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A perturbation expansion of the Boltzmann equation is used to derive constitutive
relations for the granular flow of rough spheres in the limit where the energy
dissipation in a collision is small compared to the energy of a particle. In the collision
model, the post-collisional relative normal velocity at the point of contact is —e,
times the pre-collisional normal velocity, and the post-collisional relative tangential
velocity at the point of contact is —e, times the pre-collisional relative tangential
velocity. A perturbation expansion is employed in the limit (1 —e,)=¢> < 1, and
(11— ef) oc g2 < 1, so that ¢, is close to +1. In the ‘rough’ particle model, the normal
coefficient of restitution e, is close to 1, and the tangential coefficient of restitution
e; is close to 1. In the ‘partially rough’ particle model, the normal coefficient of
restitution e, is close to 1; and the tangential coefficient of restitution e, is close to
—1 if the angle between the relative velocity vector and the line joining the centres of
the particles is greater than the ‘roughness angle’ (chosen to be (n/4) in the present
calculation), and is close to 1 if the angle between the relative velocity vector and the
line joining the centres is less than the roughness angle. The conserved variables in
this case are mass and momentum; energy is not a conserved variable in the ‘adiabatic
limit’ considered here, when the length scale is large compared to the ‘conduction
length’. The results for the constitutive relations show that in the Navier—Stokes
approximation, the form of the constitutive relation is identical to that for smooth
particles, but the coefficient of shear viscosity for rough particles is 10 %—50 % higher
than that for smooth particles. The coefficient of bulk viscosity, which is zero in the
dilute limit for smooth particles, is found to be non-zero for rough and partially rough
particles, owing to the transport of energy between the translational and rotational
modes. In the Burnett approximation, there is an antisymmetric component in the
stress tensor for rough and partially rough particles, which is not present for smooth
particles.

The constitutive relations are used to analyse the ‘core region’ of a steady granular
flow down an inclined plane, where there is a local balance between the production of
energy due to the mean shear and the dissipation due to inelastic collisions. It is found
that realistic results, such as the decrease in density upon increase in the angle of
inclination near close packing, are obtained for the rough and partially rough particle
models when the Burnett coefficients are included in the stress tensor, but realistic
results are not obtained using the constitutive relations for smooth particles. This
shows that the flow dynamics is sensitive to the numerical values of the viscometric
coefficients, and provides an indication of the minimal model required to capture the
flow dynamics.
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1. Introduction

Much work has been done on the derivation of constitutive relations for granular
materials. Kinetic theory approaches make an analogy between the motion of the
particles in a granular material and the motion of molecules in a gas, and attempt to
write down constitutive relations similar to those derived by the Chapman—Enskog
procedure for hard sphere gases (Chapman & Cowling 1970). There have been
many formulations of the balance laws and constitutive relations for smooth inelastic
particles (Savage & Jeffrey 1981; Jenkins & Savage 1983; Lun et al. 1984; Jenkins &
Richman 1985). These models typically fall into two categories, the generalized
Navier-Stokes equations where the mass and momentum equations are similar to
those for a simple fluid, but where the energy equation has an additional term due
to the dissipation of energy in inelastic collisions (Jenkins & Savage 1983; Lun
et al. 1984; Sela, Goldhirsch & Noskowicz 1996; Sela & Goldhirsch 1998); and
the moment expansion models (Jenkins & Richman 1985; Chou & Richman 1998),
where the higher moments of the velocity distribution function are incorporated in
the description. There have been derivations of kinetic equations up to Burnett order
starting from the Boltzmann equation using an expansion with the Knudsen number
and the inelasticity of the particle collisions as the small parameters (Sela et al. 1996;
Sela & Goldhirsch 1998). Goldhirsch (2003) concluded that hydrodynamic models
have been unusually successful in describing rapid granular flows even though there
is not a large scale separation between the microscopic scale (particle diameter or
mean free path) and the flow scales.

There has been relatively less work on kinetic theories for rough inelastic particles,
where the rotation of the particles is also incorporated. Lun & Savage (1987)
developed a kinetic theory formulation for rough particles in the dense limit, where
the collisional stress is large compared to the kinetic stress. Lun (1991) determined
the kinetic contributions to the stresses for the dilute granular flow of slightly inelastic
and slightly rough spheres, and formulated conservation laws for the density, linear
and angular momenta and the linear and angular contributions to the kinetic energy.
A moment expansion method was used to express the fluxes in terms of the gradients
in the linear and angular velocities and temperatures. One discrepancy between the
above theories and the simulations of Campbell (1989) and Walton & Braun (1986)
is that the stresses in the simulations are anisotropic, whereas the theories predict
isotropic stresses.

The transport properties for a dilute gas of perfectly rough elastic molecules
have been calculated using the Chapman—Enskog procedure by Pidduck (1922) (see
Chapman & Cowling 1970 for a description). The major conclusion of this calculation
was that the equation of state for a gas of rough particles is identical to that for a gas of
smooth particles, while the shear viscosity and thermal conductivity for a gas of rough
particles differ by about 5 % from those for a gas of smooth particles. However, there
is a significant variation in the bulk viscosity, owing to the exchange of energy between
the translational and internal modes. A moment expansion method was formulated
by Theodosopulu & Dahler (1974a,b) for polyatomic molecules in the dense limit,
using the Boltzmann—Enskog closure approximation. In this approximation, the two-
particle velocity distribution function in the BBKGY hierarchy is approximated as
the product of the single-particle velocity distribution functions and the equilibrium
spatial pair correlation function at contact. This approximation incorporates the
increase in the pair distribution function due to excluded volume effects, but the
effect of correlated collisions between particles is neglected. Theodosopulu & Dahler
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(1974a, b) wrote conservation equations for the density, linear and angular momenta
and the translational and rotational parts of the particle energies, and these were
solved by using an expansion in the moments of the distribution function for rough
particles as well as for ellipsoids. The authors found that the theory gave good results
even in the dense regime where kinetic theories, which neglect correlated collisions,
are not expected to be accurate.

In a gas of inelastic particles, energy is not conserved in particle collisions. It was
shown (Kumaran 2004) that it is appropriate to treat energy as a conserved (non-
conserved) variable if the length scale of perturbations is smaller (larger) than the
‘conduction length’, which is obtained as follows. If ¢, is the coefficient of restitution,
the energy dissipated in a collision between two particles is O((1 — e,)T), where the
‘granular temperature’ 7' is the mean square velocity of the particles (the particle
mass is assumed to be 1 without loss of generality). It can be inferred, by examining
the energy balance equation, that fluctuations in energy are damped over a length
scale comparable to 4/(1 —e,)!/?, where / is the mean free path. The rate of diffusion
of energy in the energy balance equation scales as O(D;T/L?), where the thermal
diffusivity Dy ~ AT'/? in the kinetic theory of gases, while the rate of dissipation of
energy is O((1—e,)T*?/2), since (T'/?/)) is the frequency of collisions. Equating these
two terms, it is clear that the rate of diffusion and rate of dissipation are of equal
magnitude when the length scale is comparable to the conduction length defined as
L.=./(1 —e,)"/?. Here, we restrict attention to the ‘adiabatic’ limit (L > L.), where
the rate of conduction of energy is small compared to the rates of production and
dissipation, and there is a local balance between the rates of production due to shear
and dissipation due to inelastic collisions. The conduction of energy is important
only in a region of thickness comparable to the conduction length near the walls.
It should be noted that the sum of the angular momenta of the particles in a
reference frame located at the particle centres is not conserved in a collision, and
perturbations to the angular momentum decay over time scales comparable to the
inverse of the collision frequency, or over length scales comparable to the mean free
path. The constitutive relations in the adiabatic limit for granular flows of smooth
inelastic particles were derived in Kumaran (2004). Here, we derive the constitutive
relations for rough particles, in order to examine the effect of particle rotation on the
constitutive relations.

The constitutive relations, correct to Burnett order, are derived using an expansion
in the parameter €. Though the terms ‘Navier—Stokes” and ‘Burnett’ are used here, it
should be noted that the procedure used here is qualitatively different from that used
for deriving macroscopic equations in the kinetic theory of gases. In that case, the
mean free path A is small compared to the length scale of the flow L, and the mean
velocity U is small compared to the root mean square velocity of the gas T'/2, so that
an expansion is used in the gradients of the density, velocity and temperature. The
number of spatial derivatives in the Burnett terms in the stress tensor is one higher
than that in the Newton’s law of viscosity. In the present case, an expansion is carried
out in the small parameter ¢ = (1 — e,)"/?, which represents the departure from elastic
(energy conserving) collisions. In this expansion, the leading-order contribution to the
stress tensor is the isotropic pressure, the O(g) correction provides Newton’s law for
viscosity, while the O(e?) correction provides the ‘Burnett’ terms.

Two models for particle interactions are considered here. In the case of rough
particles, the relative tangential velocity after collision is —e, times the relative
tangential velocity before collision, and the coefficient of restitution e, is (1 — O(g?)).
In an ¢ expansion, terms proportional to ¢ are neglected in the leading approximation,
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and the relative tangential velocity at contact is reversed in a collision, leading to
energy conservation. A deficiency of the rough particle model is that the relative
tangential velocity at contact is reversed even for a grazing collision, for which there
is very little collisional impulse along the line joining the centres. A more realistic
model, which is the partially rough particle model, is also analysed here. In the
partially rough particle model, the collision is considered to be rough if the angle
between the line joining the centres and the relative velocity is less than the ‘roughness
angle’, and smooth if the angle between the line joining the centres and the relative
velocity is greater than the roughness angle. For simplicity, the roughness angle is
considered to be (n/4) in the present analysis, though other values of the roughness
angle can be analysed using a similar procedure. This model has the advantage
that head-on collisions are rough whereas grazing collisions are smooth. Energy is
conserved in the leading approximation in this case as well. Another model used
previously in literature is the ‘frictional particle’ model, in which the contact during
a collision could be of two types (Herbst, Huthmann & Zippelius 2000; Jenkins &
Zhang 2002). The first is the ‘sliding contact’ in which the tangential impulse between
colliding particles is given by the Coulomb friction law if the angle between the
relative velocity vector and the line joining the centres is greater than a ‘friction
angle’ 6,. The second is ‘sticking collisions’, for which the tangential coefficient of
restitution is a constant, when the angle between the relative velocity and the line
joining the centres is less than 6. As discussed in Herbst et al. (2000), for a frictional
collision, the energy loss in a collision is small compared to the sum of the energies
of the particles only in two limits. The first is the smooth particle limit, where the
tangential coefficient of restitution is close to —1 and the coefficient of friction is
small. In this limit, constitutive relations correct to O(e) were derived by Jenkins &
Zhang (2002), and it was found that the stress and the translational component
of the temperature are identical to those for smooth particles in the Navier—Stokes
approximation, though there is an additional contribution to the energy dissipation
owing to particle friction. In a similar manner, the results of the present calculation
indicate that the Burnett-order terms in the equation for the stress tensor are also
identical to those for smooth particles, though there is an additional contribution to
the energy dissipation owing to the friction of the particles. Consequently, this limit
is not examined in detail in the present analysis. The second limit is for 8y — (1/2)
and p s — oo for sliding collisions and e, — 1 for sticking collisions. The constitutive
relation derived correct to Burnett order for frictional particles, using a procedure
similar to that used here, is identical to that for rough particles, though there is an
additional contribution to the energy dissipation owing to friction. Consequently, the
details of this calculation are not provided.

In the kinetic theory of gases, the Burnett coefficients can be calculated only in
the dilute limit, where the assumption of molecular chaos is valid. If the shear stress
is expanded as a function of the strain rate y for a linear shear flow, the leading
(Navier—Stokes) term is proportional to , while the next higher ‘Burnett’ term, is
proportional to 2. When the number density increases, there is a contribution to the
stress owing to correlations in the particle positions prior to collision (Ernst et al.
1978) which are incorporated in the ‘ring kinetic equation’. The leading correction to
the stress due to correlated collisions is proportional to |y7|*/?, which is large compared
to the Burnett terms in the limit y — 0, so that the Burnett coefficients diverge in this
case. For a granular flow, the temperature and the rate of deformation are related,
since the rate of deformation is the source of energy which sustains the fluctuating
velocity of the particles. An asymptotic analysis in the parameter £ =(1 — e,)"/? is
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used in the present analysis, and the ratio (y/T'/?) oc e4~!, where / is the mean free
path, so that the non-analytic correction to the Burnett coefficients is significant for
(kZ) > &'2. However, the calculation of the Burnett coefficients is restricted to the
low-wavenumber regime (k1) < ¢, or (y/T'/?) > k and the regular Burnett expansion
is valid in this limit.

The present analysis is more comprehensive than the kinetic theory analysis of
Pidduck (1924) because it is not restricted to the low-density regime. In addition,
the Burnett coefficients in the equation for the stress tensor are determined here,
whereas the earlier studies of Pidduck (1924) and Theodosopolou & Dahler (1974a,b)
for elastic spheres and Lun & Savage (1987) and Lun (1991) for inelastic spheres
were restricted to the viscometric coefficients in Newton’s law for viscosity. We use a
perturbation expansion in the small parameter ¢ = (1 — ¢,)/?, and formulate balance
equations for only the conserved fields, which are the mass and momentum fields. The
angular momentum and energy fields, which are not conserved, are determined as a
function of the rate of deformation. This is simpler than the analysis of Lun & Savage
(1987) and Lun (1991) where fields for the angular momentum and the translational
and rotational energies were included in the description, and this simplification enables
the calculation of the Burnett coefficients in the expression for the stress tensor. The
expression for the shear viscosity calculated here turns out to be slightly different from
that of Pidduck (1924), because of a slight difference in the calculation procedure,
and this difference is explained in Appendix A.

The constitutive relations are used to examine the variation of volume fraction
with the angle of inclination for the steady ‘bulk’ flow of granular material down an
inclined plane. Pouliquen (1999) experimentally studied the chute flow of a granular
material down a rough inclined plane. This study indicated that there is inception of
flow only when the angle of inclination of the base with respect to the horizontal
exceeds a minimum angle, and there is steady fully developed flow only when the
angle of inclination is between a minimum and a maximum value. The mean velocity
was found to increase as h%?, where h is the layer height; this scaling is expected if
the stress is due to instantaneous collisions and the Bagnold law is used for the stress
as a function of strain rate (Silbert et al. 2001), though earlier studies have reported
an increase proportional to h'/2 when the stress is the sum of a kinetic part due to
instantaneous collisions and a frictional part due to enduring contacts (Louge & Keast
2001). The other significant result was the correlation between the average velocity
during flow, and the height of the layer after cessation of flow hg,,. Though hy,, was
typically much smaller than the height of the material during flow, the correlation
between these indicates that the same microscopic properties are responsible both for
the average velocity during flow and for determining the minimum height at which
flow stops.

Silbert et al. (2001) carried out large-scale simulations of the flow of granular
material down an inclined plane. Detailed profiles were obtained for the velocity
and the fluctuating energy. The broad features of the flow were similar to those in
the experiments of Pouliquen (1999), and it was observed that the flow inception
occurs at a minimum angle of inclination and that the flow becomes unstable and
continually accelerates beyond a maximum angle of inclination. One of the significant
observations of the study was that the constitutive relation for the stress is given by
the Bagnold law, which states that the stress is proportional to the square of the strain
rate. Pouliquen & Chevoir (2002) compared the ratio of the stress and strain rate, as
well as the shear and normal stresses, for two different configurations, the flow down
an inclined plane and the shear flow between two parallel plates. They observed that
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the ratio of the shear and normal stresses, as well as the dependence of the stresses on
the strain rate, were identical in both cases, indicating that the constitutive relation
at the microscopic scale is identical in both cases.

A model for the granular flow down a plane, based on kinetic theory, was formulated
by Louge (2003). The flow was divided into a ‘core region’ away from the bottom
boundary where the density is nearly a constant, a ‘basal layer’ near the bottom
surface and a ‘surface layer’ near the top surface. The density is nearly a constant in
the ‘core region’, while it increases slightly near the bottom and decreases to zero in
the surface layer. The stress was separated into a kinetic part due to instantaneous
collisions, and a frictional part due to enduring contacts. The frictional part was
assumed to satisfy the Coulomb law of friction, while the kinetic part was modelled
using kinetic theory. The ratio of the kinetic and frictional part of the stress tensor,
when inserted into the energy balance equation, resulted in a minimum angle required
for the inception of flow. One drawback of this model is that the density in the
core region cannot be explicitly determined, and a model based on the simulations
of Silbert et al. (2001) was used. The model of Bocquet, Errami & Lubensky (2002)
was based on the momentum equation which relates the pressure gradient to the
weight, and the heat conduction equation for the fluctuating energy of the particles.
Numerical solutions of the model equations showed many of the features observed in
the simulations.

The simulations of Silbert et al. (2001) have provided a large amount of detail
about the configuration, velocity and stress profiles for the flow down an inclined
plane. One of the striking features is the remarkable constancy of the volume fraction
in the bulk of the flow. In addition, the fact that the stress and velocity profiles obey
Bagnold scaling suggests that a kinetic theory approach may work for this case. The
Bagnold law for the stress is a dimensional necessity if the only time scale in the
problem is the inverse of the strain rate, and there are no material time scales. The
validity of Bagnold law suggests that there are no time scales in the problem relating
to the particle interactions, and that particle interactions can be modelled using
dimensionless parameters. There are two types of model where particle interactions
can be modelled by dimensionless parameters: the ‘quasi-static’ model which provides
a relation between the normal and tangential forces at contact; and the kinetic model
which assumes that the interaction between particles is due to instantaneous collisions.
Clearly, the quasi-static model is not applicable to the simulations of Silbert et al.
(2001), since the particles do not remain in extended contact, and the instantaneous
coordination number varies between 1 and 2 in most cases. This suggests that the flow
can be successfully modelled using a kinetic approach. The analysis in §3 suggests
that this is indeed the case.

The viscometric coefficients in the Burnett approximation for rough and partially
rough particles are evaluated in the next section. These are then used to determine the
density as a function of the angle of inclination in §3 for the flow down an inclined
plane. The important conclusions of the analysis are summarized in §4.

2. Constitutive relations

The system consists of rough inelastic spheres of diameter d subjected to a two-
dimensional deformation field G;; =(dU;/dx;), where U; is the mean velocity, and
indicial notation is used to represent vectors and tensors. The particle mass m and
diameter d are set equal to 1 without loss of generality, so that all mass and length
dimensions are non-dimensionalized by the particle mass and diameter, respectively.
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The motion of the particles is described by their velocity u; and the angular velocity w;.
The fluctuating velocity of the particles is defined as ¢ =u — U, while the fluctuating
angular velocity is defined as @ = w — £2, where 2 is the mean angular velocity. Note
that U is a linear function of depth, since the strain rate is assumed to be a constant
over distances comparable to the mean free path, while £ is independent of position
for a homogeneous shear flow. The distribution function f(x, ¢, @, t) is defined such
that f(x, ¢, w,t)dcdw is the probability of finding a particle at location x and time
t in the differential volume d¢ about ¢ in velocity space having angular velocity in the
interval dw about @. The Boltzmann equation for the distribution function is given
by

D(pf) | dlpeif) (a, _ DUi> 0pf) _ o . 0pf) _ 3(pf) 2.1)
Dt 0Xx; ' Dt ac; Y ey oo ’

where indicial notation is used to represent vectors and a repeated index implies a dot
product. In equation (2.1), p is the number density of the particles, a is the particle
acceleration due to body forces, and (D/Dr) = (9/9t) + U;(9/dx;) is the substantial
derivative. The second and third terms on the left-hand side of (2.1) are the rates of
change of the distribution function due to the motion of the particles in real space
and the motion in velocity space due to the acceleration of the particles. The fourth
term on the left-hand side is the rate of change of the distribution function due to the
change in the mean velocity with spatial position. The term on the right-hand side
is the rate of change of the distribution function due to particle collisions. Though
equation (2.1) appears to differ from the standard form used in the literature, it is
casily obtained when the particle velocity is expressed as the sum of the mean and
fluctuating velocity, as shown in Chapman & Cowling (1970).

The linear and angular velocity distributions in a homogeneous flow at steady state
are assumed to be of the form f(x, ¢, w, t)= f.(¢) f,(z), where

1 C; 7};16’]'
ﬁ(C) = mez—\/m exXp (— ) ), (22)
1 ;Y o,
l) = e e (—-2 ) (23)

where T;; =(c;c;) is the second-order tensor of second moments of the velocity
distribution function, and 7;; =(w;w;) is the second-order tensor of the second
moments of the angular velocity fluctuations, where the average (x) of a moment  is
defined as

() z/dc/dwf(x, C,w,t)*. (2.4)

The second moments 7;; and 7;; are determined from conservation equations for the
second moments of the velocity distribution, (c;c;), and the first and second moments
of the angular velocity distribution, (w;) and (w;w;),

DTii acp<C,'C'>

: GiTvi + GuTyi) = R A 2.5
Y +p(GuTyj + G i Tii) o7 (2.5)

DQ[ 30(,060,')
= 2.6
Dt ot (26)

D(T; + 2:2;)  0(pww;)

: L = -, 2.7
p Dt o1 27
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In equations (2.5), (2.6) and (2.7), the mass conservation condition (Dp/Dt)+ pG;; =0
has been used to simplify the expressions on the left-hand side. It should be noted
that T;; and 7;; are functions of ¢, and these are determined using an expansion
in ¢ in equation (2.14). This form of the distribution function was used to obtain
constitutive relations for smooth inelastic particles by Kumaran (2004), and it was
found that the results are identical to those of the Chapman—Enskog procedure
(Chapman & Cowling 1970) if only the first term in the Sonine-polynomial expansion
for the distribution function is retained. In addition, it was found that the errors are
numerically small even when the higher-order terms in the expansion are included.
In the present analysis, we verify that the results for the pressure and viscosity are
identical to those obtained by the Chapman—Enskog procedure for rough particles
when the leading term in the Sonine-polynomial expansion is retained.

The collision rules used for calculating the collision integral are as follows. Consider
a collision between two particles having velocities u; and u;, and angular velocities w;
and ], in which the unit vector in the direction of the line joining the centres of the
particles from the particle at x to the particle at x* is k. In a collision that conserves
linear and angular momenta, the sum of the velocities (#; + u;) and the difference in
the angular velocities (w; — ;) are conserved in the collision. The velocity difference
between the two particles at the point of contact is g; = (u; —u;) — (€;1/2)k;j(w; + ;).
The components of the relative velocity parallel and perpendicular to the line joining
the centres of the particles are,

giki = (u; — M;)ki

= Cl(-_)k,‘ — k,’G[jkj, (28)
(8ij — kikj)g; = (8ij — kikj)uj — ) + (€ij/2)kj(wr + @)
= (aij — k,‘kj)(Ci-i) — Gj](k]() + (eij1/2)kjwl(+), (29)
where ¢\ =¢; — ¢/ is the difference in the fluctuating velocities of the particles,
a)f.ﬂ =w; +w; is the sum of the angular velocities, ; is the unit vector in the direction

of the line joining the centres of the particles, and ¢;;; is the invariant antisymmetric
tensor. In the collisional model used here, the post-collisional tangential and normal
velocities are related to their pre-collisional values by

giki = —e,giki, (2.10)
(8ij — kikj)g; = —ei(8i; — kik;)g;, (2.11)

where 0<e, <1 and —1 <e¢, <1 are the normal and tangential coefficients of restitu-
tion. In the direction along the line joining centres, e, =1 corresponds to elastic
collisions and ¢, =0 corresponds to perfectly inelastic collisions, while in the direction
normal to the line joining the centres, ¢, = —1 corresponds to smooth spheres and
e; =1 corresponds to rough spheres for which the relative tangential velocity vector
changes sign upon collision. Using these collision laws, it is shown in Appendix B that
the post-collisional linear and angular velocities are related to their pre-collisional
values by

w; —up = —((1+e,)/2)(u; —ulk;ki — (1 +e,)/2)(45 /(1 +49)(8;; — kikj)u; — u),

J

— (€ij1/2)kj(@r + @) (2.12)
w;—w; = —((1+¢,)/2)(4.7 /(1 +49))(1/2.F )€k (u; —u; ) +(1/2)(8; — kik; ) (w; +w))),
(2.13)
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where .# is the moment of inertia scaled by the product of the mass and the square
of the diameter of the particle. It is natural to use an expansion in the small parameter
e, =(1 — &%) (Kumaran 2004), so that the rate of dissipation of energy is given,
correct to leading order in small &, by 4,/mp’xT°/?¢* for smooth spheres. The
collision integrals can be evaluated using an expansion in the parameter . The
resulting expressions, which are explicitly functions of the parameters .#, are algebrai-
cally complicated, and so these are not provided in detail. In the present study, three
different models for particle collisions are considered,

(i) Smooth inelastic particles for which (1—e,)=¢? < 1 and ¢, = —1, so that there
is no change in the angular velocities in a collision. These have already been analysed
(Kumaran 2004), and so are not analysed in detail here. In this case, the rate of
dissipation of energy, correct to leading order in &, is given by 4,/mp*x /%>,

(i) Rough inelastic particles are those with ¢, —>1 and ¢, — 1, so that (1 —
e,) =¢* < 1. The rate of dissipation of energy is given by 2, /mp’xT¥*(1—e3) + (1 —
e?)). In this case, the dissipation due to the translational and rotational modes are
comparable only when (1 — e;) ~ &2, The substitution (1 — e?)=2a,&?, is used where
a;=(1—e?)/(1 — e?) is a numerical O(1) factor. The rate of dissipation of energy is
then given by 4,/mep’ x T7*(1 + a,).

(iii) Partially rough particles are those with (1 —e,)=¢?><1, and ¢, =—1 if the
angle between the relative velocity and the line joining the centres of the particles is
greater than the ‘roughness angle’ (grazing collisions), and ¢, — 1 if the angle between
the relative velocity and the line joining the centres is less than the ‘roughness angle’
(head-on collisions). The roughness angle is chosen to be equal to (t/4) in the present
analysis, though the same procedure can be used for other roughness angles as well.
The rate of dissipation of energy is given by 2,/mp*x T/*((1 —e;) + (1 —¢7)/4), which
is equivalent to 4,/mp*x T/*¢*(1 + a,/4), where q, is defined above.

As explained in § 1, the O(¢) correction to the distribution function is used to obtain
the Navier—Stokes terms in the stress tensor which are linear functions of the strain
rate, while the O(&?) correction is used to obtain the Burnett coefficients which are
quadratic functions of the strain rates. The next higher correction to the stress, due
to the O(e?) contribution to the stress tensor, results in corrections to the shear and
bulk viscosity coefficients. Here, the expansion is truncated at O(e?), and since there
are no corrections to the Navier-Stokes terms due to the O(e?) correction to the
distribution function, it is permissible to set ¢ =0 while calculating the Navier—Stokes
and Burnett contributions to the stress tensor.

The mean square velocities and the mean angular velocity are evaluated using an
expansion in the parameter ¢,

Ty =T + T\ + 2T

2, =029 12V + 207, (2.14)

l

T;" — T(O) + 8)’}(1) + 827}3-2).

ij J

In the leading approximation, the source and dissipation of energy are neglected, and
the system reduces to a gas of particles at equilibrium in the absence of deformation.
For rough particles, there is an equipartition of energy between the translational
and rotational degrees of freedom, and the leading-order mean square velocity and
angular velocity are given by

TV = T8, }
i i (2.15)
0
1. =78,
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where ¥ =(T/.%). The value of T is determined from a balance between the rates of
production and dissipation of energy. A simple energy balance argument (Kumaran
2004) can be used to show that G;; ~eT'/2, so that all terms containing the mean
strain rate can also be expanded in a series in &.

The collisional rates of change of the second moments of the linear and angular
velocities are calculated as follows. Consider a collision between two particles with
fluctuating linear velocities ¢ and ¢", and angular velocities w and ", such that the
velocity of one of the particles transforms from ¢ — ¢’ and w — «'. The rate of change
of a velocity dependent dynamical variable » due to collisions is given by

9 ()
at

—ow (@) [ [ [ e e o) o)) = =), (216

where yx is the pair distribution function,

/c,cxz/dc/dc*’ /w,a,xz/d"’/dw*, /kE/dk,

k is the unit vector along the line joining the centres of the particles, (u; —u;)=c; —
c; — Gijk; is the difference in the total velocity of the two particles (the difference in
mean velocities is —G;;k; where G;; is the mean strain rate), and the k integral is
carried out for k-(u — u*) > 0, so that the particles approach prior to collision. In
order to evaluate the collision integral, the distribution functions are first expressed

in a series in the parameter ¢ using the expansions (2.14) for 7;; and 77;,

file)=Fo(c)(1+ eV (c) + P (c)), (2.17)
fol@) = F,(@0)(1 4+ e (0) + £ D) (@), (2.18)
where
1\ ci2
FC(C) = <M> eXp <—H>, (219)
1 32 wf
F,(w) = (2nT> exp <_2T>’ (2.20)

@ and @) are functions of T and 7}, respectively, and @' and &2 are
functions of (Ti(jl), Tl-(jz)) and (Tiy), Ti(jz)), respectively.

The products of the velocity distribution functions in the integral (2.16) are
simplified as follows. The particle velocities are expressed in terms of the sum of

the velocities ¢ = ¢ + ¢, and the velocity difference ¢ = ¢ — ¢*,
F(¢)F.(c") = Fun (¢V) Frr (), (2.21)
where
1\ c?
F.i(ct) = <W) exp <— 4’T>. (2.22)

Similarly, the functions @V and @ are also expressed in terms of ¢*) and ¢7). In
a similar fashion, the product of the distribution function for the angular velocities,

Fy(@)F,(0") = Fon (@) F 0 (0 7)), (2.23)
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where P =w + 0* and 07 =w — w*, and

1 3/2 a)i2
+\ - _ i
F«(0F) = <4nT> exp ( AT ) (2.24)

Since the sum of the linear velocities, ¢'*), remains unchanged in a collision, the
integral over ¢! is carried out explicitly. A similar simplification cannot be carried
out for ¢!~ owing to the restriction (u; —u; )k; > 0 for the particles to approach before
a collision.

The distribution function F.- is expressed in terms of the total velocity difference
before collision, (#—u*)=c~) — G-k, where —G -k is the difference in the mean
velocities of the two particles.

_ 1 32 l/tl‘—M’-‘—Gi'k'z
Fuo (7)) = <4TCT> exp (—( 14T ;) ) (2.25)

In the above equation (u — u*) is O(T'/?), while a simple energy balance can be used
to show that G ~&T'/2. Therefore, the distribution function F, can be expressed
in a series in g, and the integral over the total velocity difference (v — u*) and the
direction of the line joining the centres of the particles k; can be evaluated.

2.1. Rough particles

The calculation of the mean angular velocity is carried out in detail, in order to
illustrate the procedure used for the calculations, but the details of the calculations
for pressure, viscosity and the Burnett coefficients are not explained, and only the
final results are provided. For the purpose of calculation, the rate of deformation
tensor is expressed as

Gij = Sij + Aij + (8/3) G, (2.26)
where S;; =(1/2)(G;j + G i —(28;;/3)Gix) is the symmetric traceless part of the rate
of deformation tension, A;; =(1/2)(G;; — G ;) is the antisymmetric part of the rate of
deformation tensor, and the identity tensor §;; is defined such that §;; =1 for i =,
and §;; =0 for i # j. The rate of change of the mean angular momentum due to
inter-particle collisions, including terms that are quadratic in the rate of deformation
tensor, 18

1)
dep i) _ () IA _2Ym22 +epAp) | 2m2Gy; 28,82, 2enT; %2
at 3 9T1/2 15T1/2 157172
Zﬂéi‘jkAjkG” . TCSijEjklAkl . 2\/Egeijij(]1)le
15 15 15
8 e T 11 /neeiAuT,” 57
- 5 - 15 9 ( . )

where A =(1/2.%), # =(45(1 +¢,)/(1 + 4.9)). This is inserted into equation (2.6)
and solved to obtain the mean angular velocity as a function of the local rate of
deformation. The mean angular velocity is expanded in a series in the parameter &,
2, =2 42", and inserted into equation (2.6). The leading-order solution for the
angular velocity, which is a linear function of the rate of deformation, is half the local
vorticity,

 EijkAjik

! 2

(2.28)
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This is inserted into equations (2.6) and (2.27) to obtain the first correction to the

angular velocity,

-3 DY

eV = - L (2.29)
4w A p?x(#) D

where ' =(1/29), #=(49(1 + e)/(1 + 45)). The result T\'=—0Q;T'2s; —

Qr:1T'28;;Gy, obtained later in equations (2.36) and (2.45), has been used in deriving

equation (2.29). The substantial derivative of the leading contribution to the mean

angular velocity on the right-hand side of equation (2.29) is simplified as indicated in

Appendix C,
DR € 9 9
S = 2”‘ <ak< jop> — 9 ( ’;p)) + €iik(A ;S + SiAn), (2.30)

where the pressure p is defined in equation (2.56) below. This is used to obtain the
angular velocity, correct to second order in the rate of deformation tensor,

€; 'kA'k 3 €ijk 9; p akp
R T )
(2.31)

where " =(1/29), # =451 +¢)/(1 + 4.9)).

The collision integrals for the second moments of the velocity dlstrlbutlon are
inserted into the conservation equations to obtain the first corrections 7, ; and T(l
The equation for the deviatoric part of the second moment for the velocity field i 1s

d.plcic; —8ijce/3)

ot |
where the first correction to the collision integral for the deviatoric part of the second
moment of the velocity distribution is

85p<c,-cj — 8”6'/%/3)>
ot

pT(Gij + Gji —(2/3)8ijGu) = , (2.32)

8 27 24 7T
15 3 " 15 30

= IO2X {T]/ZSUR |:— -+ — 4+

1

+e(T — 6y /)TY) R [_16 LA sz]

5 5 30T
8\/7j2( _(811/3)Tkk)
6

(2.33)

The equation for the deviatoric part of the second moment for the angular velocity

field is

86,0<a),<a)j — CL)]%(SU/3>
ot

1
where the first correction to the collision integral for the second moment of the
angular velocity distribution is

3C<a),-a)j — CL)]%(SU/3>
at

0= , (2.34)

_ [s,jn [wmw +HA S —4m}
4 2
+e(T (6,,/3)Tkk)f/%[ 5 J‘”;ZT]

RS A (1 = 6y/IT) O A —40)
30

1

: (2.35)
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where A" =(1/2.7), # =(47(1 +¢;)/(1 + 4.7)). Equations (2.32) and (2.34) (in which
the right-hand sides are given b?/ (2.33) and (2.35), respectively) are simultaneous
tensor equations for T(j and T(l and the inhomogeneous terms in these equations
are both proportional to the tensor S:;j. Therefore, these can be solved simultaneously

to obtain the symmetric traceless parts of T(1 and Tl(jl , both of which are proportional
to Sijy

(1) My —
(T3 —(aij/3>Tkk)——QTSU'T”Q’} (2.36)

(1 = 6u/3TR) = —0r ST,
where the coefficients Q7 and Qy, obtained by solving the simultaneous equations
(2.32) and (2.34), are

Qr( LAY —57°T —47°H +804° + 56 4.4 — 320)
= (/1/3)(1604200,7 —28 7 4" — 409> =35 7° A4 + 12 0° 4 — 157 7>+ 3 9°A4'T)
+ S/rA0—177 7). (2.37)
6¢ x
Or(F3AHYT —57°T —47°H +80,4% + 56, .4 — 320)
=(Jr/3N—19R2 74 — 120 °H + 48 74 + 1127 + 2097 — 2844
SYMQRAFAH —4Y + JA'T)

— 2877 =572 + 12 0°47) + 65 (2.38)
X
For smooth particles in the limit # =0, Q7 and Qy are
NLSMENCAY
= X 2.
or = (3 + it (239
1
Or = 1T (60 + 96¢x>' (2.40)

Equation (2.39) is identical to the result derived in for the flow of smooth nearly
elastic spheres in Kumaran (2004). In the opposite limit of rough spheres, where
J=085/1+4Y)), Or and Qy are

_ SR +49)(3 4 407)(5 + 209 + 8¢ + 8059 x)

241
Or 48(3 + 66.7 + 280.72)p x ’ (241)
0 __5\/5(1+4J)(5+2OJ+8¢X +80Fpx) (242)
T 12(3 4 66.7 4 280.72)p x ' ‘
For a uniform sphere, .# =1/10, and Q7 and Qy are
49ﬁ(7 + 16¢x)
= 2.4
_ 35ﬁ(7 + 16¢x)
Oy = gy . (2.44)

The isotropic parts 7,\" and 7;\" are determined as follows. It can be assumed, without
loss of generality, that Ti(il) = —(Ti(il) /%), so that the first correction to the total energy
of the system, (3(T;; +.#73;)/2), is zero. The energy balance equation, which is deter-
mined by writing the conservation equation for ((¢? +.#®?)/2) in equation (2.49)
below, contains the substantial derivative of the leading-order temperature (DT /Dt).
In order to obtain a relation for 7,\" as a function of the strain rate, it is necessary
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to obtain an equation which does not contain the substantial derivative of the
temperature. This is obtained by writing a balance equation for (c}/2— Sw?/2). The
O(¢e) correction to this equation provides an expression for T,

ll’

Ty = — Gii,
Tl‘(l'l) = _glrfllGii } (2.43)
where
0y — NFS 8IS =3272 432707 — 167277
"= (57 + 409 — 1647 — 28892 + 144 4.72)
2
Nz (2.46)
¢>xf( 57 +40.9 —16,4.9 —288.92 + 144 ¢.92)’
Or1 =—(Qr1/ 7). (2.47)
For ¢ =8.4/(1 +4.%), the constant Qy; is given by
JR(L+49)°(1+49x)
Qr = 25676y (2.48)

The total energy balance equation is obtained by writing an equation for (c?/2 +
Jw?/2). The resulting equation is of the form

DT
pCy—— + pGii — 2uSuSi — wpGj; + RTY? =0, (2.49)

Dt
where C,, the specific heat at constant volume, is determined to be 3, in agreement with
the expectation from the equipartition of energy for a system with three translational
and three rotational degrees of freedom. The dissipation function in equation (2.49),
R, is

R =4/n’p’xT**(1 + a,), (2.50)
and the pressure p, the shear and bulk viscosities u and p, are provided in equation
(2.59).

The second corrections T; ;7 and T,?) are determined from the second corrections
to the balance equations for the second moments of the velocity distribution.

DT de(pleic;)
ij (1) c\PACiCj )
p =i 4 TWG, + T Gk,)z : (2.51)
< Dt kTR R a |,
DY _ dlp(wiw;)
ij c i Wj
— . (2.52)
Dt at .

The substantial derivatives on the left-hand sides of equations (2.51) and (2.52) are
simplified as shown in Appendix C.

The stress o;;, which is the rate of transport, per unit area, of i momentum across a
surface whose unlt normal is in the j direction, consists of two parts. The first is the
kinetic part cr, j ), which is due to the physwal transport of particles along the surface,
and the other is the collisional part 0 i ), which is due to the collision of particles on
one side of the surface with particles on the other side,

ol = —plercy)

=—p(T8; +&"*T + T, (2.53)
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o =100 [ [ [ sewse e - k(- u)-
kJuJu*

6pdx(p) (—2nTs;  (8+3F)YnTS;;  4YnT6;iGux
T 3 T 15 + 9

443 ) ne?s;; _ (8 +3.9)S:;;G
_ 15%) (T +e2T0) + 86 24T T — ( ;Z) i Gk

8:;G? T 24+ 3 TYWG
_%((84—3%)&1(5@+(2—j)5ij5k151k)_n 37Gkk + \/> ( - AT G

neT 12
T \CT (B+ A)SuT +8(1+ NT Sy + (4 —3.9)8, T Si)

1 1 8k0ik qu-k
b (s s (o (22)-a (B2))). sy

where yx is the pair distribution function. The total stress tensor is of the form
0ij = —p(@, Sij, Gii)dij + 21, S;;Gii)Sij + mp(d, Sij, Gii)dij G
+ A ssSiuSkj + A s6SijGuk + A sas(SikArj + SjxAi)
+ A anAikAxj + A saa(AiSkj — SikAxj)

0 19 0 10 28;; 0 10
+(gs 771) _l_i _ D _ J_Z 77p
ox; \ p ox; ox; \ p 0x; 3 0xp \ pdxi

5 9 (19
+ 2L BssSuSu + BaaAuAu + BocGiy + Cr— ~ 9%
3 dx;y \ p 9x

0 1 ap a (1dp
Ca|l — | — — —-— , 2.55
e <3xj <P 3xi> dx; (P ij>) (233

where the pressure for rough particles is identical to that for smooth particles, and is
independent of the parameters .#, ¢ and ', but the shear and bulk viscosities do
depend on .4, ¢ and 1,

p=pT(1+(4—2e")px), (2.36)
1/2 2 1/2 2
ot i Qr , Jmo'xT' (8 + 3{0+ Qrm(4 +37)) (2.57)
12
. prQn T <4gﬁ N 8“9QT1> . (2.58)

For spherical particles .# =1/10, and in the rough limit ¢ =8.7/(1 4 4.7), the shear
and bulk viscosities are
p=(6¢/mT (1 + (4 —2¢%)¢x),
_408T'2¢?y  TTV(T4 164 x)
S 35w 992 /mx

0.195078
2 2
_r (X +0.891784¢ + 3.112654 x) , (2.59)
_ 16¢T' 2y 49T'2(1 + 4¢x)(1 + 164 )
M 032 320 /mx

0.086391
=72 (85 +1.72783¢ + 8.40245¢2X> ,
X
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The expression for the bulk viscosity in equation (2.59) is identical to that derived
by Pidduck (1922) using the Enskog procedure in the dilute limit, but the expression
for the shear viscosity shows a slight variation from that of Pidduck (1922), and
the reasons for this are explained in Appendix A. The expressions for the Burnett
coefficients in equation (2.55) are algebraically complicated, and so they are provided
only for .# =1/10 and in the limit ¢, — 1,

0.012873  0.064821

—1
p el gg=— —0.544585 — 1.61492¢ x,
ST ex? | ex X
0.0256376  0.152234
pl el sg=—"— + +0.1292 — 1.99594 x ¢
d7x dx
.0431
i (0.098524 = 00305),
X X
B 0.020866  0.09538 . 1
1Y ILSZfSAS:_ ¢2X2 — ¢X —0109015, 1Y &{SAA 2—9 2—01,
- 0.02257  0.103175
1% 1JZ/AA= ¢2X2 + ¢X +0117914,
.000574 0924
o\ Bss = 0 0025 > 88 + 0.09246 +0.156847 — 0.88121¢ x, (2.60)
d7x dx
B 0.004748  0.002007
0\ Bps=— o ox + 0.0900485,
0.0031512  0.046494
P Boo=——37— — —1.08326 — 2.84298¢ x
d7x dx
0.0340364
i (0.0777974 + > :
X X
0.0112848  0.0515874
—1
p G =— — —0.0589571,
> x> dx
0178214 0.11202
o '%, __00 2782 _ 011202 0.162938, p %, = —0.05.
d7x dx

The expressions for the pressure and viscosity for rough particles can be compared
with the equivalent expressions for smooth particles (Kumaran 2004). The expression
for the pressure is identical to that for smooth particles, and the expressions for the
viscosity and the dissipation function R in the energy balance equation, (2.49), are

1
w=T"? <076309 +0.56419¢ x + 2-17539¢2x),
X

2.61
wy=2.87339T12¢% (261)

R=4/re?py T,
It is observed that the shear viscosity shows the same qualitative variation with
density for both smooth and rough spheres, though the numerical coefficients for
rough spheres are larger. This difference is small (about 10 %) in the dilute limit,
but the difference is significant (about 50 %) in the dense regime. The bulk viscosity
for rough spheres is, however, qualitatively different from that for smooth spheres.
The bulk viscosity is zero in the dilute limit for smooth spheres, but is non-zero in
the case of rough spheres. This is due to the possibility of the transport of energy
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between the translational and internal (rotational) modes in the case of rough spheres,
which is not present in smooth spheres. The bulk viscosity for rough spheres is also
larger by a factor of about 3 than that for smooth spheres. In addition, it should be
noted that the expression for smooth spheres cannot be recovered from the rough
sphere calculation by taking the limit .# — 0; a similar situation is encountered in
the kinetic theories for rough elastic particles (Chapman & Cowling 1970). This is
because the limit # — 0 is a singular limit; while there is equipartition of energy
for all non-zero values of .#, there is no interchange of angular momentum between
particles at .# =0, thus preventing the equipartition of energy. All of these indicate
that the stress response to volumetric compression or expansion for rough particles
is significantly different from that for smooth particles, even though the response to
volume preserving extensional strain may be very similar.

The expressions for the Burnett coefficients can also be compared with the
equivalent expressions for smooth spheres (Kumaran 2004),

0.0121745  0.0155833

-1
p el gy =— — —0.242081 — 0.854446¢ x ,
> (dx)? dx
01 04761
p el g6 = 9 0255258 _ 0047615 + 0.164045 + 0.320649 x ¢
o°X ox
. (0.030174 + 0'018856> ,
X
B 0.017044  0.054541
p~ A sas=— gy 0043633,
p 'l 540 =0,
- 0.017044  0.054541
= pE + > +0.043633, (2.62)
012174 01
0 By = 0.0 Z > + 0.0153833 +0.242081 + 0.854446¢ x ,
(dx) dx
B 0.017044  0.054541
0\ Bas=— o e 0.043633,
o' B =0,
0085221 0.027271
ot S=—0002852 _ 002727 —0.0218166,
o X ox
p '€, =0,
pil(gA =0.

One striking difference between the Burnett coefficients for rough (equation (2.60))
and smooth (equation (2.62)) spheres is that there is an antisymmetric contribution
to the stress tensor (proportional to .&/544) that is not present for smooth spheres.
This contribution arises due to the substantial derivative of the mean angular velocity
in equation (2.31). This indicates that the stress tensor for rough particles is not
symmetric even when the mean angular velocity is equal to half the local vorticity,
and there is an antisymmetric contribution due to the convective transport of angular
momentum. It can easily be verified that this contribution is identically zero for a
linear shear flow, but it could be non-zero for more complicated velocity profiles.
There is also a significant difference in the coefficients .&/ 3¢ and #sc which multiply
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the isotropic part of the rate of deformation tensor. This is consistent with the earlier
finding that the bulk viscosity for rough particles is significantly different from that for
smooth particles. The other coefficients are qualitatively similar for rough and smooth
particles, though there are numerical differences in the values of the coefficients.

It should be noted that the antisymmetric part of the stress tensor is typically
non-zero in flows of rough particles where the local angular velocity differs from
half the local vorticity. In this case, micropolar theories (McCoy, Sandler & Dahler
1966; Mitarai, Hayakawa & Nakanishi 2002; Mohan, Rao & Nott 2002) assume that
the antisymmetric part of the stress tensor is proportional to the difference between
the local angular velocity and half the local vorticity, and the antisymmetric part
of the stress tensor is identically equal to zero for a homogeneous linear shear flow
where the mean angular velocity is equal to half the vorticity. In the present analysis,
we predict a non-zero Burnett contribution to the antisymmetric part of the stress
tensor even for a homogeneous shear flow where the mean angular velocity is half
the vorticity.

2.2. Partially rough particles

For partially rough particles, the tangential coefficient of restitution e, is chosen such
that ¢, =—1 (# =0) for collisions in which the angle between the direction of the
relative velocity and the line joining the centres of the particles is greater than (n/4),
or k-(u—u")/|lu—u"|< (1/ﬁ). In this case, the relative velocity after a collision,
u' — u”, is related to the relative velocity before a collision, u — u* by

() —u}') = (8;; — (1 + ex)kik;)u; — u), (2.63)

while the angular velocities are unchanged in a collision. The tangential coefficient
of restitution is close to 1 for collisions in which the angle between the line joining
the centres and the direction of the relative velocity is less than (n/4), or (k-(u —
u))/|lu—u*|> (l/ﬁ), and the collision rules are given by equations (2.12) and (2.13).

The analysis is carried out assuming that the leading-order velocity and angular
velocity distributions are given by equations (2.19) and (2.20). The mean angular
velocity and the mean square linear and angular velocities are expanded in a series in
¢ ((2.17) and (2.18)). In the leading approximation, the equations for the mean square
linear and angular velocities are

) _
}% = ;(jsl-]~’— (T/2.9)8;; } (2.64)
ij — 19 = ij
Equation (2.64) indicates that energy is not equally partitioned between the linear and
angular degrees of freedom, since not all collisions transfer momentum tangential to
the contact surface. It might seem surprising that energy is not equally partitioned
between the translational and rotational modes for an energy conserving collisional
model in the limit where the strain rate approaches zero; however, it should be noted
that a different energy conservation condition applies for different collisions. When
the angle between the line of centres and relative velocity is lower than the roughness
angle, the sum of the kinetic energies due to translation and rotation is conserved,
whereas when the angle between the line of centres and the relative velocity is higher
than the roughness angle, the kinetic energy of translation is conserved. Since only
a fraction of the collisions result in interchange of energy between the translational
and rotational modes, the equipartition condition is not satisfied in this case. It can
also be shown that if the roughness angle is 6,, the mean square angular velocity is
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given by

_ (4cos(26,) —cos(46,) — 3)T
B 4.9(cos (26,) — 1)
It is easily verified that (2.65) reduces to (2.64) for roughness angle 6, =(n/4), and
also predicts equipartition of energy for 6, =(n/2). The value of T is determined from
a balance between the production and dissipation of energy.

The balance equation for the angular velocity can be solved to obtain the mean
angular velocity, which is, analogous to (2.31),

T (2.65)

€ijkA jk T4 —/2) T4 — /2)
2, =— J4 = \/> i3 €ijkAjGu + \/>80\/§Sij€jk/Akl
n 5€ijkAjkT;§1) Tiy)ejklAkl _ 3
8 4 2 mFH px

. 90, 9
X (Eijk(Alelk + 81 Ax)— ETJk <3k ( 1;“,1 ) — 0, <IZH)>> , (2.66)

where % =(1/2.%), # =(4.9(1 +¢,)/(1 +4.#)). It should be noted that in the leading
approximation, the mean angular velocity of partially rough particles is a quarter of
the vorticity, in contrast to rough particles where the mean angular velocity is half
the vorticity, as indicated by equation (2.28). This is because only half the collisions
result in an exchange of angular momentum between the colliding particles in the
present case. This result can be generalized for other roughness angles. If 6, is the
roughness angle, the leading approximation to the mean angular velocity is given by

4 cos(26,) — cos (46,) — 3
8(cos (26,) — 1)

It should also be noted that there is a collisional contribution to the first correction
to the mean angular velocity in equation (2.66), whereas there was no collisional
contribution to the first correction in the case of rough particles in equation (2.28), and
the first correction arises due to the substantial derivative in the Boltzmann equation.
The equations for the pressure, viscosity and Burnett coefficients for partially rough
particles were obtained in a manner similar to those for rough particles. The pressure,
viscosity and the dissipation coefficient are

p=pT(1+4¢x),
=T1/2<0.195973
X

Qiz—

EijkAjk- (267)

+0.712621¢ + 2.46386¢2X> :
(2.68)

R=4/ne’p*xT*(1 + a,/4).

159492
0.159492 +1.12924¢ + 4.65284¢2X>,
X

The expression for the pressure for partially rough spheres is identical to that for
rough and smooth spheres. The shear viscosity in the dilute limit is close to that
for rough spheres, but in the dense limit is significantly lower than that for rough
spheres. The bulk viscosity is about half that for rough spheres in the dense limit,
and about twice that for rough spheres in the dilute limit. The important conclusion
is that the coefficients have the same qualitative dependence on density as those for
rough spheres, though there are numerical differences. A similar conclusion applies
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to the Burnett coefficients, which are given by
0.0187355 ~ 0.0837742

—1
ol gy = — —0.516313 — 1.27527¢ %, 2.69a)
5 (px)? bx (
020721 218434
p Lo = _00 ?72 9 0218434 2.09266 — 3.85281x ¢
P X dx
0.044784
e (0.083363 + ) , (2.69b)
X
0.021779  0.079194
p A sas = ——F—5— — —0.0719528 +0.0132705¢x,  (2.69¢)
¢ x dx
p Ll saa =—0.1—0.043575¢ %, (2.69d)
.02022 .
p el 40 = 0 020 - & + 0.066589 +0.053879, (2.69¢)
P X dx
0.007833  0.123102
p - Bys = ——5 5+ +0.50489 — 2.5513¢ %, (2.69/)
X dx
0.010095  0.166484
P Ban=—""35—— —0.079485, (2.699)
¢ x dx
. 11 . 2
0 ' B = 0 0002382 300639626 _ 311739 — 3.82319¢ x
b7 x dx
i <0.0658254 + 0'0353624> , (2.69h)
X dx
0.010111  0.033294
—1 .
p G = — — —0.026939, 2.69i
S ¢ x> dx (2.69)
0.010128  0.042830
1 .
p %, = — — —0.044632, (2.69))
! ¢ x> bx g
p 64 = —0.05. (2.69k)

3. Flow down an inclined plane

The granular material is composed of hard spherical particles flowing down a
plane inclined at an angle 6 to the horizontal, as shown in figure 1. A Cartesian
coordinate system is used, where the velocity and velocity gradient are in the x and y
directions, respectively, and the z-coordinate is in the spanwise direction. The flow is
considered to be steady, fully developed and two-dimensional, so that all dynamical
variables are invariant in the spanwise direction. The flow in the bulk region of the
granular material is considered where the distance from the top and the bottom
surface is large compared to the conduction length. In order to solve the velocity
and temperature profiles, it is necessary to specify the boundary conditions for the
velocity and temperature at the top and bottom surfaces. However, as explained in
§ 1, the rate of conduction of energy is small compared to the rate of dissipation in
the bulk of the flow, and so the rate of conduction of energy can be neglected in the
bulk in the leading approximation. The temperature in the bulk is determined from
the balance between the rates of production and dissipation, while the temperature
boundary condition only affects the temperature in the conduction regions near the
boundaries. It is necessary to specify the velocity boundary conditions in order to
determine the complete velocity profile, since momentum is a conserved variable.
However, it should be noted that only the strain rate is calculated from the stress
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FiGURE 1. Configuration and coordinate system used for analysing the flow down an
inclined plane.

balance conditions in the present analysis. The velocity is determined by integrating
the strain rate with respect to the y coordinate, and the velocity boundary condition
at the bottom can be used to determine the constant in the integration.

The normal and shear stresses balance the gravitational forces in the flow and
gradient directions,

(doyy/dy) = pgsin(6), (doy,/dy) = —pg cos(0). (3.1)
The ratio of the shear and normal stresses is a constant in the flow,
(0yy/0yy) = —tan(0). (3.2)

Equation (3.2) relating the shear and normal stress provides the relation between the
angle of inclination and the volume fraction, as explained following equation (3.5).

The ratio of the shear and normal stresses are analysed for the three constitutive
models used here, the smooth particle model (equations (2.61) and (2.62)), the rough
particle model (equations (2.59) and (2.60)), and the partially rough particle model
(equations (2.68) and (2.69)). The ‘temperature’ T is determined, in terms of the strain
rate, from a balance between the source of energy due to the mean shear, and the
dissipation due to inelastic collisions,

uy* = RT", (3.3)

where R, given in equations (2.59), (2.61) and (2.68), is only a function of the volume
fraction of the particles and the coefficients of restitution. The energy balance can be
solved to obtain the strain rate,

y=T"(R/w)'">. (3.4)

It can be inferred, from the temperature dependences of the viscosity and the
normal stress, that the volume fraction is independent of the y-coordinate in the flow.
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Equation (3.2) relating the shear and normal stress, together with equation (2.55) for
the shear and normal stresses, gives

/RT3

(P + (TYPR/1)(3(A as — 4 55) + 6 505 + 2B an — Bss))/12)

In equation (3.5), the numerator is proportional to 7, since the viscosity u is propor-
tional to T'/2. In the denominator, both the pressure and the Burnett contributions
to the stress are proportional to 7. Therefore, the left-hand side of the equation is
independent of T, and is dependent only on the volume fraction ¢ and the coefficient
of restitution. The right-hand side is a constant independent of ¢, and so equation (3.5)
implies that ¢ is independent of position if the left-hand side is a monotonic function
of ¢. This result is also applicable to more general forms of the constitutive relations
for the granular flow, if there is a balance between the local rate of production of
energy due to mean shear and the rate of dissipation due to inelastic collisions. Since
the inverse of the local strain rate provides the only time scale in the problem, the
temperature has to scale as the square of the strain rate, and the stress has to scale
as the square of the strain rate. Therefore, the volume fraction is independent of
position, and is only a function of the angle of inclination. The invariance of the
density in the cross-stream direction is observed in the simulations of Silbert et al.
(2001) when the height of the flow is greater than about 10 particle diameters, though
it is not applicable to very thin flows because the length scale is not large compared
to the conduction length and the adiabatic approximation is not valid. The other
flow parameters, such as the strain rate, temperature and the velocity profile are
determined from the value of the density as described a little later.

It might be intuitively expected that the volume fraction decreases as the angle of
inclination is increased, and the volume fraction is equal to the volume fraction at
close packing at the cessation of flow. Though this requirement seems fairly basic, not
all microscopic models satisfy this requirement, as shown a little later. The variation
of volume fraction with angle of inclination is first examined in the limits of low
density and near close packing, in order to examine whether the angle of inclination
is a decreasing function of density in these limits. Another reason for examining these
cases is that the results turn out to be independent of the form of the pair distribution
function. The intermediate regime is next considered, using two different forms of the
pair distribution function used previously in literature. The Carnahan—Starling pair
distribution function, which is a good model at low and moderate volume fractions,
is

—tand.  (3.5)

_ 29
x(¢)—2(1_¢)3,

and the high density pair distribution function, which is a good model as the close
packing volume fraction is approached, is

(3.6)

1
L= (p/p)'*

where ¢., the volume fraction at close packing, is set equal to 0.65 in the results
presented here.

It should be noted that the criterion for the onset of flow as the angle of inclination
is increased could be different from the criterion for the cessation of flow as the angle
of inclination is decreased. As the angle of inclination is increased for a static granular
layer, the angle of inclination for the onset of flow is determined by the static yield

x(¢) = (3.7)
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condition, which depends, in general, on the conditions under which this layer was
prepared. The angle at which flow stops as the angle of inclination of a flowing layer
is decreased is the minimum angle required to sustain flow in equation (3.2), which
is the ratio of the shear and normal stress in the close packing limit. The minimum
angle calculated here is the angle at which there is cessation of flow when the angle
of inclination of a flowing layer is reduced. If the static angle of friction is larger
than the minimum angle required to sustain flow, then there will be a discontinuous
change in density at the onset of flow. The implications of the opposite case, where
the static angle of friction is smaller than the minimum flow angle, are not clear. It is
possible that the flow will be confined to a thin region at the bottom of the granular
layer, while the rest flows as a plug.

In the limit of small volume fraction, the left-hand side of equation (3.2) can be
expanded in a series in the volume fraction,

Ao+ A1px + Arp*x* = tan (), (3.8)
where the functions Ay, A; and A, are given by
_ 1.2522¢
T2 =g
—1.2022¢(2.8 — &?)
Ar= (112 —¢g2)2 (39)
A 26.342¢(e* — 1.781¢% + 0.8639)
i (1.12 — &2)° ’
for smooth particles,
_3.91086¢,
07332545 — 2’

A, = 1014992, (21976 — 2563832 — &)
(3.32545 — 2)°

392.511e,(e* — 3.704852 + 0495269762 + 0.440739s* — 12592562 + 1.34678)

- (3.32545 — £2)’ ’

’

2

(3.10)

for rough particles, and

_ 5.85124¢),
4964 —¢2,’
_ —160.763¢,,(0.39411 — &2, — 0.361345¢2)
e (4.964 —¢2,)? ’
_ 5468.4s,, (¢5, — 1639267, +0.603063%¢7, +0.105466* —0.32598667+0.352274)

o (4.496 — 2, )’

0

’

(3.11)

for partially rough particles in the Burnett approximation, where &, = &(1 +4,)"/?, and
e,r =&(1+a,/4)"/?. The Navier-Stokes results for equations (3.9), (3.10) and (3.11) are
obtained by retaining only the terms proportional to ¢ in the limit ¢ — 0. These results
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indicate that the maximum angle for steady flow increases proportional to €. Another
qualitative feature of the flow curve is the slope in the limit of low density, which is
given by Aj. If the slope is negative, the angle of inclination decreases as the density
increases, indicating that the angle of inclination is a maximum in the limit of zero
density. If the slope is positive, the angle of inclination increases as density increases,
and the maximum angle of inclination corresponds to a flow with finite density. It is
observed that A is always negative for smooth particles, indicating that the maximum
angle of inclination corresponds to the limit of zero density. For rough particles, A;
is positive for &2 4 2.56383¢? > 2.1976, which is equivalent to e, < 0.518475 for a, = 1.
However, it should be noted that the asymptotic analysis requires (1 —¢,) < 1, and
A is negative in this limit for rough particles. In the case of partially rough particles,
Ay is positive for &7, 40.361345s> —0.39411 > 0, which is equivalent to e, <0.755416
for a, =1. Clearly, A, is positive for a larger range of coefficients of restitution for
the partially rough sphere model.

When the volume fraction is near close packing, the left-hand side of (3.2) can be
expanded in a series in the inverse of the pair distribution function, since the pair
distribution function diverges near close packing. This results in an expression of the
form

Bo+ Bi(¢x)" + Ba(¢px) > = tan (). (3.12)

The above expansion shows that there is dilation upon initiation of flow only if B; > 0.
If B; <0, the flow becomes more dense as the angle of inclination is increased, in
contrast to the normally expected dilation upon commencement of flow. Densification
is a possibility when flow starts, if the volume fraction in the stationary state is lower
than the packing fraction at random close packing, but we do not examine this
further since it does not seem to have been seen in experiments or simulations, and
restrict attention to flows where B; is positive.
In the Burnett approximation, the coefficients in equation (3.12) are

_3.40449¢

(346757 — €2’

_0.136503£(10.4061 — £2)

L (346757 — 822

g, _ 0-671819¢(e* — 2.48775¢> — 3.78982)
o (3.46757 — £2)} ’

By

(3.13)

for smooth spheres,

1.02693¢,
(0.874417 + 2 — 0.437208¢2)

0.254845¢, (0.376137 + 0.252379¢ — ¢2)

(0.874417 + €2 — 0.437208¢2)°
_0.121859¢, (£} +0.298183¢2 +0.307759 —0.4743089¢ 2> +0.033950¢* —0.020421¢2)

(0.874417 42 —0.43720852)°

By =

1=

2

)

(3.14)
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for rough spheres, and

0.530463¢,,
By = ,
(0.50768 + &2, — 0.25384¢2)

pr
5, _ 02236545, (£, — 0.087067¢> — 0.126896)
=
(0.50768 + £2, — 0.253842)’
| 0.11272¢,, (¢4, —0.022895¢2, —0.197195¢2,62 —0.013628¢ + 0.00889¢* + 0.067511)

(0.50768 + &2, —0.25384s2)’

B,

)

(3.15)

for partially rough spheres. The results in the Navier—Stokes approximation are
obtained by truncating the above equations at O(e). Clearly, the coefficient B; is
negative in all cases in the Navier—Stokes approximation, resulting in an increase in
density as the angle of inclination is increased near close packing in the Navier—Stokes
approximation. In the case of smooth nearly elastic spheres, it is observed that B is
positive only for e = (1 — e,) > 10.4061 in the Burnett approximation. This is clearly
not realizable, because the coefficient of restitution is always less than 1, and so the
Burnett approximation for smooth nearly elastic spheres also predicts that the granular
material becomes more dense as the angle of inclination is increased. For rough
nearly elastic spheres, B; is positive for e2 —0.252379¢% > 0.376137. This is physically
realizable; for example, for a, = 1, the coefficient B, is positive for e, < 0.784472. For
partially rough spheres, B; is positive for (1 + a,/4)e?> —0.087067¢> > 0.126896, which
is equivalent to e, <0.89088 for a, =1. Therefore, the rough and partially rough
sphere models provide realistic results for the dependence of density on the angle of
inclination over a range of coefficients of restitution in the dense limit. The values of
¢ at which B; becomes positive, which is 0.46 for the rough sphere model and 0.33 for
the partially rough particle model, are not small compared to 1. However, it should
be noted that the error in the constitutive relations due to the neglect of higher-order
terms in the & expansion is still small for these values of ¢. The constitutive relations
are obtained correct to O(e?), and the error in the constitutive relation is O(g*) which
is about 10 % at ¢ =0.46, and about 3.6 % at ¢ =0.33.

The dependence of the angle of inclination on the density in the intermediate regime
in the Navier—Stokes approximation is shown in figure 2 for two different forms of the
pair correlation function. Since tan (6) oc ¢ in the limit ¢ — 0, figure 2 shows (tan (6)/¢)
for smooth spheres, (tan (9)/e(1 +a,)!/?) for rough spheres and (tan (6)/e(1 +a,/4)"/?)
for partially rough spheres. The curves have a qualitatively similar behaviour for both
the Carnahan—Starling and the high-density pair distribution functions. Both models
for the pair distribution provide results identical to (3.9), (3.10) and (3.11) in the low-
density limit. The high-density pair distribution function provides accurate results near
close packing, since it diverges in this limit. The Carnahan—Starling pair distribution
is not expected to provide exact results in this limit, since it does not diverge, but the
results are numerically close to those predicted by equations (3.13), (3.15) and (3.14).
In all cases, it is observed that the angle of inclination first decreases as the density is
increased, reaches a minimum and then increases as the density is further increased.
The slope in the high-density limit is always positive, indicating that the density
increases as the angle of inclination is increased. The physical implication of this is
as follows. The minimum angle at which steady flow can be sustained corresponds to
the minimum of the curves in figure 2, which occurs at around ¢ =0.2. This indicates
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(tan(0)/e), (tan(O)/e(1 + a)V?), (tan(O)/e(1 + a,/4)?)

0.7 T T T T T T
0 0.1 0.2 0.3 04 0.5 0.6
¢

FIGURE 2. Variation of (tan(6)/e) for smooth spheres (O), (tan(0)/e(1 + a,)'/?), for rough
spheres (A) and (tan (0)/e(1 +a,/4)'/?) for partially rough spheres (V) as a function of density
¢ for the Carnahan-Starling pair distribution function equation (3.6) (solid line) and the
high-density pair distribution function (3.7) (broken line). The dotted line shows the results
for smooth particles when the pair distribution function is given by the high-density pair
distribution (3.7), and the viscosity is modified as shown in equation (3.30). Here, 6 is the angle
of inclination from the horizontal, ¢ = /T —e,, and a, = (1 — ¢?)/(1 — €2).

that as the angle of inclination is decreased, there is a discontinuous change in density
from 0.2 to the close packing density for a static assembly of particles when flow
stops. In addition, as the angle of inclination is increased from this minimum value,
there are two possible steady states, one corresponding to densification and the other
to a decrease in the density as the angle of inclination is increased. This seems to
be at variance with most experimental and simulation studies, which indicate that
the density is near close packing just before flow cessation, and one is forced to
conclude that the Navier—Stokes approximation does not provide accurate results for
the dependence of density on the angle of inclination.

Next, the flow curves are examined in the Burnett approximation over a range
of values of e, and attention is restricted to the case a, =1 for rough and partially
rough particles for definiteness. Figure 3 shows the results for smooth particles. It is
observed that the angle of inclination exhibits a minimum at intermediate density as
¢ is increased, but the value of the minimum is close to the value of the density at
close packing. This angle of inclination is nearly a constant as density is increased
beyond about 0.2 for &> > 0.3, indicating that a large variation in density could
be caused by a small variation in the angle of inclination. However, the angle of
inclination always increases with density near close packing in all cases. The results
for the Carnahan—Starling and the high-density pair distribution functions are in
agreement for ¢ > 0.3, though there is some disagreement at low densities where the
high-density pair distribution function is not expected to be accurate. The results for
rough particles are shown in figure 4, and it is observed that the angle of inclination is
a decreasing function of density near close packing for ¢ =0.4 and 0.5. In addition,
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FIGURE 3. Variation of tan () for smooth spheres as a function of density ¢ for £ =0.05 (O),
e2=0.1(A), e2=0.2(V), e2=0.3 (*), £2=0.4 (x), €2 =0.5 (+) for the Carnahan—Starling pair
distribution function equation (3.6) (solid line) and the high-density pair distribution function

(3.7) (broken line). Here, 6 is the angle of inclination from the horizontal, ¢ =

J1 —ep.

tan(6)
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FIGURE 4. Variation of tan(f) for rough spheres as a function of density ¢ for a,=1
and £2=0.05 (0), €2=0.1 (A), €2=0.2 (V), e2=0.3 (*), e2=0.4 (x), e2=0.5 (+) for the
Carnahan-Starling pair distribution function equation (3.6) (solid line) and the high-density
pair distribution function (3.7) (broken line). Here, 6 is the angle of inclination from the

horizontal, ¢ =

JT—e,, and a;, =(1 —e?)/(1 —&2).
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tan(6)

FIGURE 5. As figure 4, but for partially rough spheres.

the angle of inclination does not show significant variation with the parameter &>

when &? increases beyond about 0.3 near close packing, though there is significant
variation in the low-density limit. The results for partially rough particles, shown in
figure 5, indicate that the angle of inclination is a decreasing function of density over
a much larger range &> =0.2 and higher. In addition, the angle of inclination is not
very sensitive to the parameter > when this parameter increases beyond 0.2. Another
feature of interest is the slight increase in the angle of inclination with density in the
limit of low density for ¢2=0.4 and &> =0.5, as anticipated from equation (3.11).

It is of interest to examine the variation of the angles of inclination in the low-
density limit, 6;, and near close packing, 6., with the coefficients of restitution. In
addition, if 0 is not a monotonic function of ¢, the maximum angle of inclination
Omax, could be different from the angle of inclination in the limit of low density (as in
the case of partially rough particles in figure 5), and the minimum angle of inclination,
Oin could be different from that in the limit of close packing (as in the case of smooth
particles in figure 3). Thus, there are four important angles of inclination, the angle
in the low-density limit 6;, the maximum angle 6,,,, at which a steady flow can be
sustained, the angle in the close packing limit 6., and the minimum angle for flow
Omin- These angles are shown as a function of & for smooth particles in figure 6. All
of these angles increase proportional to ¢ in the limit ¢ — 0, as expected from the
Navier—Stokes approximation. It is observed that tan(6,,,) is always slightly lower
than tan (6.), indicating that there is densification with an increase in the angle of
inclination in the dense limit, though the difference between 6,,, and 6, is small
However, both 6, and 6,,, increase as &* is increased in the dilute limit. A similar
graph for rough particles is shown in figure 7. It is observed that 6,,;, is lower than 6,
only for &2 < 0.192 for a, =1, as expected from equation (3.14), while the minimum
of the angle of inclination occurs at close packing for ¢ > 0.192. In addition, it is
observed that 6., the minimum angle for flow, is relatively insensitive to variations
in &2, and it varies from 25.6° at ¢2=0.3 to 28.7° at ¢>=0.8. However, there is a
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FIGURE 6. Variation of tan(6;) (dotted line),
with &2 for smooth particles. Here, 6 is the angle of inclination from the horizontal, e =

0.4 0.6 0.8
82

tan (6.) (dashed line) and tan(6,,;,) (solid line)
J1 —e,.

3 1 1 1

tan(6)
I

FIGURE 7. Variation of tan (6;) (dotted lineg,
line) and tan (6,,,,) (upper solid line) with ¢

0.4 0.6 0.8

tan (6.) (dashed line) and tan (6,,;,) (lower solid
for a; =1 for rough particles. Here, 6 is the angle

of inclination from the horizontal, ¢ = /T — e,, and a, = (1 — €?)/(1 — €2).

significant variation of 6, with &2. In addition, 6,,,, is higher than 6, for &> > 0.48.
The qualitative behaviour is similar for partially rough particles, as shown in figure 8,
though 6. is lower than 6,,;, onlyfor a much smaller range &> < 0.099 at a, =1, and
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FIGURE 8. As figure 7, but for partially rough particles.

the minimum angle of inclination is at close packing for &> > 0.099. The variation
of 6, with &? in this case is smaller than that for rough spheres, and 6, varies from
19.79° at ¢2=0.3 to 19.38° at > =0.8. The maximum angle 6,,,, is higher than 6,
over a larger range &> > 0.256 in this case.

To summarize the results so far, starting from the condition that the ratio of the
tangential and normal stresses is equal to tan (@), it was shown following equation
(3.5) that the volume fraction of the particles is a constant across the flow. The
value of this constant was then evaluated using equations (2.59)—(2.62), (2.68) and
(2.69) for the different particle models. It was found that if the Burnett terms were
not included in the constitutive relation, there was densification when the angle of
inclination was increased for all particle models. A similar result was encountered for
smooth nearly elastic particles when the Burnett terms were included in the stress
tensor. However, when the Burnett terms were included in the stress tensor for rough
and partially rough particles, it was found that the volume fraction decreased as the
angle of inclination increased over a range of tangential and normal coefficients of
restitution. This indicates that the numerical value of the volume fraction is sensitive
to the model used for the stress tensor and for particle collisions.

One of the striking features of the simulations of Silbert et al. (2001) is that the
density profile at a fixed angle of inclination is remarkably insensitive to changes in
the coefficients of restitution. This feature is also observed in the present analysis for
rough and partially rough particles, where the variation of the angle of inclination
near close packing is insensitive to the parameter &> over a significant range in the
Burnett approximation in figures 7 and 8, though the same trend is not observed in
the Navier—Stokes approximation. This indicates that the Burnett approximation for
the stress does capture the lack of sensitivity 6, to variations in the coefficients of
restitution over a range of values of &.
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The first normal stress difference for the constitutive relation equation (2.55) is
Oxx —O'yy = —&fSAS)I/z. (316)

where y = (du, /dy) is the mean strain rate. Equations (2.60), (2.62) and (2.69) provide
the following predictions for the first normal stress difference,

.032572 .1041
Gor — 0y = (0 OZXSZ 7, 0104166 0.083333¢> 72 (3.17)
for smooth particles,
.03 14 0.18217
Gor — 0y = (0 ¢9X825 4 Q182178 +0.208203¢> 72 (3.18)

for rough particles, and

0.0415941  0.151249
Oxx — Oyy = ¢X2 +

for partially rough particles. The first normal stress difference is found to be positive
for smooth and rough particles, and is found to approach a finite value in the limit
of close packing. However, for partially rough particles, the normal stress difference
is negative and diverges proportional to x in the close packing limit, but becomes
negative as the volume fraction is increased. In addition, it is found that the coefficient
of the ¢ x term in equation (3.19) is small, indicating that the transition from positive
to negative values of the normal stress difference takes place at ¢ =0.598 for the
Carnahan—Starling pair distribution function 3.6 and ¢ =0.508 for the high-density
pair distribution function (3.7), both of which are near close packing. This sensitivity
of the normal stress difference to the choice of model was also encountered in the
simulations of Silbert et al. (2001), where it was observed that the normal stress
difference is always positive for some of the particle models used, but underwent
a transition from positive values very near close packing to negative values as the
density is decreased for other particle models. (It should be noted that the sign
convention used for the stress in Silbert et al. (2001) is opposite to that used here, and
the leading contribution to the normal stress is equal to the negative of the pressure
in the present analysis, whereas it is equal to the pressure in the sign convention used
by Silbert et al.) In addition, it is also found that the value of the first normal stress
difference is small compared to the value of the normal stress itself. For example, in
the dense limit, the ratio (o,, —0,,)/p is (0.226429(1 +a,)e? /(¢ x)) in the limit of close
packing for the rough particle model, and (—0.032419+0.193796/(¢ x))(1+a,/4)e?* for
the partially rough particle model. The small relative magnitude of the first normal
stress difference was also reported by Silbert et al. (2001).
The second normal stress difference, o,, — 0., is given by

Oy — 0, = <—MAA 4 Dsas | ”Q/SS);'/Z (3.20)

+0.13742¢ — 0.0253447¢> x) 72 (3.19)

4 2 4

Equations (2.60), (2.62) and (2.69) provide the following predictions for the first
normal stress difference,

0.112131  0.033139
Oy — 0z = | — - P
X X

—0.310213¢ — 0-420131x¢2> 7> (3.21)
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for the smooth particle model,

0.171301  0.0368475
B N

—0.420422¢ — 0.771067 X¢2) v (322

for the rough particle model, and

< 0.147418  0.0393984
oy 7 O X x>¢
for the partially rough particle model. Note that the second normal stress difference is
negative, in agreement with the observations of Silbert et al. (2001). It is also observed
that the second normal stress difference is significantly larger in magnitude than the
first normal stress difference for the rough and partially rough particle models, and
is negative in all cases. The ratio (o,, —0,.)/p is —0.838466(1 + a,)¢* for the rough
particle model in the dense limit, and —0.762656(1 + a,/4)s* for the partially rough
particle model. Silbert et al. (2001) reported that this ratio was about 15 % in the
simulations, which is consistent with our results for ¢, =1 at ¢, =0.9 for the rough
particle model, and e, =0.84 for the partially rough particle model.

The dependence of the volume fraction on the angle of inclination near close
packing can be determined as follows. If we only retain the terms proportional to By
and B; in the expansion (3.12), we obtain

—0.340957¢ — 0.596222X¢2> 7r (3.23)

$x(¢) = By(tan (0) — tan (6)) "' ~ By (BZ + 1) (6 — )" (3.24)

when the angle 6 is close to 6. Thus, ¢ x(¢) diverges proportional to (9 —6,)~' when
the angle of inclination is close to 6y, and the dependence of the density on the
angle of inclination depends on the model used for the pair distribution function.
The high-density pair distribution function (3.7) diverges as x'(¢. — ¢)~! in the close
packing limit limit ¢ — ¢..

(b — &) = (B + 1) x'¢.(6 — 60)/Bi. (3.25)

This linear dependence of the volume fraction on the angle of inclination is in
agreement with the simulation results of Silbert et al. (2001).
The flow dynamics can be described using the ‘Bagnold law’ for the shear stress,

oy = ALV (3.26)

Since the tangential stress is given by pg(h — y)sin (6), equation (3.26) gives the strain
rate as a function of height once A is known (note that A is independent of position
because it is only a function of the volume fraction, which is independent of position).
Once the strain rate is known, the flow rate can be calculated for a given height. The
Bagnold constant can be evaluated from the constitutive relation

py = Azp’. (3.27)
Using the energy conservation equation (3.3), this provides
AL = ((u/TV?)? JRV2). (3.28)

Since both (/T '/?) and R diverge proportional to ¢ x(¢) in the limit ¢ — ¢., equation
(3.28) indicates that Ag oc ¢.x(¢)"/? near close packing,

A% o (¢ — ). (3.29)
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Thus, equation (3.29) indicates that the Bagnold coefficient diverges proportional to
x'? ~ (¢ — ¢)~'/? in the limit ¢ — ¢.. From equation (3.25), (¢. — ¢) oc (0 —6y), and
the Bagnold coefficient diverges proportional to (6 — 6,)~"/2.

The variation of the Bagnold coefficient with 6 has been reported by Silbert et al.
(2001) (their figure 18 actually shows the inverse of the Bagnold coefficient), and
the Bagnold coefficient does diverge at 6, in the three-dimensional simulations. In
two-dimensional simulations, it appears that the static angle of repose is larger than
60, and the Bagnold coefficient does not diverge at the static angle of repose. This
makes it important to make a distinction between the static angle of repose, which
is the angle at which flow is initiated as the angle of inclination is decreased, and
the dynamic angle of friction 6, obtained from the kinetic theory calculation, which
is the minimum angle at which the shear production of energy is sufficient to sustain
the flow as the angle of inclination is decreased.

The analysis of Louge (2003), was similar to that presented here, in identifying
a region of steady flow in the centre and boundary layers at the top and bottom
surfaces. Bocquet et al. (2002) used a slightly different hydrodynamic model from the
present one, and it is useful to compare the two studies. The hydrodynamic model
used by Bocquet et al. (2002) is similar to the Navier—Stokes model used here, where
the stress tensor contains a pressure term and a viscous term given by Newton’s
law of viscosity. However, the coefficient of viscosity used in Bocquet et al. (2002)
has a stronger divergence than the pair distribution function, and it diverges as
(1 — ¢/¢.)? near close packing, where the coefficient B is greater than 1 (it was
assumed to be 1.5 in Bocquet et al. 2002). This results in qualitatively different results
for the following reason. In equation (3.2), the ratio of shear and normal stresses is
proportional to (wR)'?/p in the Navier-Stokes approximation, where R is the rate
of dissipation of energy. This ratio approaches a constant value if i, R and p diverge
proportional to the pair distribution function, as expected in the kinetic theory for
dense gases. However, if the viscosity diverges faster than the rate of dissipation
and pressure as the close packing density is approached, this ratio diverges. This
indicates that flow occurs near close packing only if tan (8) — oo or 6 — (n/2), and the
density increases as the angle of inclination is decreased below (m/2). This behaviour is
illustrated in figure 2 for a modified viscosity u,, defined in a manner slightly different
from Bocquet et al. (2002), but which has the same behaviour in the high-density
limit,

aO‘S
Hom = (1 T —¢/¢c)°~5>’ (3.30)

where « is a cutoff value for (1 —¢/¢.), which is assumed to be 0.005 in figure 2. It is
apparent that equation (3.30) converges to the dense gas viscosity u for (1—¢/¢.) > «,
while it has a divergence proportional to (1 —¢/¢.)~' for (1 —¢/¢.) < a. The result
of this viscosity modification on the flow curves is shown in figure 2, and it is
observed that tan (0) is close to the value for smooth particles at low volume fraction,
but diverges as the close packing volume fraction is approached in the adiabatic
approximation.

Finally, we examine the minimal model that is required to provide realistic results for
the flow down an inclined plane, and indicate how the coefficients in the model could
be obtained independently from simulations for collisional models different from
those discussed here. The simplest simulation requiredfor obtaining the coefficients
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in the constitutive relations is the shear flow in the absence of gravity, using
Lees—Edwards boundary conditions. Since there is no imposed time scale in the
problem, it is convenient to express all variables in terms of the strain rate y. The
shear viscosity u in this case is the ratio of the shear stress and the strain rate. The
dissipation coefficient R can then be determined from the energy balance equation at
steady state using the measured mean square velocity 7 (note that G;; is zero for a
steady shear flow). The isotropic part of the stress tensor, obtained from simulations,
is (—p + (Bss — Baa)y?/12), while the first and second normal stress differences
are o g45y° and (cAgas/2 + (Lss — o 44)/4)y>. Therefore, the measurement of all
the components of the stress tensor can be used to provide the modified pressure
D= (—p+(Bss—Baa)y*/12), as well as the coeflicients .o/ 545 and (.7 ss—.o7 44). These
coefficients could be determined as a function of the volume fraction, and then used
to predict density as a function of angle of inclination in the flow. The coefficients
o/ gs and o/ 4, cannot be determined independently in a linear shear flow, but the
coefficient .o/ 44 could be determined for a rotating flow, for which the symmetric
part of the rate of deformation tensor is identically zero. The Burnett correction with
the modified pressure (which includes all the isotropic components), and the terms
proportional to .«7gg, o/ 44 and 7,5 would constitute the minimal model required to
capture accurately the dynamics of a flow with no radial component, such as the flow
down an inclined plane. These coefficients could be used to determine the angle of
inclination as a function of density. The Bagnold coefficient could then be calculated
using equation (3.28), and this could be used to specify the strain rate as a function
of the angle of inclination.

4. Conclusions

The constitutive relation for the stress tensor for the granular flow of rough particles
was derived using a simple collision model for rough particles which contains a
normal and tangential coefficient of restitution. A more realistic ‘partially rough’
particle model was also considered, in which frontal collisions are rough, whereas
grazing collisions are smooth. A perturbation expansion of the Boltzmann equation
can be employed only if the dissipation of energy in a collision is small compared
to the energy of a particle. The small parameter in the expansion ¢ is defined such
that ¢ is equal to 1 — e,, and & is proportional to the difference between e, and
+1. Though this model is not realistic, it is useful because it can be solved using
an expansion in a small parameter, and it provides the qualitative form of the stress
tensor expected for more realistic models.

An important length scale in the system is the ‘conduction length’ (1/(1 — e,)'/?),
where / is the mean free path. The analysis is restricted to the case where the length
scale is large compared to the conduction length, so that the rate of conduction of
energy is small compared to the rates of production (due to shear) and dissipation
(due to inelastic collisions). It is appropriate to use the ‘adiabatic approximation’,
where there is a local balance between the rates of production of energy due to shear
and the collisional dissipation. A hydrodynamic description in this case incorporates
only the mass and momenta, since energy is not a conserved variable.

In the granular flow of rough particles, the angular momentum is not conserved
in a reference frame moving with the particles, and so the local angular velocity
is expressed in terms of the local rate of deformation using the conservation
equation for the particle angular velocity. The local angular velocity is equal to
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half the vorticity in the leading approximation for rough particles, though there are
higher-order contributions due to streaming terms in the Boltzmann equation. The
principle of equipartition of energy is applicable in the rough particle limit, and
the energy in the rotational modes is equal to that in the translational modes in
the leading approximation. The pressure—density relationship for rough particles is
identical to that of smooth particles. The shear viscosity for rough particles is higher
by about 10% in the dilute limit, and about 50 % in the dense limit than that
for smooth particles. There is a significant difference in the bulk viscosity, however,
and it is found that the bulk viscosity for rough particles is finite in the dilute
limit, whereas the bulk viscosity for smooth particles is zero in this limit. This is
due to the possibility of transport of energy between the translational and internal
modes in the rough particle system. In the Burnett-order contributions to the stress
tensor, it is found that there is an antisymmetric contribution to the stress tensor
for the rough particles even when the local angular velocity is equal to half the
vorticity, which is not present in the flow of smooth particles. It turns out that this
contribution is identically zero for a linear shear flow, but could be non-zero for other
types of flows. There are numerical differences in the other Burnett coefficients as
well.

In the case of partially rough particles, it is found that the local angular velocity
is equal to a quarter of the vorticity (which is half the angular velocity for rough
particles) since exchange of angular velocity takes place in only half the collisions when
the roughness angle is (n/4). In addition, the average energy in the rotational modes
is equal to half the energy in the translational modes in the leading approximation,
indicating that the equipartition principle does not apply in this case even in the energy
conserving limit where the coefficients of restitution approach +1 and the strain rate
approaches zero. The results of the partially rough particle model have important
implications for micropolar theories of granular flows, in which constitutive relations
are written for the stress and the ‘couple stress’. In the constitutive relations, the
stress contains an antisymmetric component proportional to the difference between
the local angular velocity and half the local vorticity. In the absence of gradients in
the angular velocity, these theories predict that the angular velocity is always equal
to half the vorticity. The present ‘partially rough’ particle analysis indicates that for
realistic collisions involving stick and slip, the angular velocity is not always equal
to half the vorticity, but could be some other fraction of the vorticity depending
on the collision model. Therefore, it would be necessary to modify the conventional
micropolar theories if they are to be used for granular flows with realistic collision
models.

The constitutive relations obtained here were applied to the granular flow down
an inclined plane under gravity. Several qualitative features which are observed in
simulations are predicted by the constitutive relations for rough and partially rough
particles, if the Burnett terms are incorporated.

(a) The constant density in the bulk of the flow if the height is large compared to
the conduction length, and the rate of conduction of energy is neglected in the energy
equation.

(b) The minimum angle required for the onset of flow, and the maximum angle
beyond which there is no steady flow. In the present analysis, the minimum angle
is not determined by a dynamical friction condition, but by the energy balance
requirement that it is necessary to generate sufficient energy by the mean shear to
balance the rate of dissipation due to particle interactions.
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(¢) The analysis also shows that this minimum angle is remarkably insensitive to
the values of the coefficients of restitution. However, this prediction should be treated
with caution, since we are using a perturbation expansion about the limit of elastic
collisions.

(d) The decrease in the volume fraction as the angle of inclination is increased.

(e) The small first normal stress difference, and its variation between positive and
negative values for different collision models.

(/) The negative second normal stress difference which is much larger in magnitude
than the first normal stress difference.

It should be noted that the above results are obtained only for the rough and
partially rough models if the Burnett terms are included in the expression for the
stress tensor. These are not obtained if the Burnett terms are not included, and they
are not obtained for the smooth particle model even if the Burnett terms are included.

This suggests that the essential dynamics of the flow down an inclined plane is
successfully captured by a kinetic theory approach, though it is necessary to include
sufficient detail in the collision model and to incorporate at least the second-order term
in the constitutive relation for the stress. In order to proceed further, it is necessary
to make numerical comparisons of the stresses between theory and simulations for
the same collision model. The simulation models used so far incorporate frictional
collisions with a friction coefficient, which is difficult to handle analytically in kinetic
theory. Therefore, it is necessary to incorporate simpler collision models in simulations,
as well as to try and extend kinetic theory to frictional collisions. Another source
of difficulty in numerical comparisons is the form of the pair distribution function.
The pair distribution function in a shear flow is likely to be anisotropic in general,
and different from the simple forms, such as the Carnahan-Starling form, presently
used in kinetic theories. A systematic calculation of the pair distribution function is
an additional input required for the numerical prediction of stresses using the kinetic
theory approach.

This research was supported by the Swarnajayanthi Fellowship, Department of
Science and Technology, Government of India.

Appendix A. Comparison of Chapman-Enskog procedure and present
procedure

The Chapman—Enskog procedure for determining the transport coefficients is as
follows. At equilibrium, the velocity distribution function has the form

c? wa)

1

1
Fle, o) = s &P <_ 2T 2T

where T is the temperature. In a system close to equilibrium, it is assumed that
the variation of the distribution function with position and time is due only to the
spatial variation of the density, mean velocity and temperature. The perturbation to
the distribution function is of the form

f(x, e, 0) = F(c;, ;) [1 + ] ;T + 0,U; + "3, U; ], (A2)

(A1)

where F(c;, w;) is the Maxwell-Boltzmann distribution, and the superscripts 7, S and
B indicate that the corresponding corrections to the equilibrium distribution give
rise to the thermal conductivity, shear viscosity and bulk viscosity, respectively. The
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transport rates are determined as a function of these coefficients,
1
J=—= / F(c;, w;)(c* + F*)c; dT
2 Jew

= / Fler o) (cie) — (8,/3)3) @5 (A3)

M B Z/ F(ci, 60[)02@3,
c,w

where [ = [dc [ do. The leading-order distribution function, (A 1), is inserted into
the left-hand side of the Boltzmann equation (2.1), to obtain

c? S w? c;io;T cic;oU; ¢t Io? J,
F 7_7_1 Y i ] J 71_ i 8 U — fo
[( > T T * <3 3 ) * "} at

where *|; is the first correction to . Equation (A 2) is inserted into the right-hand
side of (A 4), and solved in order to obtain the @/ and @} and ®* in (A2).
For a gas of smooth particles, #;, ®¢ and ‘1’3 can be expressed in terms of the

fluctuating velocities as
2
T [ 3
~"ee (57— 3).

:¢S(C)(Cicj - (5tj/3)02)s (A)9)

Q>ls
2 3
P=0% (57— 3).

where ¢7, ¢ and ¢? are scalar functions of the velocity fluctuations. The above forms
for @/, @isj and @p are deduced from their respective tensor order, as well as from the
requirement that the perturbation to the distribution function has to be orthogonal
to the homogeneous solution for the existence of a solution for the inhomogeneous
equation (A 4). The solution for ¢7 is obtained by multiplying the Boltzmann equation
by ¢; and integrating over the particle velocities. An expansion in Sonine polynomials
is used for ¢T. However, it is found that the results are numerically accurate to
within 1.2 % if only the leading term in the Sonine polynomial expansion is retained,
which is equivalent to considering ¢’ to be a constant. Similarly, @5 is obtained
by multiplying the Boltzmann equation by (c;c; — (8;;/3)c?), and integrating over all
particle velocities. In this case also, the results are numerically accurate to within
1.2 % if ¢ is considered to be a constant. The thermal conductivity and the viscosity
are then obtained from the known values of ¢’ and ¢5. The constant ¢? is found to
be identically zero in the dilute limit.

For a gas of rough particles, the most general expressions for @, and @, also
include dependences on the angular velocities of the particles,

5 Jo* 3
i =¢llc.ok Kzr 2) * <2T B 2)]
d’[j =@ (c, w)(cic; — (8;;/3)c?) + 95 (c, w)wiw; — (8;;/3)w?), (A6)
B c? 3 J* 3
—ore|(37-3) (57 3))

These forms of the perturbations are inserted into the Boltzmann equation, and the
equation is solved to obtain the functions ¢”, ¢°!, ¢5> and ¢%, which are functions

. (A

1
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of the magnitudes of the fluctuating velocities and angular velocities. A Sonine
polynomial expansion is used for these functions, but numerically accurate results are
obtained if only the first term in the series is retained. The transport properties are
then obtained using equations (A 3).

The conductivity obtained using the Chapman—Enskog procedure in the dilute limit
is given by

9 [T (1+49Y(37 + 6045 +505?)

;u == . A 7
16 V m 124 300.7 + 404.72 + 816.92 (A7)
The bulk viscosity obtained using the Chapman—Enskog procedure,
1 T (1+45)
M (A8)

He=18\ e 7
is identical to that obtained by the present moment expansion procedure (equation
(2.59)). This is because the procedure used here, which is to multiply the Boltzmann
equation by (c¢?/2—.#w?/2) and integrate over velocity space, is equivalent to inserting
the correction proportional to ®@% in equation (A 2), and averaging over all velocities
(assuming that ¢® in equation (A 6) is a constant). However, the term proportional
to ¢s, in the equation for @, is neglected in the expansion of Pidduck (1922), and
the resultant expression for the viscosity is

_ 15 /T (1+4S )?

=16V 3+260

In the present analysis, the terms proportional to ¢3! and ¢%? are retained in the
expansion in (A 6), and so the viscosity obtained (equation (2.59)) is higher than that

for gases of smooth particles by about 10 %, whereas the Pidduck expression (A 9) is
higher than that for gases of smooth particles by only 5 %.

(A9)

Appendix B. Velocity and angular velocity change in a collision between
rough particles

Consider a collision between two particles with positions x and x*, with velocities
and angular velocities (#, w) and (1", »"), such that the unit vector from the particle
at x to the particle at position x* is k. The position of the contact is then x.=x +
k/2=x" —k/2 (note that we are non-dimensionalizing all lengths by the diameter of
a particle, so that the distance from the centre to a position on the surface is just 1/2
in dimensionless units.) The relative velocity at the point of contact is

g=u—u —((x.—x) X o—(x. —x") X )
=u—u —1kx(v+o). (B1)
Here, we use the convention that for a rigid body rotating with angular velocity ,

the linear velocity u at a point located at a vector distance r from the centre of
rotation is # =w X r. In indicial notation, equation (B 1) is written as

gi =u; —u; —(€1/2)k;(w; + ). (B2)

The components of the relative velocity parallel and perpendicular to the line joining
centres at the point of contact before collision are,

giki = (u; — u;j)k;, }

B3
(8ij — kikj)g; = (8ij — kik;)(u; — u3) — (eijik; /2)(wr + y). (B3)
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The post-collisional relative velocity at the point of contact, g/, is related in an
identical manner to the post-collisional linear and angular velocities, (u}, ;) and
(1], w;"). In the collision model employed here, the post-collisional relative velocity
in the direction of the line joining is —e, times its pre-collisional value, while the
post-collisional relative velocity in the direction perpendicular to the line joining the
centres is —e, times its pre-collisional value.

iki =—e,giki,
g €8 } (B4)

(8ij — kikj)g} =—e(8ij — kikj)g;-

If J; is the impulse exerted on the particle at x by the particle at x* in a collision, the
linear and angular velocities of the particles before and after collision are,

wi=u; +J;, u; =u; —J
(B5)

!/
1
/
1

w-zwi+(e,-jk/2f)ijk, a);/:a);‘i‘(ﬂjk/zj)kj]k,

where .# is the moment of inertia scaled by the particle mass and the square of the
diameter. (Note that the particle mass has been set equal to 1 while calculating the
impulse.) In calculating the angular velocity difference, we have used the convention
that if a force F is exerted at a position with displacement r from the centre
of a rigid body, then the torque L is given by L=r x F. Using the above
expressions, we can write the impulse in terms of the relative velocities at the point of
contact,

ki(g; — gi) =2Jiki, (B6)
(8 — kik;) (g — g;) =2(8;; — kik;)J;((1 + 4.9)/4.9).

Using equation (B4) for the pre- and post-collisional velocities of surface at the
point of contact, the impulse J; in equation (B6) can be expressed in terms of the
pre-collisional linear and angular velocities,

Jiki =—((1 + e,)/2)(u; — u;)k;,
(8ij — kikj)J; =—((1 4+ €,)/2)(47 /(1 + 49)((8;j — kikj)(u; — u3) (B7)
—(€ij1/2)kj(wr + ;).

Using equation (B 7) for the impulse and equation (B 5) for the relations between the
pre- and post-collisional velocities, we find,

wp —up =—((1+e,)/2)(u; —uj)k;ki — (1 +e)/2)(45 /(1 + 4.7))
X ((8ij — kikj)u; — u3) — (€ij/2)k j(wr + wy)),

w; —wi=—((1+¢€)/2)(45 /(1 +49))(1/2.9 )(eijik;(u; — u;)
+(1/2)(85 — kik; ) + ).

(B8)
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Appendix C. Calculation of substantial derivatives

The convective terms in the first correction to the second moment equations (2.51)
and (2.52) are calculated as follows. The left-hand side of equation (2.51) is given by

7

PTZ; + (T3 Gy + TJ»(,?GM)
D(— Q7T'2S;; — (8;/3)0r TG
=p ( d : Dtj o ) +p(— T2 07 (SxGij + SixGui)

—T'"2071/(Gu/3)(Gij + G 1)), (C1)
D(—Q:T'"Sy) _ p8; D(QriT"?Gu)
Dt 3 Dt
— pTl/zQT(ZSikSkj + SikArj + SjxAxi +(2/3)S;;Gn)

—pT"?Q71((28;Gu/3) + (28;;G1/9)).-

The first two terms on the left-hand side of equation (C 1) can be simplified as follows.

D(QrT'25;) 12 DS;; dQrDp | 0Q7S; DT
N V2= 4 5 T2 - =
Y p(QT o o, D T a2 oy
DS;; dOr  0rSij pGu
= TYV2Z50 Si,Tl/2 G _ J
P(QT Dt j PUkk dp 2T pC,
DS;; dOr  QrS;TY*(1+4¢x)G
— T1/2 o S['Tl/z G _ ij ’
P(QT D J PG kk dp C,
(C2)
and
D(Q7r1T?G) 12 DGk dQrDp  0rGu DT
AT Pk T2 + g, 712 =2 0 =
p Dt P\ Qi Dr T Ok dp Dt ' 2TV2 D¢
DG dO7r;  QriGu pGix
_ T2 K _ G2l .
IO(QTI Dt kk p dp 2T1/2 pCU
DG dOr; QTIG2 Tl/z(l +4dx)
= T2k G2 12 _ ek
P(QT[ Dt kk p dp C,
(C3)

where the mass conservation equation (Dp/Dt)= pGy, and the leading order energy
conservation equation (DT /Dt)=—(pGu/pC,) have been used to simplify the right
sides of equations (C2) and (C 3). The substantial derivative of the symmetric traceless
and isotropic parts of the rate of deformation tensor is simplified as

DSU _l i—kui 81/!,' +8uj_28ij%
Dr  2\or = ox J\ox; | ox, 3 ox

1/ 0 Du; 0 Du; 28;; 0 Duy = 26;;
= ——— —GuGij+ — =L — GGy — =+ —— L GuG
2<ax,- Dt Ot S D e I T TR ”)
(0 (Lo 0 (Ldow) 28 0 (1day
2\ 0x; \ p 9x; ox; \ p 0xi 3 9x \ p 0x
28:;G 8ij(Sk S + A A
CSuS — Ay — 2 L 7 (Skr St ki Ak) (C4)

3 3
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DGu _ (3, (0
Dr \ar " "ox ) \ox

d Duk
= 2P GG
ox, Dr Gk
0 [ 0o G2
= (=) — SuSu — Ay Ay — & (C35)
Bxk 8x1 3

where o;; is the stress tensor, and the momentum conservation equation (Du;/Dt) =
p'(d0;;/0x,) has been used to simplify the right sides of equations (C4) and (C5).
Adding these contributions, we get

(1)
VG + TS Gu)

dOor 14+4¢x
= 00, T2 8,Gu [ 2
p0Or < J kk(QT dp + C.

. ,OQTTl/2 0 1 aa,k + 0 laajk . 28,']' i 1 80’k1
2 ax] 0 Ix; ox; \ p 0x 3 0xp \ p 8x1

0

5 5
—pQrT'? (SikSkj + ?]Sklslk + SikApj + SjkAri — Ak Ay + 3]AklA1k>
n pQri T8 (Gz ( p dOr; n 1 +4¢X>
3 Or; dp Cy
0 1 0 G? 20T1/2 S;;G
LA R SuSi + A Ay— —% ) — P Q15 G (Co)
oxx \ p Bx, 3 3

A similar procedure is used for simplifying the left side of equation (2.52).

DY p Oy | 1+4¢
i Sl G T X
P, pOrT ( j kk<QT i + c.

pQrT (0 (Tdow) | b (1dow) 2y 9 (Lo
2 ox; \ p 0xi ax; \ p 0xy 3 dx \ p 9x
5 5
+00,T"? (SikSkj — ?JSlelk + AicAy; — ?jAklAlk

_|_IOQTIT1/25[J‘ <G2 < p dOr; n 1+4¢X>

3 Or; dp Cy
0 1 0 2
- Okt + SuSik + A Ay + —— (C7)
0x; \ p ax, 3

Similarly, the substantial derivative of the leading contribution to the mean vorticity
field (equation (2.31)) can be simplified as
D2
Dt

= (3 +u,9)82"
€;i
=— ék(ar + u0) A ji
€;j
=— ]k(at + u;0)(Ou; — djuy)

EZ" (BB + wrd0)u ;) — 3;((8 + wrdr)us) — (Beaas) () + (8;1)(Byee)
_ _Cuk <8k <3sz1) —9; <8lzkl>> + €iji(AjiSik + SjiAn). (C8)

2
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