to the
material length scale, the diffusion term can be neglected in the bulk of the flow far from boundaries,
and the Bagnold relationship is applicable.

Some models have postulated a correlation length between particles that is much larger than
the particle size and which could diverge as the system approaches cessation or a critical point
[62,63]. While theories based on large or diverging correlation lengths [37,38,62,63] have been
able to capture the dynamics of a range of granular flows, attempts to measure a correlation length
in simulations have not been as successful [64]. In such cases, the correlation length has to be
considered the material scale, and the minimum system size for Bagnold rheology increases as the
length scale increases.

D. Jamming and flow cessation

A boundary between a flowing and a static region is often observed in granular flows in hoppers
and chutes. The boundary is often not static but is formed by a dynamical balance between erosion
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and deposition [65]. In some cases, such as the flow in a rotating drum, the flow occurs in a series
of avalanches at low rotation rates. Even in cases where distinction between the steady flow and the
static region is clear, there are episodic rearrangements in the static region. Kinetic models based on
the hard-particle approximation have been fairly successful in describing the flowing state of dense
granular materials, but in these models, flow cessation occurs at a fixed ratio of the shear and normal
stresses. The coexistence of the flowing and static states, and the conditions at the interface between
the flowing and static states, is one of the important inputs required for formulating continuum
equations and boundary conditions for flowing granular materials. An important issue is whether
the flow can be described by the hard-particle approximation down to the static region, or whether
there is an intermediate region where it is necessary to account for the finite stiffness of the particles.

Hard-particle systems comprise a singular limit where the force between particles is infinite
when there is overlap and zero when there is no overlap. It is known that the random close packing
volume fraction, 0.64, is the maximum attainable volume fraction for a random assembly of hard
spheres, though an equilibrium system undergoes a crystallization transition at a volume fraction
of 0.49. Different aspects of the random close-packed state have been studied, such as the Voronoi
volume distributions and the configurational entropy [4], but there is still uncertainty regarding the
nature of the transition, and whether the random close packed state is a unique state [66]. A random
close-packed system is in an isostatic state, where the number of degrees of freedom is equal to
the constraints. This requires that the coordination number (number of particles in simultaneous
contact with a test particle) is 4, on average, for frictional particles in three dimensions. When
the volume fraction is decreased from the random close-packed state, a hard-particle system is in
the instantaneous collision regime, since the period of interaction is zero for an ideal hard-particle
system. Therefore, the coordination number undergoes a discontinuous increase from O to 4 at the
transition from the flowing to the static state for hard-particle systems.

Due to the discontinuous transition from an isostatic state to Bagnold rheology in hard-particle
models, the boundary between flowing and static regions is necessarily a surface of infinitesimal
thickness separating static regions from those where particles interact through instantaneous
collisions. In real systems, it is possible that as the ratio of shear and normal stress decreases,
the system transitions to a regime of non-Bagnold rheology where the material timescale, based on
the particle stiffness, is a relevant parameter. The range of stress ratios for non-Bagnold rheology is
likely to determine the thickness of regions where there is a transition from static to flowing states.

In order to obtain insight into the transition between flowing and static states, we examine
here the cessation of a dense granular flow down an inclined plane as the angle of inclination is
decreased. The cessation of flow is a fascinating phenomenon superficially similar to the jamming
in dense suspensions or granular materials [67,68]. While the maximum random close-packing
volume fraction for spherical particles is about 0.64, the jamming phenomenon is observed in
sheared suspensions at a lower volume fraction of about 0.59. In the jamming transition, the stress
of a sheared suspension diverges with an increase in the strain rate, and this divergence occurs
when the strain rate exceeds a critical value. The divergence in the stress is considered to be the
consequence of the formation of “force chains” due to frictional contact between particles, and
interparticle frictional is considered essential for jamming [69,70]. The cessation of a granular flow
over an inclined plane is qualitatively different, because there is a free surface. The particle forces
necessarily decrease to zero at the free surface; it is not possible to have sample-spanning force
chains in this case. Yet, there is the cessation of flow, and the maximum volume fraction in the
flowing state is found to be about 0.59. This observation of an increase in the volume fraction
at flow cessation is also incorporated in critical state theories for soil mechanics [55], where the
material which is densely packed expands upon the application of shear.

E. Order-disorder transition

Recent research has revealed [61,71-73] that there are two distinct types of flows down an
inclined plane, the ordered flow and the disordered flow. The effect of base roughness on the flow
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rule for thin layers [74] and the order-disorder was considered in the earlier studies [61], where the
base roughness was defined as the ratio of the base and moving particle diameter for frozen-particle
bases and the amplitude of the base oscillation for sinusoidal bases. It was shown that there is a
discontinuous transition from a disordered to an ordered flow when the base roughness is decreased
by less than 1% for different base topographies. The properties of ordered and disordered flows
are very different. An ordered flow consists of layers of particles parallel to the base sliding over
each other, and there is hexagonal packing within the layers. In the disordered flow, the relative
configuration of the particles is random. The velocity profile is a Bagnold profile for both ordered
and disordered flows, but the Bagnold coefficients for the ordered flow are two orders of magnitude
lower than those for the disordered flow. In the bulk of the flow, the ratio of the granular temperature
and the square of the strain rate is a constant, as expected for a hard-particle system. It is now known
that the transition between ordered and disordered flows is a hard-particle phenomenon. When the
particle stiffness is decreased below the threshold value for Bagnold rheology, it has been observed
in simulations that there is no order-disorder transition [10]. A continuum model for a layered fluid
has been used to predict the scaling of the transition base roughness on the wavelength of the base
modulation for sinusoidal bases [61].

F. Present study

The dynamics of the inclined plane flow is examined as the angle of inclination is decreased
close to the angle for flow cessation. The simulations are carried out for two contact models, the
linear (Hookean) and the Hertzian contact model, in order to verify that the phenomena observed are
independent of the contact model. The flow height is varied from a minimum of about 35 particle
diameters to a maximum of about 140 particle diameters. The particle stiffness is varied over two
orders of magnitude, in order to examine whether the contact time influences the flow dynamics.
The minimum value of the scaled particle stiffness used here, 100 for the linear and Hertzian contact
model, is sufficiently large that the system is in the hard-particle regime for the flowing state even
when the angle of inclination is 1° above the angle for flow cessation [10].

In the first series of simulations, the angle of inclination is decreased in intervals of a fraction of
a degree close to flow cessation, for both ordered and disordered flows. Simulations are necessary
for this study, since it is infeasible to carry out such a gradual decrease in the angle of inclination
in repeatable experiments. These simulations enable us to determine whether there are intermediate
regimes between the Bagnold flow and the static state and to examine the dynamics of these flows.

A limitation of these simulations is that it is not possible to capture phenomena such as
avalanches due to the small system size. An avalanche is a large mass that slides down a slope. In a
periodic cell, the mass that leaves the cell on the downstream side enters on the upstream side, so it
is not possible to simulate a large mass that slides downward. Only spatially invariant flows can be
simulated in a periodic cell, and therefore our simulations are restricted to spatially invariant steady
or time-varying flows. Another limitation is that the simulations do not capture hysteretic effects,
that is, the difference in the angle of inclination between flow initiation (as the angle of inclination
is increased) and the flow cessation (when the angle of inclination is decreased). Hysteresis is a
complicated phenomenon not completely understood, and possible explanations are the cohesive
forces between particles in the static state or the difference between the static and dynamic friction
coefficient. Here, the focus is on flowing states close to cessation, and so we consider the possibility
of cohesion or the difference between static and dynamic angles of friction. Here, we find the same
flowing states whether the angle of inclination of an initially static state is increased or whether the
angle of inclination of a flowing state is decreased. This is provided that the flow development time
is sufficiently large; the details of the development and averaging time are provided in Sec. III.

A second series of simulations involves the cessation of flow from an initial steady state at an
angle of 22° to lower angles of inclination, both for a final static state and for a final flowing state.
The deceleration of the flow is examined in order to determine whether, and to what extent, the
hard-particle model can be used to describe the flow cessation.
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II. SIMULATION METHODOLOGY

The simulations are carried out using the LAMMPS molecular dynamics simulation software using
the Hookean (linear) and the Hertzian spring-dashpot-slider model [75] for the particle-particle and
particle-wall interactions. Spherical particles of mass m and diameter d are used in the simulations.
For flows driven by gravity, it is convenient to nondimensionalize the mass dimension by the particle
mass m, length by the particle diameter d, time by /d /g, and velocity by +/gd, where g is the accel-
eration due to gravity. In the following analysis, all quantities are expressed in dimensionless form.

The force between the particles is zero when the distance between the particle centers is greater
than the particle diameter. When the distance between particles is less than the particle diameter,
the overlap between particles 4, is defined as the difference between the particle diameter and the
distance between the centers. The normal contact force, which acts along the line joining the centers
of the particles, consists of a spring force which depends on the overlap and a damping force which
depends on the relative velocity of the particles. For the linear contact model, the spring force
is proportional to the overlap §,, while the damping force is proportional to the relative normal
velocity. For the Hertzian contact model, the spring force is proportional to §3/2, and the damping
force is proportional to §!/% times the normal velocity. The resistive force tangential to the surfaces
of contact depends on the tangential displacement u,, the vector displacement of the point of contact
in the direction tangential to the surfaces since the initiation of contact, and the tangential relative
velocity. For the linear model, the tangential spring force is proportional to u,, and the damping force
is proportional to the tangential relative velocity. For the Hertzian model, the tangential spring force
is proportional to §!/%u,, and the damping force is proportional to 8!/ times the relative tangential
velocity. For calculating the tangential force, the contacts are separated into two types, sticking and
sliding contacts. If the ratio of tangential and normal force magnitudes, using the spring-dashpot
model, is greater than the friction coefficient u, the contact is considered to be a sliding contact, and
the tangential force is set equal to u times the normal force. If the ratio of the tangential and normal
force magnitudes is less than u, the contact is considered to be a sticking contact, and the tangential
force computed from the spring-dashpot model is used. The details of the expressions of the contact
forces have been provided earlier [7,45,72], and so they are not repeated here.

There are five constants in the models for the particle interactions, the spring constants k,
and k; in the normal and tangential directions, the damping constants y, and y;, and the friction
coefficient . It was shown earlier [10] that the flow is in the hard-particle regime when the scaled
restitution coefficient ,, is 10° or higher for the linear and Hertzian models. Since we are interested
in the cessation of flow for hard-particle systems, two values of the scaled restitution coefficient k,,,
10° and 1083, are used for the linear and Hertzian models. The ratio (k; /ky,) is set equal to (2/7) in
all the simulations. The value of y,, the normal damping coefficient, is chosen so that the normal
coefficient of restitution (ratio of post- and precollisional velocities along the line joining centers)
for an interaction between a pair of particles is 0.6 for the linear contact model. The same numerical
value is used for y, for the Hertzian contact model as well. The ratio of the damping coefficients
in the tangential and normal directions, (y,/y,), is set equal to (1/2). The friction coefficient is set
equal to 0.4. The reasons for the specific choice of parameters has been discussed extensively earlier
[10,45,61].

The time period of an interaction, 7., isS an important parameter that is used later in the analysis.
For the linear contact model, the contact time t. for a binary contact between two particles
is independent of the precollisional velocity, and is equal to 7 (2k,/m — y,?/4)~'/?. The normal
coefficient of restitution e,, which is the ratio post- and precollisional relative velocities along the
line joining the centers of the particles, is independent of the precollisional velocity, and is equal
to exp (—y,t./2) for the linear contact model. The contact time for the Hertzian contact model
does depend on the precollisional velocity. For the present purposes, an average contact time is
defined based on the average overlap §, between particles for the Hertzian contact model. The

average contact time is defined as 7 (2k,/m — y;} /4)™"/ 28,7"* 1101, where §, is the average overlap
between the particles. The values of &, are determined as described in Ref. [10].
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FIG. 1. The configuration and coordinate system used for the analysis.

III. SYSTEM CONFIGURATION

The system consists of the steady flow of a granular material down an inclined plane, where x
is the flow direction, z is perpendicular to the base, and y is perpendicular to the flow and parallel
to the base, as shown in Fig. 1. Periodic boundary conditions are used in the x and y directions,
while there is fixed base at the bottom and a free surface on top in the z direction. In most of the
simulations, the simulation box dimension is 40 particle diameters in the x direction and 20 particle
diameters in the y direction. However, simulations have been carried out with box sizes up to 80
particle diameters in the x direction and 40 particle diameters in the y direction, in order to examine
system size effects. Different system sizes, consisting of 32 000, 48 000, 64 000, 96 000, and 128 000
particles with heights approximately 35, 48, 70, 100, and 140 particle diameters, respectively, have
been simulated.

The effect of base topography on the order-disorder transition has been studied earlier [61]
for different base topographies, including random and hexagonally ordered frozen-particle bases
and sinusoidal bases. That study revealed that the order-disorder transition takes place as the base
roughness is increased for all base topographies, and the flow in the bulk is independent of base
topography. However, there is a large increase in the granular temperature in a temperature boundary
layer near the base for sinusoidal bases, and there is substantial slip at the base. In the case of
frozen-particle bases, the temperature is comparable to that in the bulk. The objective of the present
study is to examine the flow behavior in the bulk as the angle of inclination is decreased. In order
to avoid a large temperature gradient at the base, the configuration is restricted to frozen-particle
bases. In most of the simulations, hexagonally ordered frozen particles of diameter 0.5 and 1.5 are
used as the base configuration to generate ordered and disordered flows respectively.

Two different types of simulations are carried out. Initially, the base is horizontal, and the
particles are dropped into the box by sequential deposition in a random configuration. This is then
used as the initial condition. For the flow near cessation, the box is tilted to the desired angle of
inclination, and the flow progresses until steady state is attained. The simulation progresses in times
steps of (7./50) for both the linear and Hertzian models. The flow development time is typically
2.25 x 10°/d/g, which is sufficient for the flow to reach steady state close to cessation. Averages
are calculated over an additional time period of 4 x 10%,/d/g. Since the angles of inclination are
close to the angle of cessation, care is taken to ensure that the flow development time is sufficiently
long. For comparison, for real particles of diameter 1 mm, the development time used here is about
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200 s, and averages are calculated over an additional period of about 40 s. For the simulations on
the cessation of flow, the simulation cell is first tilted at an angle of 22°, and the simulation is run
until steady state is reached. After this, the angle is instantaneously decreased to a lower value, and
the evolution of the velocity and other dynamical quantities is recorded as a function of time.

The quantities reported here are the mean velocity v,, the granular temperature 7', and the
coordination number Z as a function of the height z. The averages are calculated over height intervals
of 4 particle diameters in the z direction. The coordination number is the average number of particles
in simultaneous contact with a test particle, while the mean velocity, angular velocity, and granular
temperature are defined as

N N N
1 . 1 . 1 . .
_ (@) _ (i) _ (@) 2 (i) 2
vV=— E v, = — E , T =— E v —vw 1 — . 1
N pn @ N ,':100 6N i:l( y+iw ©) M

Here, N is the total number of particles in the volume of height 4 particle diameters in the z direction,
and the extent of the simulation cell in the x and y directions, v and " are the velocity and angular
velocity of particle i, and 7 is the moment of inertia which is (1/10) when scaled by suitable powers
of the particle mass and diameter for uniform spheres. Some time-dependent average quantities are
also defined for the analysis of the flow deceleration due to a decrease in the angle of inclination.
The velocity of the center of mass for the entire layer is defined as

1 &
V) = 1o ) Vi )
Pi=1

where N, is the total number of particles and v; is the velocity of particle i. The time average of the
velocity of the center of mass (c.m.) is

T,

1 av
Ve = T dr ve™ (1), 3
av JO

where T, the averaging time, is much longer than the time for fluctuations. The fluctuating velocity
of the center of mass is defined as

c.m. c.m. —c,m.' (4)

The mean square of the fluctuating velocity and the fluctuating energy are defined as

Vc.m,’2 — L dt (Vc.m./(t))2' (5)
Tav 0

IV. KINETIC MODELS FOR HARD-PARTICLE SYSTEMS

For the steady flow down an inclined plane with no variations in the streamwise (x) and spanwise
() directions, the momentum conservation equations in the x and z directions are

doy, do,,
+ pgx =0, + 0g. =0, (6)
dz dz

where o,, and o, are the components of the stress tensor, p is the density, and g, and g, are the
components of the gravitational acceleration in the x and z directions. Note that g, is negative for
the coordinate system shown in Fig. 1. The Bagnold relations for the stress tensor are

dv, 2 dv, 2
Ox; = By; d_z , Oz =—B; d_Z ) (N

where B,, and B,, are the Bagnold coefficients. The Bagnold coefficients depend on the volume
fraction but not on the flow velocity or the strain rate. The Bagnold velocity profile is obtained by
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solving Eq. (6) using the constitutive relation (7),

. 2 [pg.h’ 32
Ve = Vst 3 B.. {1 —=[1—= (/M) ®)

where £ is the total height of the flowing layer and v is the slip velocity (if any) at the base.

In the hard-particle model for a sheared granular flow, the granular temperature 7' [Eq. (1)]
is proportional to the square of the strain rate [61] in the bulk when there is a balance between
the production of fluctuating energy due to mean shear and the energy dissipation due to inelastic
collisions. Based on the kinetic theory of gases, the normal and shear stresses can be expressed as

1/2
TV duy _ peT
Oxz = d2 d_Z’ Oz = _?v (9)
where g and p, are dimensionless functions of the volume fraction and the interparticle coefficient
of restitution. The rate of dissipation of energy per unit volume is given by

D¢T3/2
— d4 N

where Dy is a dimensionless function of the volume fraction and interparticle interaction parameters.
In the bulk of the flow far from boundaries, there is a balance between the rate of production of

energy due to the mean shear, o,.(dv,/dz), and the rate of dissipation of energy [49]. Because of
this balance, the granular temperature is proportional to the square of the strain rate,

T = (nyd®/Dy)(dv,/dz)". (11)

This proportionality between the granular temperature and the strain rate during the cessation of
flow is examined in Sec. VI.

(10)

V. FLOW NEAR CESSATION

A. Mean velocity and granular temperature

The evolution of the velocity profile with angle of inclination close to flow cessation is shown in
Fig. 2(a) for a flowing layer with height about 70 particle diameters in a narrow range for the angle
of inclination between 19.5° and 19.9°. The corresponding granular temperature profiles are shown
in Fig. 2(b), and the coordination number profiles are shown in Fig. 2(c). Two distinct flow regimes
are visible in Fig. 2. There is no flow when the angle of inclination is 19.5° or lower, and the granular
temperature is zero. When the angle of inclination is 19.8° or higher, there is shearing throughout
the bulk, and the velocity profile is well approximated by the Bagnold profile [Eq. (8)], as shown
in Fig. 2(a). The granular temperature increases linearly with depth, as expected for a Bagnold
flow. This regime is referred to as the “Bagnold flow” regime. When the angle of inclination is in
the range 19.55° to 19.75°, there is a higher strain rate within a layer of height about 30 particle
diameters at the top, and the velocity profile is a combination of two distinct profiles, one with a
higher slope and an upward curvature at the top and a second with a lower slope at the bottom. The
granular temperature is near constant in the flowing layer of thickness about 30 particle diameters
at the surface, but it decreases to a lower value in the region with lower shear rate at the bottom.
This regime with a velocity profile that is concave upward in the u, — z graph, which precedes flow
cessation as the angle of inclination is decreased, is called the “layered flow” regime. The distinct
Bagnold flow and layered flow regimes are also observed for the Hertzian contact model, as shown
in Fig. 3. In this case, there is no flow when the angle of inclination is 18.9° or lower. The layered
flow regime is observed for a larger range of inclination angles, from about 19° to about 20°, and
there is a transition to the Bagnold flow regime when the angle of inclination is 20.1° or above. The
velocity profile is well fit by the Bagnold profile, and the temperature decreases linearly with height
in the Bagnold flow regime. The qualitative features of the flow in the layered flow regime, with two
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FIG. 2. The mean velocity (a), granular temperature (b), and the coordination number (c) for the flow down
an inclined plane at angles of inclination 19.50° (o), 19.55° (4A), 19.70° (V), 19.75° (<), 19.80° (=), and 19.90°
(). The dotted lines in panel (a) show fits to Bagnold profiles for the two highest angles.

distinct velocity and temperature profiles in the upper and lower regions, are qualitatively similar to
those for the linear contact model.

The profiles of the coordination number also show very different characteristics in the Bagnold
flow and the layered flow regimes. When there is no flow at angle 19.5° or lower for the linear
contact model and 18.9° or lower for the Hertzian contact model, the coordination number is close
to 4 throughout the height of the layer. The coordination number is significantly smaller within a
layer of particles near the base, because the particle contacts with the frozen base particles are not
included in the computation. It should be noted that the preparation of a static configuration by
pouring from the above results in vibrations at the contacts which take a long time to dampen due
to energy dissipation at the contacts. For particles with high stiffness, this results in instantaneous
breakage and formation of contacts, and the coordination number is significantly smaller than the
isostatic value of 4 when vibrations are present. To rapidly damp out vibrations and reach the final
static state, a drag force that is linear in velocity has been exerted on the particles. At the inception
of flow, the vibrations at contact are re-energized by the particle motion above, and the coordination
number decreases to a value significantly smaller than 4 for the isostatic state. Because of this, a
sharp decrease in the coordination number is observed when the system transitions from a static to
a flowing state, that is, when the angle of inclination is increased from 19.5° to 19.55° for the linear
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FIG. 3. The mean velocity (a), granular temperature (b), and the coordination number (c) for the flow down
an inclined plane at angle of inclination 18.90° (o), 19.00° (4A), 19.50° (V), 20.00° (), 20.10° (>>), and 20.20°

(¢). The dotted lines in panel (a) show fits to Bagnold profiles for the two highest angles.

model and 18.9° to 19° for the Hertzian model. In the layered flow regime between angles 19.55°
and 19.75°, the coordination number has a distinctly lower value in the layer of thickness about 30
particle diameters at the top in comparison to the layer with the lower shear rate at the bottom. Thus,
the layering in the strain rate and the granular temperature is also correlated with a layering in the
average coordination number. There is a distinct decrease in the coordination number coinciding
with the transition from the layered flow to the Bagnold flow regime. In the Bagnold flow regime,
the coordination number is observed to be approximately independent of height.

The distinct layered flow and Bagnold flow regimes for the mean velocity and the granular
temperature are also observed for flows with other heights that have been studied, from about 35
particle diameters to about 140 particle diameters, as shown in Figs. 4(a)—4(d). The range of angles
for the layered and Bagnold flow regimes is a little different for a height of 35 particle diameters—a
layered flow is observed for angle in the range 19.5-20.1°, while the Bagnold flow is observed when
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FIG. 4. The mean velocity for different angles of inclination for a flowing layer with height about 35
particle diameters (a), 48 particle diameters (b), 92 particle diameters (c), and 140 particle diameters (d) for
the linear contact model with scaled particle stiffness k, = 10°, and for a flowing layer with height about 70
particle diameters for the linear contact model with scaled spring stiffness &, = 10® (e). The dotted lines show
the Bagnold fits for the two largest angles of inclination.
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FIG. 5. The variation of the Bagnold coefficient B,, (a) and the inverse of the Bagnold coefficient B;Zl (b)
with the tangent of the angle of inclination for the linear contact model with scaled particle stiffness 10° and
layer height about 100 particle diameters (o), 70 particle diameters (A), 48 particle diameters (V), and 35
particle diameters (<), and for the Hertzian contact model with scaled particle stiffness and layer height about
75 particle diameters (o).

the angle of inclination is above 20.2°. For depth of about 48 particle diameters and higher, the range
of angles for layered and Bagnold flows are approximately independent of height. The mean velocity
profile for a layer of height about 70 particle diameters with particle stiffness k, = 10® is shown in
Fig. 4(d). A comparison with the results for k, = 10° in Fig. 2(a) indicates that particle stiffness has
little effect on the qualitative nature of the average velocity profiles. There are some quantitative
differences. The Bagnold profile is observed for 6 = 19.75° and above in contrast to the situation
for k, = 108, where it is observed for # = 19.8° and above. In addition, the jump in the velocity
at the transition from layerd to Bagnold flow is greater for k, = 10% in comparison to k, = 10°.
However, the qualitative behavior is the same. The transitions in the temperature and coordination
number profiles for other depths are qualitatively similar to those shown in Figs. 2 and 3; the details
are not provided here for conciseness.

The Bagnold coefficients for the Bagnold flow have been calculated from Eq. (8) using fits shown
by the dotted lines in Figs. 2, 3, and 4. The Bagnold coefficient B,, is shown as a function of
the tan (6) for different layer heights in Fig. 5(a). Since the ratio of the Bagnold coefficients is
the tangent of the angle of inclination, which varies only by about 4% over the range of angles
considered in Fig. 5(a), the divergence of the Bagnold coefficient B, is similar to that for B,,. The
Bagnold coefficients for the linear and Hertzian models are very different, indicating that the contact
model does affect the Bagnold coefficient, even though the Bagnold law is satisfied for both contact
models. For the linear contact model, there is little variation in the Bagnold coefficient with height
when the layer height is greater than about 48 particle diameters, but there is some variation in the
Bagnold coefficient when the layer height is decreased to about 35 particle diameters. Figure 5(b)
shows the inverse of the Bagnold coefficient as a function of tan (6). An extrapolation of the data
suggests that B,, — oo at tan (6) = 0.358, or & = 19.69° for the linear model. However, prior to
the cessation of flow, there is a transition to a layered flow at & = 19.75°, as shown in Fig. 2(a).
Similarly, for the Hertzian model, an extrapolation of the data suggests flow cessation, B, — 00,
attan (0) = 0.362, or 6 = 19.9°. Before cessation, there is a transition to a layered flow at 6 = 20°.
Thus, from Fig. 5(b), B;Z] appears to decrease continuously to zero as the angle of inclination is
decreased, but there is a small range of angles of about 0.05-0.1° where the system transitions to
the layered flow regime before flow cessation.
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FIG. 6. The mean velocity as a function of height for different angles of inclination for the ordered flow
of a layer of height about 65 particle diameters for the linear model (a) and the Hertzian model (b), both with
scaled particle stiffness k, = 10°.

Distinct regimes are not observed for an ordered flow near cessation, as shown in Fig. 6. For the
linear model, it is observed that there is no flow when the angle of inclination is 15° or below. When
the angle of inclination is between 15° and 15.8°, there is a shearing layer at the bottom and a plug
flow on top. The velocity of the plug region exhibits a sharp discontinuous increase when the angle
of inclination increases to 15.85°, and there is a discontinuous transition to a Bagnold profile when
the angle of inclination is increased to 15.90°. A Bagnold flow is observed for & > 15.9°. The range
of angles for the plug flow does depend on base roughness for an ordered flow—for a smooth base,
there is the flow with shearing at the base and a plug above when the angle is 13°. The angle for
inception of flow increases and the slip at the base decreases as the base roughness is increased.
However, the angle for transition from the plug flow to the Bagnold flow is independent of the base
roughness.

The Bagnold coefficient B,., calculated using Eq. (8), is shown as a function of the tangent of the
angle of the inclination for the ordered flow in Fig. 7(a), and the inverse of the Bagnold coefficient is
shown in Fig. 7(b). The inverse of the Bagnold coefficient for the ordered flow appears to start from
a finite value at the onset of the Bagnold flow. This is sharp contrast to the disordered flow in Fig. 5,
where the inverse of the Bagnold coefficient is numerically small at the onset of the Bagnold regime,
and the transition to the stationary state is interrupted by the layered flow. In this sense, the cessation
of a disordered flow is much closer to a continuous transition which is cut off by the transition to
a layered flow, whereas the cessation of an ordered flow is clearly a discontinuous transition from
finite straining to zero straining in the bulk. Since the flow regimes for an ordered flow are limited to
the Bagnold and plug flow, we do not analyze these regimes further. The layered flow regime near
cessation for the disordered flow is now analyzed in further detail.

B. Contact force distributions

The contact force distributions have to be analyzed with care, because the average contact force
increases with depth from the free surface due to the greater overburden. Here the average contact
force f,y is calculated as the average of the contact force magnitudes for intervals of height 4 particle
diameters in the z direction. This average force is then used for scaling the contact forces within the
height interval. The probability distribution of the contact force magnitude, P(f/ fuv), is determined
as a function of the ratio (f/ fay)-

The force distribution is shown as a function of height for a static layer with angle of inclination
19.5° in Fig. 8(a), for a layered flow with angle of inclination 19.6° in Fig. 8(b), and for a Bagnold
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FIG. 7. The Bagnold coefficient (a) and the inverse of the Bagnold coefficient (b) as a function of the

tangent of the angle of inclination for the linear contact model (o) and the Hertzian contact model (A), both
with scaled particle stiffness k, = 10°.

flow with angle of inclination 19.9° in Fig. 8(c). For a static layer, the force distribution is close
to an exponential distribution with a sharp maximum near zero force, as shown in Fig. 8(a). The
force distribution for the Bagnold flow in Fig. 8(c) is also independent of height but is qualitatively
different from that for the static state, even though the difference in the angle of inclination is less
than 0.5°. The force distribution for the Bagnold flow exhibits a maximum at about (f/fa) ~ 0.5,
and it exhibits a slower decrease for high force magnitude. For the layered flow, the force distribution
in Fig. 8(b) has a distinctly different shape in the region at the bottom (shown by the red lines)
and the flowing layer at the top (shown by the blue lines). In the flowing region at z = 46 and
62, the force distribution is similar to the distribution for the Bagnold flow in Fig. 8(c), with a
maximum at about (f/f,) ~ 0.5. At height between z = 6 and 26, the shape of the distribution
function is different from that for the flowing region above and is similar to that for the static layer
in Fig. 8(a).

The force distributions for the Hertzian contact model, for both the static layer [Fig. 9(a)] and
the Bagnold flow [Fig. 9(c)] are distinctly different from the corresponding force distributions for
the linear contact model, shown in Figs. 8(a) and 8(c). The static force distribution for the Hertzian
contact model does show a sharp increase at zero force, but this is less pronounced than that for
the linear contact model. The force distribution for the Bagnold flow has a maximum at zero force,
as shown in Fig. 9(c), in contrast to the maximum at (f/f,y) ~ 0.5 for the linear contact model in
Fig. 8(c). However, analogous to the situation for the linear contact model, the force distribution for
the layered flow in Fig. 9(b) also shows two distinct forms, one corresponding to the static layer at
the bottom at z = 6 and z = 26 (shown by the red lines) and a second corresponding to the flowing
layer at the top at z = 46 and z = 62 (shown by the blue lines). The former is qualitatively similar
to the force distribution for the static layer in Fig. 9(a), while the latter bears a resemblance to that
for the Bagnold flow in Fig. 9(c). Thus, the distinction between the static and flowing regions in a
layered flow is also reflected in the force distributions for the linear and the Hertzian models.

C. Periodic oscillations in the layered flow

In the layered flow regime, superposed on the steady velocity and temperature profiles are
unusual time-periodic oscillations, which have not been reported earlier for these types of flows.
The variation in the average center-of-mass velocity v5™, Eq. (3), with the angle of inclination near
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FIG. 8. The probability distribution for the contact force P(f/f, ) as a function of (f/f,,) for (a) a static
layer at 6 = 19.5°, (b) layered flow at & = 19.6°, and (c) Bagnold flow at & = 19.9°. The layer height is about
65 particle diameters, and the symbols show the distributions in intervals of height 4 particle diameters at
heights of 6 (o, red), 26 (A, red), 46 (V, blue), and 62 (¢, blue) particle diameters from the base.

cessation is shown in Fig. 10(a). The two distinct regimes, the layered flow regime and the Bagnold
flow regime, are visible in Fig. 10(a) for both the linear and Hertzian models. There is a relatively
gradual increase in the velocity of the center of mass in the layered flow regime within the range
of angles 19.55-19.75° for the linear model, and v;™ appears to increase roughly proportional to
the height of the flow. When the angle of inclination is greater than 19.8°, the system transitions
to a Bagnold flow, where the mean velocity is proportional to #%?, as indicated by Eq. (8). These
two regimes are also clearly observed for the Hertzian contact model for a layer of height about
70 particle diameters. Here, the layered flow regimes extends over a larger range 19°-20° in the
angle of inclination, and then there is a transition to Bagnold flow when the angle of inclination is
20.1° or higher. There is a distinct shift in 5™ upon transition from the layered flow to the Bagnold
flow regime, and the height dependence of 7™ is consistent with the #*/? scaling expected for the
Bagnold profile.
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FIG. 9. The probability distribution of the contact force P(f/f. ) as a function of (f/f,, ) for (a) a static
layer at 8 = 19°, (b) layered flow at 6 = 19.5°, and (c) Bagnold flow at & = 20.5°. The layer height is about 70
particle diameters, and the symbols show the distributions in intervals of height 4 particle diameters at heights
of 6 (o, red), 26 (A, red), 46 (V, blue), and 62 (o, blue) particle diameters from the base.

The root mean square of the velocity fluctuations in the x and z directions, v (v$™')? and

vV (v;“‘”)2 [Eq. (5)], scaled by the average velocity of the center of mass v{™, are shown in
Figs. 10(b) and 10(c). There is a sharp increase in the scaled root mean square of the fluctuations
in the Bagnold flow regime as the angle of inclination decreases until about 19.8° for the linear
model and about 20° for the Hertzian models. Below this angle, when the system is in the layered
flow regime (19.55°-19.75° for the linear model and 19°-20° for the Hertzian model), the root
mean square of the velocity fluctuations (scaled by the velocity of the center of mass) show very
little variation with the angle of inclination. The streamwise root mean square velocity, when scaled
by the average velocity, is about 8%, while the scaled cross-stream root mean square velocity is
about 12%. A similar variation is observed for the Hertzian contact model, where the scaled root
mean square fluctuations increase sharply in the Bagnold flow region as the angle of inclination is
decreased to 20°, and then are approximately invariant with angle of inclination in the layered flow
regime when the angle of inclination is 19°-20°. Thus, there are distinct qualitative characteristics
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FIG. 10. The velocity of the center of mass v;"™ (a), the scaled root mean square of the fluctuations in the
streamwise velocity (b), and base-normal velocity (c) as a function of angle of inclination for the linear contact
model with scaled particle stiffness 10° and layer height about 35 (o), 70 (A), 100 (V), and 140 (¢) and for the
Hertzian contact model with scaled particle stiffness 10° and layer height 70 (x).

of both the velocity of the center of mass and the velocity fluctuations in the layered flow regime
close to cessation, which are very different from those in the Bagnold flow regime.

These fluctuations in the velocity of the center of mass are not random but have a regular
sinusoidal variation in time, as shown in Fig. 11. Here, the instantaneous value of the fluctuating
velocities of the center of mass, vjm" and vg'm", are shown as a function of time scaled by the
collision time .. The fluctuating velocities for four different angles of inclination are shown in
Fig. 11; all of these have zero mean, and the results for the different angles are vertically displaced
for clarity. Figure 11(a) clearly shows that there are sinusoidal oscillations of a single frequency
in the fluctuations in the velocities of the center of mass in the layered flow regime, between
angles 19.55° and 19.75° for the linear model. The fluctuations in the streamwise and cross-stream
velocities are anticorrelated; that is, the streamwise velocity passes through a maximum when
the cross-stream velocity passes through a minimum, and vice versa. This implies that when the
streamwise velocity is lower than average, there is an upward cross-stream velocity fluctuation, and
when the streamwise velocity is higher than average, there is a downward cross-stream velocity
fluctuation, resulting in periodic expansion and contraction of the flow. This is because a region
decelerating in the streamwise direction has to expand to conserve volume, and the expansion is
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FIG. 11. The time series of the fluctuation in the velocity of the center of mass in the x direction (red, solid
line) and z direction (blue, dashed line) for the short time series (a) and the long time series (b) for different

angles of inclination for a layer of height about 70 particle diameters and the linear particle contact model with
scaled particle stiffness 10°.

upward due to the impenetrable base. When the angle of inclination is increased to 19.8° and the
system is in the Bagnold flow regime, the sinusoidal variations disappear and the fluctuations are
random in nature. Though there are some variations in the fluctuating velocity for long times, as
shown in Fig. 11(b), the amplitude of the short-time fluctuations in Fig. 11(a) is larger than the
amplitude of the long-time drift.

The velocity fluctuations are also observed for different heights, as shown in Fig. 12(a). There
is a definite increase in the time period 7, of the fluctuations as the height is increased, but clear
anticorrelated fluctuations in the streamwise and cross-stream velocities are observed for all heights.
These fluctuations are also observed for different contact models, and for different particle stiffness,
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FIG. 12. The time series of the fluctuation in the velocity of the center of mass in the x direction (red, solid
line) and z direction (blue, dashed line) for different layer heights for the linear model with k, = 10° (a) and
for different particle models and spring stiffness for layer height about 70 (b).
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FIG. 13. The period of the oscillations for the layered flow as a function of the height of the flowing
layer where the linear contact model is used for particle interactions with scaled particle stiffness k, = 10°
(o) and 10%(A), and where the Hertzian contact model is used for the particle interactions with scaled particle
stiffness k, = 10° (V) and 108 (¢). The period of oscillation is scaled by /d/g in panel (a), and by the collision
time [(7 (2k,/m — y,/4)~'/?) for the linear model and (v (2k,/m — y2/4)~1/2871/4) for the Hertzian model] in
panel (b).

as shown in Fig. 12(b). Simulations have also been carried out to examine whether these oscillations
depend on system size. The size of the simulations have been increased by a factor of 2 in both the
streamwise and the spanwise directions for both contact models and for different heights, and it is
found that there is no change in the nature or the time period of the oscillations. Thus, the sinusoidal
variation in the velocity fluctuations of the center-of-mass is a property of the layered flow and does
not depend on contact model, flow height, or system size.

The variation of the time period of oscillations 7, is shown as a function of layer height for the
linear and Hertzian contact models in Fig. 13. Different layer heights are considered for the linear
contact model with two different values of the particle stiffness, while one height is considered for
the Hertzian contact model with two different values of the particle stiffness to examine how the
contact model affects the period of oscillations. When scaled by /d/g, Fig. 13(a) shows that there
is a significant variation in the period of oscillation. However, when the period of oscillation is
scaled by the contact time 7., Fig. 13(b) shows that all the date collapses on to a single curve. The
period of oscillation seems to increase linearly with height for the range of heights considered here.

VI. CESSATION OF FLOW

The dynamics of flow cessation, when the angle of inclination of a flowing layer of particles
initially at 22°, is instantaneously decreased to different angles above and below the cessation
angle, is examined in this section. In the simulations, the angle of inclination is set equal to 22°,
and the simulation is run until steady state is attained. The angle of inclination is then decreased
instantaneously to a lower value 6, which could be above or below the angle for flow cessation, and
the decrease in the average velocity with time is determined. The particles come to rest when the
angle of inclination is below that for flow cessation, and the rate of decrease is faster for a lower final
angle 6. When 6; is greater than the angle for flow cessation, the velocity decreases and reaches
a final value at steady state which is lower than the initial value for 22°. The qualitative nature of
the decrease in the velocity is examined as a function of the final angle 6y, the layer height, the
particle stiffness, and the contact model. The dynamics of flow cessation is qualitatively similar for
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FIG. 14. The decrease in the average velocity v;™ [Eq. (2)] as a function of time when the angle of
inclination of a layer of height about 70 particle diameters, initially flowing at inclination angle 22°, is
instantaneously decreased to 10° (o), 18° (A), 19° (V), 19.2° (), 19.5 (&), 19.7° (¢), 20.0° (x), and 21.0°
(+). The velocity is plotted as a function of time in panel (a) and as a function of (¢/7;) in panel (b). The dotted
line in panel (b) shows the curve exp (—1/1t,).

disordered and ordered flows. The flow cessation of a disordered flow is discussed in detail, while
the important results for the ordered flow are briefly presented.

The decrease in the average streamwise velocity of the center of mass, vi™ [Eq. (2)], is shown
as a function of time for different decrements in the angle of inclination in Fig. 14. Here, the layer
height is about 70 particle diameters, the linear contact model is used, and the particle stiffness
is 10°. In Fig. 14(a), the ratio of the instantaneous velocity and the initial velocity is shown as a
function of time. When the angle of inclination is decreased to 10°, there is a rapid decrease by
about two orders of magnitude within about 100 time units. The time for decrease increases as the
final angle of inclination increases up to about 19.5°, the angle for cessation of flow. When the angle
increases to 19.7°, the flow velocity does not decrease monotonically but tends to a finite value in
the long time limit. As the final angle of inclination increases to 20° and 21°, the final velocity
increases. Though this behavior is intuitively expected, deeper insight is obtained by scaling the
time axis by an angle-dependent cessation time t, in Fig. 14(b). Here, it is observed that the initial
decrease of the velocity collapses on to the same exponential curve for all angles of inclination,
including those angles where the final state is flowing. When the final angle is less than 19.5°,
there is a two-stage decrease in the mean velocity, the initial exponential decrease, and a second
faster-than-exponential decrease for # > ;. When the angle of inclination is greater than 19.5°, the
initial decrease is followed by a plateau to the steady velocity at that angle. At the angle of 19.5°,
where there is flow cessation, the decrease in the mean velocity appears to be exponential with a
single relaxation time ;.

Though the decrease of the average velocity with time exhibits a self-similar behavior when the
time is scaled by the time constant time t,, the velocity profiles do not decrease in a self-similar
manner. This is shown in Fig. 15, where the velocity profiles at equal values of (¢ /z,) are shown for
different final stopping angles 6. When the final angle is O, there is a rapid decline in the velocity
profile to zero at the bottom, and this region of zero velocity progresses upward until the flow stops.
As the final angle 6 increases, the form of the velocity profile at intermediate time changes. There
is a more uniform decrease in the velocity throughout the height when 6; is 15° or greater. When
the angle of inclination is 20°, which is greater than the angle of cessation, the initial decrease is
exponential, but the velocity profiles tends to a steady state profile 20° for (¢/t,) > 1. Therefore, the
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FIG. 15. The velocity profiles at different time instants (¢/7,) = 0.5 (a), 1.0 (b), 1.5 (c), and 2.0 (d) for a
disordered flow when the angle of inclination of a layer of height 70, with initial angle of inclination 22°, is
instantaneously decreased to 0° (o), 10° (A), 15° (V), 18° (<), 19° (&), and 20.0° (¢). The dashed line shows
the steady-state velocity profile for 22° atr = 0.

velocity profiles during flow cessation do depend on the final angle 6;, though the initial decrease in
the center-of-mass velocity is self-similar.

The relationship between the strain rate and the granular temperature during flow cessation is
shown in Fig. 16 for different cessation angles. When compared with the velocity profiles in Fig. 15,
it is observed that there are two distinct qualitative features. Where there is no flow at the bottom,
the ratio decreases to zero. Where there is flow at the top, the ratio [(dv,/dz)?/T] has a finite value
which is independent of height, independent of time, and dependent only on the angle of inclination.
The transition in the value of [(dv,/dz)*/T] between the flowing and static regions takes place over
a distance of about 5-8 particle diameters. The constant value of [(dv,/dz)?/T] is predicted by
kinetic models for granular flows, which posit a local balance between the production of energy
due to shear and the dissipation due to inelastic collisions. The implicit assumption here is that
the inverse of the strain rate provides the only timescale in the problem. Thus, the flowing region
seems to be well described by the hard-particle approximation. The transition zone of 5-8 particle
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FIG. 16. The ratio of the square of the strain rate and the granular temperature for (¢/t;) = 0.5 (o), (/) =
1.0 (A), (t/7,) = 1.5 (V), and (¢/7,) = 2.0 (¢) during the cessation of the flow down an inclined plane when

the initial angle of the steady flow is 22°, and the angle of inclination is instantaneously decreased to 0° (a),

10° (b), 15° (c), and 18° (d).
diameters over which the transition takes place correlates well with the presence of a conduction
boundary layer of thickness 5-8 particle diameters for steady flows over irregular boundaries [61].
The ratio of the square of the strain rate and the granular temperature in the flowing region does
have a definite dependence on the angle of inclination. This ratio decreases as the final angle of
inclination 6 increases, implying that the agitation of the particles at fixed strain rate decreases as

the final angle of inclination decreases.

The characteristic time for the initial exponential decrease of the center-of-mass velocity, t;,
is shown as a function of 6, in Fig. 17(a). The value of 7, is determined by fitting a straight line
to the initial decay of the velocity in the semilog graph shown in Fig. 14(a), and determining
the time at which this line intersects [vS™ (¢)/vi™(0)] = e~ !, where e is the base of the natural
logarithm. Instead of t,, Fig. 17 shows the ratio (z,/h*?), since this results in a collapse of the

data. As intuitively expected, T, increases as the final angle 6 increases, and it appears to diverge
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FIG. 17. The variation of (t,/h*?) (a) and (h*?/t,) (b) as a function of tan (6,) for a disordered flow (solid
red line) and ordered flow (dashed blue line) for the linear contact model for k, = 10° and & = 37 (o), h = 48
(A), h =175 (V), and h = 100 (¢), for the linear contact model for k, = 10% and 4 = 75 (<), and for the
Hertzian model for k, = 10° and h = 75 (1>).

as 6, approaches the initial angle 22°. In Fig. 17(b), the inverse (h?/t,) is plotted as a function of
tan (6;). This figure shows that (W32 /7s) decreases linearly with tan (6,), and it appears to extrapolate
to zero at 6 = 22°, the initial angle for the steady flow. Moreover, the results for different particle
contact models and different particle stiffnesses in Fig. 17 show that the cessation time 7 increases
proportional to 43/? and is independent of the particle stiffness or the contact model.

All the qualitative features of the flow cessation for an ordered flow are identical to those for a
disordered flow. The initial exponential decrease of the velocity of the center of mass is observed
for a disordered flow as well. When scaled by the characteristic time t, for flow cessation, the initial
decrease of the velocity is found to be universal. When 6; is lower than the flow cessation angle,
there is a faster decrease of the velocity for (/7;) 2 1. When 6; is higher than the flow angle, the
flow reaches the final steady velocity in the long time limit. Though the decrease of the velocity of
the center of mass is universal when time is scaled by the characteristic cessation time, the velocity
profiles are not universal. For low values of 0, the velocity decreases faster at the bottom and more
slowly at the top, whereas for high values of 6, there is relatively uniform deceleration throughout
the height. The temperature is proportional to the square of the strain rate in the flowing region for
the ordered state as well. The cessation time t; and its inverse are shown by the blue dashed lines
in Fig. 17 for the ordered state. The characteristic cessation time for an ordered flow is numerically
about one order of magnitude higher for a disordered flow. However, all the qualitative features of
7, are the same. Figure 17 shows that 7, is proportional to #*/? and is independent of the particle
contact model and the particle stiffness, for both ordered and disordered flows. When extrapolated,
the characteristic cessation time for ordered and disordered flows appears to diverge at the angle
6, = 22°, which is the initial angle of inclination, as required for consistency.

There is a subtle difference between the characteristic time 7, for ordered and disordered flows.
For a disordered flow, the inverse of the characteristic cessation time 7! decreases linearly with the
tangent of the angle of inclination. For an ordered flow, the decrease is not linear, and rs‘l appears
to decrease with zero slope at 8, = 22°. It should be noted that the time 7, becomes very large for an
ordered flow for & — 6y, and the required time period is too large to simulate for 6, > 20°. Despite
this limitation, the results in Fig. 17(b) clearly show that the decrease of 7! is not linear when the

s

024301-24



CESSATION OF A DENSE GRANULAR FLOW DOWN AN ...

angle of inclination is close to ;. This subtle difference, and its connection to the variation in the
Bagnold coefficient near flow cessation, is a subject for further study.

VII. CONCLUSIONS
A. Bagnold flow

In this study, we have examined the validity of Bagnold law and the nature of the velocity profile
as the angle of inclination is decreased very close to the angle for flow cessation. The results show
that the mean velocity profiles are well described by the Bagnold law even when the angle of
inclination exceeds the angle of cessation by not more than about 0.5° for a disordered flow for
the linear contact model, when the layer height exceeds about 48 particle diameters. This implies
the flow is in the Bagnold regime even when the ratio of shear and normal stresses is 2.5% higher
than that for dynamical arrest. For a disordered flow for the Hertzian contact model, Bagnold law
applies when the angle of inclination is 1° higher than the angle for flow cessation. The Bagnold
profile for the velocity field and the characteristic linear increase in the temperature with depth are
observed even when the coordination number is greater than 2. Though the Bagnold coefficient
increases by two orders of magnitude when the angle of inclination is decreased by about 2°, the
velocity profile is found to be quantitatively described by the Bagnold profile. This property of the
dense granular flow down an inclined plane is found to be independent of the flow height, the particle
stiffness, or the particle contact model. This remarkable robustness of the Bagnold law even very
close to cessation confirms that constitutive relations based on the hard-particle approximation are
valid even in regions where the ratio of the shear and normal stresses is close to that for flow arrest.

Flow cessation for an ordered flow is different from that for a disordered flow. Here, the transition
occurs from a Bagnold regime to a plug flow as the angle of inclination is decreased. In the plug flow
regime, there is a sliding region at the base of thickness a few particle diameters, which supports a
plug above with no internal shearing. The transition between the plug flow and the Bagnold flow is
even sharper than that for the disordered flow. In the simulations, the transition is observed to occur
when the angle of inclination is decreased by 0.05°, independent of layer height, particle interaction
model, or particle stiffness. There is no other flow regime discernible between the Bagnold regime
and the plug flow regime for an ordered flow. Thus, ordered flowing states with internal shearing
appear to always be in the Bagnold regime.

There is a significant difference in the variation of the Bagnold constant in ordered and disordered
flows close to cessation. In the case of a disordered flow, the Bagnold coefficients By, and B,, appear
to diverge, and the inverse of the Bagnold coefficients Bx‘z1 and BZ_Z1 appears to continuously decrease
to zero, suggesting that the transition is continuous. The decrease to zero of B;Zl and BZ_Zl is inter-
rupted by a transition to the layered flow regime close to cessation, discussed next. However, there
is a large decrease in B;ZI and B;zl , by about two orders of magnitude, when the angle of inclination
decreases by about 2°. In the case of an ordered flow, the change in the Bagnold coefficient is
discontinuous. The inverse of the Bagnold coefficients, B‘Zl and BZ‘Z], decrease by a factor of about
1.5 when the angle of inclination decreases from 22° to 16°, and then they discontinuously decrease
to zero when the angle of inclination is further decreased by 0.05°. Thus, the cessation transition for
ordered and disordered flows appear to belong to different universality classes.

A similarity between the cessation transition for a disordered flow and phase transitions in
equilibrium systems is illustrated in Fig. 10, where the scaled root mean square of the velocity
fluctuations are shown as a function of the angle of inclination. The sharp increase of the root mean
square velocity in Fig. 10 is reminiscent of the power law increase in the fluctuation amplitude in
the vicinity of a critical point. For example, near the critical point for a binary fluid system, the
amplitude of the fluctuations increases as (7" — T.)™“, where T is the temperature, T is the critical
temperature, and « is a positive “critical exponent.” If the angle of inclination is akin to 7', the
divergence of the root mean square velocities is suggestive of the divergence near a critical point.
When the transition is close to the critical point but still first order, the divergence is truncated
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beyond a certain amplitude. The constant value of the root mean square velocities in the layered
flow regime in Fig. 10 is reminiscent of the cutoff of the divergence. Thus, there are similarities
between the nature of the fluctuations near flow cessation and phase transition in an equilibrium
system, but this requires deeper study.

This distinction in the universality class of the transition has important consequences for the
modeling of real granular flows, which often simultaneously contain static and flowing regions. A
continuous increase in B;Zl and BZ‘Z1 from zero implies that the strain rate continuously increases
from zero at the interface between static and flowing regions. A discontinuous change in Bx‘z1 and
BZ‘Z1 implies that the strain rate changes discontinuously at the boundary between the static and
flowing regions. In both cases, it bears reiteration that the applicability of the Bagnold profile implies
that the material timescales are not relevant and the only timescale in the problem is the inverse of
the strain rate.

B. Layered flow

For the disordered flow, for angles of inclination between the Bagnold flow and flow cessation,
there is a narrow range of angles for which a distinct layered flow is observed. The range of angles is
very small, less than 0.5° for the linear contact model and about 1° for the Hertzian contact model.
The flow is very different from the Bagnold flow and consists of a region of about 30 particle
diameters with a larger strain rate atop a region with a lower shear rate down to the base. A salient
result is that the transition from the Bagnold flow to the layered flow is abrupt, as shown in Figs. 2,
3, and 4, for example. The transition takes place when the angle of inclination is increased by 0.05°.
It may be possible to model the layered flow using a nonlocal model with correlation length larger
than the system size. However, the transition to a layered flow cannot be predicted if the correlation
length increases continuously as the angle of inclination is increased. It is necessary to postulate a
discontinuous jump in the correlation length in order to predict such a transition.

The dynamics in the layered flow regime is intriguing. One would have expected the flow to
transition to an intermittent avalanching regime when the angle of inclination is too small for
a steady flow but still large enough that the layer is not stationary. Instead, regular sinusoidal
oscillations are observed in the streamwise and cross-stream velocities of the center of mass. The
amplitude of the streamwise velocity oscillations is about 8% of the average velocity, while that
of the cross-stream velocity oscillations is about 12% of the average velocity. The amplitude of
the oscillations, when scaled by the velocity of the center of mass, is approximately a constant in
the layered flow regime. This is in contrast to the Bagnold regime, where the amplitude of the
fluctuations increases sharply as the angle of inclination is decreased near flow cessation. The
time period of the oscillations 7, does vary with layer height, the contact model, and the particle
stiffness. An important finding is that t, is proportional to the collision time, that is, the period of
a collision between two particles. The comparison has to be made carefully, because the collision
time is independent of precollisional velocity for the linear contact model but does depend on the
precollisional velocity for the Hertzian contact model. Here, we have used an average collision time
based on the average overlap between the particles for the Hertzian contact model. When the time
period of the sinusoidal oscillations is scaled by the collision time calculated in this manner, it is
found that the ratio is independent of the contact model or the particle stiffness, and it depends only
on the height of the flowing layer.

The dynamics of the layered flow is therefore dependent on the particle interaction time, which is
a material timescale. For deep flows in the layered flow regime, the thickness of the upper shearing
zone is approximately a constant, independent of the total height. The simulations show that the
two regions have different force distributions. The force distribution in the shearing layer on top is
similar to that for the flowing state, while that in the low shear region at the bottom is similar to that
for a static layer. Thus, the distinction between the upper and lower layers is not just kinematic, but
there are dynamical differences in the contact force distributions.
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This linear profile for a layered flow is similar to what is observed in the flow over a heap or an
erodible bad. While the similarity in the velocity profiles may just be superficial, it is also possible
that there is a deeper connection. In the flow over a heap, the angle of inclination of the top flowing
layer is close to the angle of repose, which would correspond to the layered flow regime in the flow
over an inclined plane. Thus, the flow may be dynamically aligning close to the angle for cessation,
so that the flow is always in the layered regime. The possibility of such a connection requires
further research.

Another important observation in the present study is the near discontinuous increase in the
coordination number at flow cessation. This observation has to be interpreted with care. Even
after cessation of flow, it is observed in the simulations that the coordination number does not
increase to the expected isostatic value of 4, due to long-lasting vibrations at the contacts which
lead to instantaneous formation and breaking of contacts. It is necessary to artificially dampen these
vibrations in order to attain a static state with the coordination number near 4. In the flowing state,
it is observed that even when there is a static layer at the bottom, the stress exerted by the flow
on top results in the mobilization of contacts in the static layer and the consequent decrease in the
coordination number. Since the particle stiffness used here is significantly smaller than that for real
particles such as sand and glass, this mobilization of contacts with high-frequency vibrations in a
static layer is likely to be real effect.

C. Cessation of flow

The dynamics of the cessation of flow when the angle of inclination is decreased exhibits some
interesting features, which are common to ordered and disordered flows. In the simulations, a steady
flow was set up with angle of inclination 22°, the angle of inclination was instantaneously decreased
to a lower value 6,, and the rate of decrease of the velocity was examined. The initial decay of the
height-averaged velocity is found to follow an exponential decay with a relaxation time t,, followed
by a faster decay if 6, is below the angle for flow cessation. When 6; is above the angle for flow
cessation, the flow evolves to the steady profile for the angle of inclination 8;, with an initial decay
that is exponential. Though the height-averaged velocity is well approximated by an exponential
decay, the velocity profiles do not collapse on to a universal profile for equal values of (¢/t,), where
t is the time elapsed since the reduction in the inclination angle.

At the early stages of flow deceleration when the departure from the initial velocity profile is not
large, the momentum equation can be linearized in the departure from the initial profile, and the
decay is expected to be exponential. Comparing Figs. 14, 15, and 16, it is observed that the decay is
exponential when there is shearing throughout the height of the layer, and the granular temperature
is proportional to the square of the strain rate throughout the height. The faster-than-exponential
decay seems to start when there is a static region at the bottom with no shear supporting a flowing
layer at the top. In this case, the linearization approximation is not valid, and the decrease in the
velocity profile is expected to be faster than exponential because the deceleration is faster as the
thickness of the shearing region decreases.

Even though the velocity profile is not self-similar, there are several aspects of the flow cessation
process that can be described by the hard-particle approximation. The ratio of the square of the
strain rate and the temperature, [(dv,/dz)?/T], is independent of height in the flowing region. In
contrast, the ratio decreases in the static region at the bottom which appears at the late stages of
flow cessation. The relaxation time t, for the exponential relaxation is independent of the particle
stiffness, and it scales proportionally to 43/2 with the layer height. This is the expected scaling if the
Bagnold law is used for the stress in the bulk [72]. Thus, all of the qualitative features of the initial
decay of the velocity profile are consistent with the hard particle model for a dense granular flow.
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