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Abstract: The study analyzes the physical mechanisms behind the quasi-diffusive separation of cohesionless spherical
particles in thin-layer fast gravity flows on a rough chute with substantial structural and kinematic parameter
nonuniformity, with their complex size and density discrepancies. Studies have been conducted into alternative conditions
of quasi-diffusive interaction of particles in a fast gravitational flow on a rough chute, which are defined by the dominance
of the particles' relative velocities in the direction of gravitational shear or their chaotic fluctuations in the interaction.
It has been found that the intensity of the quasi-diffusive separation flux is in direct dependence on the particle collision
frequency, which, in the general case of gravity flows of granular matter, is determined at the dominant value of the
component of the relative shear velocity of particles and depends to a lesser extent on the velocity of their chaotic
fluctuations. In non-ordinary conditions of fast gravity flow, which are formed in the flow of nonsmooth elastic particles in
its upper part, called the “cloud” of particles, the frequency of particle collisions is determined at the dominant value of the
velocity of their fluctuations. It is found that in thin-layer fast gravity flows the effect of quasi-diffusive separation due to
structural nonuniformity of the flow can dominate over the segregation effect resulting from local nonuniformity of the
medium.
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Annoranus: [IpoaHanu3upoBaHsl QU3MYECKHE MEXaHU3MBI KBa3UIU(D(DY3HOHHOHN cemnapanui KOTe3HOHHO HECBSI3aHHBIX
cheprvecknx 4YacTHIl MpPH KOMIUIEKCHOM HX pa3IMYdHM 10 pa3Mepy M IUIOTHOCTH B TOHKOCIOMHBIX OBICTPBIX
TPaBUTAIIMOHHBIX IIOTOKaX Ha IIEPOXOBATOM CKAaTe€ C BBICOKOH HEOJHOPOJHOCTHIO CTPYKTYPHO-KHHEMATHIECKUX
mapameTpoB. lcciiemoBaHBl anbTEpHATHBHBIC YCIOBUS KBasuAu(p(y3MOHHOTO B3aMMOACHCTBHS YACTHI[ B OBICTPOM
TPaBUTAIMOHHOM IIOTOKE Ha IIIEPOXOBATOM CKaTe, OTIMYAIONINECS IOMHUHHUPOBAHWEM IIPH B3aMMOACHUCTBHH JIMOO
OTHOCHTEIIFHOW CKOPOCTH 4YaCcTHIl B HAaNpaBJICHUH TPABHTAI[HOHHOTO CIBHUra, JH0O CKOPOCTH HX XaOTHYECKHX
(dnykTyanuii. YCTaHOBJIIGHO, YTO HHTEHCHBHOCTHh IOTOKa KBasHIU((Y3MOHHOW cemapamuyd HaxXOIUTCS B TIPSIMOMN
3aBHCUMOCTH OT YaCTOThI CTOJKHOBEHHUS YaCTHIl, KOTOpas B OOIIEM Cllydyac TpPaBUTAIIMOHHBIX TCUCHHUHA 3CPHUCTHIX
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MaTepuagoB OMPENENACTCS MPU JOMHUHHUPYIOIIEM 3HAU€HUH KOMIIOHEHTHI OTHOCHTEIBHOM COBHTOBOM CKOPOCTH YacTHI]
¥ B MEHbBLICH CTENEHH 3aBHCUT OT CKOPOCTH HX XAOTHYECKUX (IIyKTyanuid. B HeopAMHApHBIX yCIOBHAX OBICTPOTO
TPaBUTAllMOHHOTO TEYEHUs, KOTOpble (OPMUPYIOTCS B TOTOKE TIJIAaJKUX YNPYrUX 4YacTHIl B BEPXHEH €ro 4YacTH,
Ha3bIBaEMOH «00JIAKOM)» YaCTHII, YaCTOTa CTOJIKHOBEHHI YaCTHI] ONPENIEJIICTCS IPH JJOMHUHUPYIOLIEM 3HAYSHUH CKOPOCTH
uXx (IayKTyanui. YCTaHOBJICHO, YTO B TOHKOCJIOMHBIX OBICTPBIX TPABUTALMOHHBIX MOTOKaX 3¢ ekt kBasuauddy3noHHOH
cenapanuy, o0yCJIOBJICHHBIH CTPYKTYPHOW HEOHOPOIHOCTHIO MTOTOKA, MOXKET JOMHUHUPOBATh HaJl 3 (eKkToM cerperaruu,
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1. Introduction

Granular matter, whose particles have no
significant cohesive interactions, is frequently used in
industrial technologies (chemistry, construction, food,
mining, agriculture, etc.), in everyday life (cereals,
legumes, nuts, salt, sugar, spices, etc.) and in the
natural environment (sands, gravel, pebbles, rock
fragments, etc.). Such materials look quite ordinary
when they are considered at the level of individual
particles, but at a closer look, they reveal original,
mesoscopic properties, especially, when they are
analyzed as a set of particles under certain interaction
conditions [1, 2]. For example, depending on the
interaction conditions, quartz sand particles can act as
a solid base for building structures, as a liquid in an
hourglass, and migrate as a gas of solid particles in
the process of dune movement.

The most common form of particle interaction is
their interaction under shear flow conditions of
granular media. In this connection, for example, the
piston flow of granular media is perceived as an
idealized version of the flow.

In natural phenomena and technological
processes in industry and agro-industrial complex,
shear flows of granular matter most often occur in the
form of fast gravitational flows. One of the main
features of such flows is that particles interact
intensively with each other and are involved in
transverse mass transfer accompanied by quasi-
diffusive effects of separation and mixing [3, 4].
The above effects are so significant that they can
significantly influence the kinetics of the processing
of granular matter and, moreover, can be used as
a basis for the development of technological
processes with original functional properties [5-7].
The analysis of literature sources shows that, despite
the rather high scientific and applied significance of
the study of quasi-diffusion effects under shear
deformation of granular media, in most cases the
studies are limited to modeling of quasi-diffusion

mixing processes [8-10]. These circumstances
explain that the physical mechanisms of quasi-
diffusion effects of particle separation in fast
gravitational flows of granular matter are the main
object of the present study.

2. Analysis of methods for modeling separation
effects in gravity flows of granular matter

The analysis of studies on modeling of
separation dynamics in gravity flows of granular
matter [5, 6, 8, 10] shows that in most of them the
interaction of particles in the flow is modeled in the
absence of attention to the structural nonuniformity
of the flow. This is explained by the fact that in many
cases of modeling dispersed media are analyzed in
the state of gravitational shear at high and relatively
stable values of pressure and low gradients of shear
rate, when the assumption of structural uniformity of
the medium can be quite correct. In addition, the
analysis of gravitational flow mainly under
conditions of its structural uniformity is explained by
the great problems of identification of microstructural
characteristics of fast gravitational flow of particles in
states of unusual gas and liquid properties [2—4, 11].

The separation effects due to spatial
nonuniformity of shear flows of granular matter were
among the first to be identified by Stephens and
Bridgewater [12]. Using an annular shear cell, the
authors investigated the distributions of nonuniform
particles in failure zones, where high shear rate
gradients and void fractions result from intense
particle interaction. The flow conditions formed in
the failure zones of granular media significantly
affect the kinetics of technological processes.

When studying the effects of separation and
mixing of particles in the above-mentioned zones, the
authors [12] found an unusual effect of movement of
large particles of the mixture, which they called
migration. The authors explained migration
qualitatively as the effect of movement of large
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particles in the direction of the shear strain rate
gradient. However, a sufficiently deep analysis of the
physical mechanism of the detected effect was
hindered by the unfavorable conditions for the
analysis of obtaining measurement data. Firstly,
problems in the analysis arose due to the highly
complex shape of the shear flow, which resulted in
the manifestation of difficult to estimate
nonuniformity of the shear rate in the three-
dimensional volume of the shear cell, for example, in
the radial direction of the annular failure zone [12].
Secondly, and more importantly, a comprehensive
analysis of the migration phenomenon was hindered
by the limited amount of measurement information
due to the lack of an opportunity to evaluate the
influence of the structural nonuniformity of the
failure zone on the effect in the form of the
distribution of the wvoid fraction or solid phase
concentration in its volume. Therefore, the authors in
[12] faced the problem of explaining the unusual
distributions of mustard seed and polystyrene
granules in the shear cell.

In addition, the simplest verification of the
proposed migration mechanism by testing it on the
results of studies of separation in gravity flow on a
chute (e.g., Fig. 1a) does not make it possible to
explain the opposite directions of migration of large
particles near the bottom and open surface of the
flow. When the shear rate varies monotonically along
the bed thickness, large particles are displaced in the
flow regardless of the shear strain rate gradient [13].
At the same time, it is important to note an obvious
contradiction between the migration mechanism and
the dispersion pressure mechanism proposed in [14],
and according to which large particles move in the
direction opposite to the shear strain rate gradient.
Thus, with the unity of views on the driving force of
separation due to the nonuniformity of the shear
strain rate, the researchers in [12] and [14] determine
the opposite direction of the process.

As a result, in the absence of a single abstract
judgment regarding the physical nature of separation
effects, the assumption of homogeneity of the
characteristics of the gravitational flow structure is
accompanied by serious problems in the
mathematical  description  of  the  process.
Consequently, it is often accompanied by the
necessity to use different separation mechanisms in
modeling the process depending on the distinctive
properties of particles in invariant flow conditions.
For example, when modeling the dynamics of
separation of particles of different densities in a
gravitational flow [15], the ascent mechanism is used,
which formally reproduces the process of behavior of

bodies with large and small densities in a liquid.
At the same time, when describing the separation of
particles by size under similar conditions, the
mechanism of partial stress relaxation is used in [10].

In accordance with the mechanism of partial
stresses, the stresses generated by gravitational shear
are distributed on particles nonuniformity, if the latter
are unequal in size. It is assumed that the stress
distribution on nonuniform particles follows some
law, according to which the stresses on particles of a
certain size are proportional to some partial stress
coefficient. It is important that in this case the values
of the coefficients of the components of the particle
mixture are not equal to their relative fraction [10].
In this case, the driving force of the process is
expressed as a gradient of lithostatic pressure due to
gravitational influence. It is assumed that particles of
large size tend to generate partial stresses, whose
share in the total stresses is greater than their
concentration in the mixture, and are forced toward
the lithostatic pressure gradient, i.e., toward the open
surface of the flow [16]. Accordingly, small-sized
particles generate partial stresses in the flow, the
fraction of which in the total stresses is less than their
volume fraction in the mixture. Such particles move
in the direction of the lithostatic pressure gradient,
i.e., to the lower layers of the flow, where the stresses
have the maximum value.

The authors of relatively recent studies [8, 16],
analyzing the physical mechanisms of buoyancy [15]
and partial stress relaxation [10, 17], note their rather
high flexibility, and conclude that they have a serious
drawback, which is a consequence of the lack of
attention to the separation effects initiated by the
nonuniformity of shear flow parameters. Among such
parameters, the authors in [8] emphasize the shear
rate and granular temperature, which, in general, vary
in the shear flow volume over a wide range.
The necessity to consider the effects of spatial
heterogeneity of shear flow characteristics on the
separation dynamics was justified by many
researchers of the separation process in gravity flows
of granular media [8, 13, 16].

Assuming that the size and density separation
proceeds according to different physical mechanisms,
the authors in [8] considered it rational to divide the
local stresses into two components: one component is
contact stresses, and the other one is kinetic stresses.
In this case, they assume that the size separation
occurs under the action of the driving force caused by
the action of kinetic stresses and expressed in the
form of their gradient under the condition of
disproportionate distribution of stresses on particles
of different sizes. Kinetic stresses are stresses that are
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Fig. 1. Profiles of velocity u(y) and concentration c(y) of particles in flows on a rough chute in binary mixtures:
a) large particles in a mixture of steel balls;
b) silica gel granules in a mixture with equally sized granules of superphosphate

generated in granular matter under conditions of rapid
shear deformation as a result of transfer of impact
impulses by colliding particles across the shear
surface.

However, if we take into account that the
intensity of impulse interaction between particles is
proportional to the shear rate, we should conclude
that the directions of gradients of kinetic stresses and
shear rate coincide. Thus, a certain physical analogy
between the mechanisms of migration [12] and partial
kinetic stresses [8, 16] is revealed, and the critical
remarks made earlier with respect to the migration
mechanism largely apply to the mechanism of partial
Kinetic stresses as well.

According to [8], density separation proceeds
under the action of contact stresses in accordance
with the previously presented buoyancy mechanism
[15]. The driving force of separation in this case is
gravitational  influence under conditions  of
disproportionate distribution of contact stresses on
nonuniform particles. It is important to pay attention
to the fact that when developing the separation
mechanisms due to spatial inhomogeneity of shear
flow, the authors limit themselves to the case of
particle size difference, considering that spatial
inhomogeneity of shear flow does not affect the
separation by density. The validity of this approach is
refuted by experimental data [13] (e.g., Fig. 1b),
which confirms the effect of spatial inhomogeneity of
flow on density separation.

Thus, the process of separation by size and
density is described [8] through separate physical

mechanisms [10] and [15], each of which is adapted
for an autonomous description of the separation effect
with respect to a certain distinctive property of
particles.

Based on the corresponding physical
representations, a mathematical model of particle
separation by size and density was developed in [8].
The mathematical model is based on the equation
describing the dynamics of distribution of
nonuniform particles in a flow with nonuniform shear
strain rate

C,i ki k
oo T —y") 0o
pI(VC,I —V)= (y v ) doy, "

Cp oy
+MQQCOSC—D61, (1)
Cp oy

where p, p' are bulk density of granular medium and
particles of the i-th component, respectively;
g is gravitational acceleration; v, V' are velocity of
granular medium and particles of the i-th component
in the direction of y separation, respectively; ¢in is

concentration of the i-th component; w®', y*' are
coefficients of partial contact and kinetic stresses for
the i-th component of the mixture, respectively;

‘;,y is kinetic stress; ¢ is flow slope angle to the

horizon; D is mixing coefficient; ¢p is drag
coefficient in the process of particle separation.

()
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The partial stresses w°', w*' and the ¢!, component
concentration are expressed as relative dimensionless
guantities.

According to the mathematical description (1),
the concentration field of control particles of granular
medium in shear flow is determined by the
conjugation of the effects of particle transport by
convection, separation and quasi-diffusive mixing,
and the manifestation of separation effects is caused
by the disproportionate distribution of two types of
stresses on nonuniform particles. It is important to
note that due to this approach, the description of the
dynamics of the separation process is provided taking
into account both the local nonuniformity of particles
of the granular medium and the spatial
inhomogeneity of kinematic characteristics in the
shear flow of the matter.

However, verification of the mechanisms and
Kinetic dependences of the separation effects
proposed in [8] due to both local and spatial
inhomogeneity of the granular medium flow reveals
their apparent contradictory nature. Verification was
carried out by testing the mechanisms and kinetics
based on the results of experimental studies presented
in [13] (Fig. 1). Figure 1 shows experimental profiles
of velocity and distributions of control particles in
fast gravity flows of mixtures of particles of different
sizes (Fig. 1a) and densities (Fig. 1b) on a rough
chute. First of all, when. testing the model
representations on which the separation dynamics
equation (1) is based, it is important to pay attention
to the experimental velocity profiles, which in both
cases (Figs. 1a and 1b) have a parabolic shape with a
monotonic change in the shear rate and its gradient
directed toward the bottom of the flow. However,
when the direction of the shear rate gradient in the
flow is constant, different directions of the separation
fluxes by size and density are observed. In the
processes of separation by both size and density, the
direction of movement of the particles of the control
component at the bottom and at the open surface of
the flows is opposite, which is impossible to explain
from the position of model ideas about the
mechanisms of separation by size and density, on
which the mathematical description of the separation
dynamics is based (1).

One of the reasons for such contradictions may
be the lack of due attention to the structural
nonuniformity of the granular medium flow when
developing [8] the physical mechanism and
mathematical model of separation. Given the
fundamentally important role of shear rate
nonuniformity with respect to the size separation
kinetics, the assumption made does not seem to be

correct enough. This conclusion is confirmed by
many examples that show the presence of
a pronounced dependence of the void fraction in the
shear flow of a granular medium on the shear rate.
Such examples are the results of experimental studies
of the relationship between kinematic and structural
parameters under conditions of both fast gravity
flows on a rough chute and pseudoplastic shear
deformations of granular matter [7, 13]. Since the
volume fraction of particles in shear flow
significantly affects [2] the conditions of their
interaction and flow dynamics, the assumption of
homogeneity of solid phase distribution in a flow
with pronounced nonuniformity of shear rate, is one
of the reasons for the inadequacy of modeling found
in [8]. It is difficult to assume that the ratio of partial
contact and kinetic stresses for particles of different
size and density under conditions of structural
inhomogeneity of the flow remains constant.

The lack of a sufficiently developed theoretical
base does not allow for identification of a complex of
kinetic parameters characterizing the intensity of
separation and mixing effects and becomes the reason
for the use of fitting coefficients. For example,
according to the process dynamics equation (1), the
number of such coefficients can be equal to four, if
we take into account that the kinetic characteristics of
the equation are complex functions not only of the
shear rate, but also of the void fraction, which is in
a complex dependence on the shear rate.

The above situation indicates the relevance of
analytical and experimental studies of the
mechanisms and Kinetic regularities of size and
density separation effects in fast shear flows of
particles, the failure zones of which are characterized
by high gradients of kinematic and structural
characteristics. The purpose of the present study is to
analyze the results of a comprehensive study of size
and density separation in particle flows on a gravity
chute under conditions of a vivid manifestation of
inhomogeneity of flow parameters in its failure
zones. Due to the dislocation of failure zones at the
base and surface of such flows, thin-layer gravity
flows are the most suitable for studies.
With a relatively large volume fraction of failure
zones in thin-bed flows, conditions for intensive
separation of particles under the effects of
inhomogeneity of flow parameters are formed in most
of them. It is interesting to note that, in many formal
features, the flow conditions occurring in a thin-bed
fast gravity flow are similar to the conditions of shear
flow in a annular shear cell [12] and differ from the
latter by more favorable conditions for analysis in
a two-dimensional flow.
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3. Research methods and model materials

The regularities of particle size and density
separation under the effects of gravity flow
inhomogeneity  are  investigated using an
experimental-analytical method [7]. The method
provides access to a set of the most important
information on flow parameters and particle
separation effects on a rough chute in the form of
velocity profiles, void fraction and distributions of
nonuniform particles.

Under this method, experimental information is
obtained using a setup that is an open inclined
channel of rectangular cross-section with smooth side
walls and a rough bottom. The channel is set at an
angle to the horizon with some excess of the angle of
repose of the material. To ensure the conditions of
sticking at the bottom of the flow and intensive shear
deformations in its volume, the roughness value of
the channel base is equal to half of the diameter of the
largest particles of granular medium. To feed the
material into the channel the unit is equipped with
a metering feeder. A horizontal cuvette with transverse
partitions dividing the cuvette into cells is installed
under the threshold of channel on the plumb line.
Cells are used to receive falling particles in the
stationary mode of steady-state material flow to
obtain the corresponding distribution functions of
material and test particles. The stationary regime of
steady-state flow is confirmed by the fact that the
distributions remain unchanged when the length of
the rough chute is increased in the experiments.

The set of experimental information necessary
for the implementation of the method, in addition to
the mentioned distribution functions, includes the
time of filling the cells of the cuvette, the width of the
channel and its slope angle, the geometric parameters
of the bed on the chute and the height of placement of
the discharge threshold above the cuvette. Based on
the obtained information, the profiles u(y), e(y) and
c(y) are determined by analytical solution of the
system of equations including the material balance

equation, the law of a free-falling body and the
equation of state of the granular medium under
conditions of rapid gravitational shear [7].
The solution is obtained assuming the condition of
zero longitudinal velocity of particles at their contact
with bottom roughness (u=0aty = 0).

In the analysis, in addition to the original data,
the results of the study obtained earlier [13] using
mixtures (Table 1) with complex particle size and
density differences: 1) in size (mixture 1); 2) mainly
in density (mixture 2); 3) in size and density (mixture
3) were used.

The dynamics of the concentration field of test
particles in shear gravity flow of granular matter is
defined [7, 13] as the resultant effect of particle
transport by convection j, separation j, caused by
factors of both local and spatial heterogeneity of the
flow, and quasi-diffusive mixing of j; component:

o(cp)
ot

+div(j, )=—div(j, )-div(jy ),

()

where t is time; p is local value of bulk density,
which is defined as a function of control particle
concentration c(x, y, t) under conditions of stationary
distribution of void fraction in the flow &(y).

The kinetics of size and density segregation
initiated by local flow inhomogeneity is modeled on
the basis of the mechanism of shear flow segregation
[7, 18, 19]. According to this mechanism, segregation
is a consequence of the process of stress relaxation on
particles — stress concentrators, which differ in
properties from uniform particles of a conventionally
homogeneous flow. In the relaxation process, an
aggregate of particles is formed near the stress
concentrator, and when interacting with it, the
concentrator acquires a transverse momentum that
initiates  its  displacement  accompanied by
a weakening of the stress state.

Table 1. Characterization of mixture matter

Mixture 1 Mixture 2 Mixture 3
Matter
Steel balls Superphosphate Silica gel Superphosphate Silica gel
Particle diameter, 10° m 6.6 7.0 +3.75- 4.0 +3.75-4.0 +4.0 - 4.25
Weight concentration, % 56.6 43.4 95.6 4.4 95.6 4.4
Density, kg-m~ 7850 1800 785 1800 785
Slope angle, deg 31 35 35
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The control particle contacts the aggregate in
points, the coordinates of which are determined by
methods of statistical mechanics with regard to the
local value of solid phase concentration and the ratio
of sizes of the test particle and the particles of
a conventionally uniform medium forming the
aggregate. Through the contact points passes the axis
of rotation of the particle under the action of AM
excessive momentum of gravity, friction and impact
momentums in the direction of segregation.
As a result, when the process driving force AM and
the process kinetic coefficient Kg are used, it is

possible to reflect the influence of the complex of
flow parameters and the full complex of particle
properties on the segregation Kkinetics, which is
expressed in the following form

Js = KsCpAM. ©)

Studies of the mechanism and Kkinetics of
segregation [7, 18, 19] have contributed to the
deepening of knowledge about its mechanism and
kinetics and enabled to propose methods for
determining the driving force and the segregation
coefficient K. The results of the study indicate that

for a wide range of particle properties of a certain
material and its gravitational flow parameters, the
coefficient Kg exhibits the properties of a kinetic

constant.

It is worth noting that the action of the shear
flow segregation mechanism is limited by the
conditions of low values of the void fraction
(¢ <0.75), allowing the formation of particle
aggregate near the particle — stress concentrator
[7, 18]. In this connection, it can be concluded that in
the gravity flow regions with high values of the void
fraction (¢>0.75) the particles are in a state of
intensive chaotic (quasi-diffusive) movements and, as
a consequence, it seems possible to assume that the
effects of their segregation are determined mainly by
diffusion kinetics.

4. Results and Discussion

4.1. Mechanisms and kinetic regularities
of quasi-diffusive separation by size
and density due to structural nonuniformity
of gravity flow of granular matter

Mathematical modeling of the process of
separation by size and density in thin-bed flow of
cohesionless particles on a gravity chute with
pronounced inhomogeneity of flow parameters was
carried out using equation (2). The equation was used

to predict the dynamics of the concentration field of
test particles under the action of a set of effects
(separation, quasi-diffusion, convection). Taking into
account the revealed shortcomings of the analyzed
methods of modeling separation, its flow is
represented by two components with fundamentally
different nature of the driving force. To evaluate the
degree of influence of the effects of nonuniformity of
structural and kinematic parameters on the predictive
properties of equation (2), we analyzed the
possibilities of predicting experimental concentration
profiles of control particles in mixtures 1 and 2
(Table 1) taking into account only the component of
the separation flow formed under the action of the
factor of local nonuniformity of the flow.
The intensity of the named component of the
separation flux is expressed (3) on the basis of the
mechanism of shear flow segregation, which is
described in the previous section of the paper.
In accordance with the mechanism, the segregation
flow is the result of formation and relaxation of local
stress concentration centers.

The mathematical description of separation
using the kinetic dependence (3) provides prediction
of the dynamics of the concentration field of particles
differing not only in size and density, but also in the
full complex of properties during gravity flow.
However, it is established that in some cases, mainly
in conditions of thin-bed gravity flow, with their
characteristic  high  inhomogeneity of flow
parameters, there are problems of mathematical
description of separation dynamics. Moreover, the
problems of mathematical description are found with
respect to separation by size and density.

The inadequacy of modeling is clearly
manifested in the fact that the shear segregation
mechanism cannot explain the separation flows of
less dense particles in mixture 2 to the base and fine
particles in mixture 1 to the flow surface. If we
assume that the observed counter directions of
separation of particles by size and density take place
at unchanged direction of the shear rate gradient in
the flow, then obvious contradictions of experimental
data with the mechanisms of buoyancy and partial
stresses are revealed [8, 12, 14, 15, 17]. The observed
paradoxical counterflow separations in size and
density initiated a comprehensive study of the
separation effects due to the inhomogeneity of gravity
flow parameters of granular media.

The separation effects due to the inhomogeneity
of thin-bed gravity flows have been investigated by
the experimental-analytical method [7, 13, 18, 19],
the description of which is given in the previous
section of the paper.
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Fig. 2. Profiles of velocity u(y), void fraction g(y) and large
particle concentration distribution c(y) in the fast gravity
flow of mixture 1 (Table 1) on a rough chute

The structural and kinematic characteristics of the
gravity flow of mixture 1 (Table 1) in the form of void
fraction and velocity profiles are shown in Fig. 2.
The same figure shows the distribution of large
particles, which contain sufficient information about
the separation effects that occur in the void zones in
the flow on the rough slope [13]. The experimental
data indicate an extremely high concentration of
large-sized particles in the flow core, far exceeding
their average concentration. Accordingly, in the
directions from the flow core to its bottom and open
surface, the concentration of small-sized particles
increases significantly above the average value.

Experimental results and their discussion

The joint analyses of the profiles of void fraction
and concentration distribution of large particles
indicate that their shape can be considered as a mirror
reflection of each other's characteristic features.
It is obvious that for the profile of small particles
distribution, a high analogy with the profile of void
fraction can be observed.

Similar profiles u(y), e(y) and c(y) characterizing
the gravity flow parameters and separation effects in
the rarefied zones on the rough chute for mixture 2
(Table 1) are shown in Fig. 3. The results indicate
that in the case of particle density differences, as well
as in the case of particle size nonuniformity, the
shape of the void fraction profile g(y) characteristic of
steady-state fast gravity flow is observed. In the core
of the flow a zone with the highest fraction of solid
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Fig. 3. Profiles of velocity u(y), void fraction g(y)
and low-density particle concentration distribution c(y)
in fast gravity flow of mixture 2 (Table 1) on a rough chute

phase is formed, the content of which in the
peripheral regions of the flow decreases with the
formation of rarefied zones, especially near the open
surface of the layer.

The profile of particle distribution with low
density c(y) by characteristic features of the shape
agrees with the profile of the void fraction &(y).
The comparison of the profiles indicates a complete
coincidence of the coordinates of the extreme values
of the distribution functions of the void fraction &(y)
and the concentration of test light particles c(y).
The minimum of the mentioned distribution functions
is in the region of the core of the flow of granular
matter on the rough chute. In the direction towards
the bottom and the upper open surface of the flow,
the values of these parameters increase significantly.

As a result of a complex analysis of the sets of
profiles shown in Figs. 2 and 3 for flows of mixtures
of particles nonuniform in size and density, it is
possible to draw conclusions regarding the kinetic
regularities of the observed separation effects.

Despite the unchanged direction of the shear rate
gradient in the flow volume (in the direction of the
bottom), in its regions near the open surface and the
bottom, the size and density separation flows have
opposite directions. It is noteworthy that particles
with high inertial properties (larger and denser) in the
process of separation move from the peripheral parts
of the flow and concentrate in its central part.

Further abstraction of the experimental profiles
shown in Figs. 2 and 3 suggests that, because of size
and density separation, particles with large mass are
concentrated in the core region of the flow with
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characteristically high values of void fraction.
Correspondingly, there is a concentration of particles
with low mass (small and low density) in the
peripheral parts of the flow with characteristically
high values of void fraction. In this connection it
should be concluded that in the fast gravitational flow
of granular medium there is an effect of structural
nonuniformity, under the influence of which the
separation flows of particles with small mass in the
direction of the gradient of the void fraction and
particles with large mass in the direction of the
gradient of the volume fraction of solid phase are
formed. In addition, when analyzing the variable
values of the degree of curvature of profiles, it seems
fundamentally important to pay attention to the
importance of the void fraction gradients as a Kinetic
parameter that determines the intensity of the
separation effect due to the inhomogeneity of shear
flow parameters. This can be confirmed, for example,
by density separation effects (Fig. 3), the high
intensity of which can be explained by high values of
the void fraction gradient g(y) .

Among many extraordinary experimental results,
the effect of moving of low-density particles from the
core to the bottom of the flow attracts special
attention (Fig. 3). It is important that in the steady-
state flow regime the fraction of particles with low
density increases towards the bottom until the
concentration exceeds its average value in the
mixture. The observed effect cannot be explained by
using a set of previously analyzed separation
mechanisms [8, 10, 12, 14, 15]. In this connection,
there are sufficient grounds to develop the
mechanism of separation as an effect of structural
nonuniformity of rapid gravity flow of granular
medium by analyzing the given experimental data.

A comprehensive analysis of a set of profiles
ufy), e(y), c(y) (Figs. 2 and 3), characterizing
structural-kinematic  parameters and  separation
effects in fast gravitational flows of particles, gives
grounds to assert that the movement of particles in
the process of separation by size and density occurs
under the action of the transfer potential, which has a
direct relation to the gradient of the void fraction.
The main type of interaction of particles in the
rarefied zones of fast gravitational flows is their
collision accompanied by the transfer of impact
impulses. At chaotic exchange of impact impulses,
particles differing in size and density will be in a state
of chaotic fluctuations proceeding with different
velocity of displacements. At collision of particles
having different densities, the velocities of chaotic
displacements for particles with low density, in
general case, will be higher than for dense particles.

Collisions of particles at gravitational shear take
place in confined conditions. In this connection, the
total momentum acquired by a particle is determined
in direct dependence on its surface area [13].
In this case, the average value of the fluctuation
velocity of the i-th particle having diameter d; and
mass m; is defined as: V'~ kd?m:t, where k is
proportionality coefficient.

The nature of interaction of particles under
conditions of fast gravitational shear has an obvious
quasi-diffusive nature. At the difference in size and
density, the fluctuation velocities and, accordingly,
quasi-diffusion of particles will have different
average values depending on their properties. In such
a case, under conditions of structural nonuniformity
of the shear flow, the quasi-diffusion separation
effect is manifested, which has a physical nature with
a high formal analogy with the nature of the
molecular thermo-barodiffusion effect [20]. In the
process of  molecular  thermo-barodiffusion,
a diffusive separation flow of molecules with high
fluctuation velocity is formed in the medium region,
providing the possibility of fluctuations of molecules
at large free path length. Molecules having a small
velocity of chaotic movements are moved by the flow
of separation in the medium region, in which the
conditions for fluctuations of molecules at a small
free path length are formed.

Under conditions of rapid shear deformation of
granular medium in steady flow on a rough gravity
chute, a zone with maximum values of solid phase
fraction is formed in the central part of the bed.
The size of the zone and the values of the solid phase
fraction in it depend on the thickness of the bed and
the value of the chute angle to the horizon. In this
flow zone with the lowest values of the void fraction,
conditions are created for the movement of particles
inclined to quasi-diffusion with low velocity and
amplitude of fluctuations. Consequently, according to
the dependence of the fluctuation rate on the diameter
and mass of particles (V,'~kd?m:*), conditions for
quasi-diffusive fluctuations of particles with large
mass are created in the central zone of the flow.
At the same time, particles with small masses, which
acquire large fluctuation velocities during collisions,
participate in quasi-diffusive movements with large
amplitude of oscillations and are displaced to the
peripheral region of the flow, where conditions for
fluctuations of particles with large free path length
are formed.
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4.2. Modeling of kinetics
of quasi-diffusion separation process

This section of the paper presents variants of
a mathematical model of quasi-diffusive separation
by size and density for two idealized conditions of
interaction of cohesionless spherical particles under
rapid shear deformation of a granular medium with
high structural nonuniformity. The analyzed
conditions of particle interaction are of decisive
importance in estimating the frequency of their
collisions. In contrast to the previously presented
studies [7, 13, 18], the present paper presents
a comparative analysis of the variants of modeling
the contact interaction of particles with the
involvement of experimentally obtained information.

Variants of contact quasi-diffusion interaction of
particles under conditions of rapid shear deformation
are analyzed using the example of [13] of steady-state
shear flow of a mixture of two components
(components 1 and 2) having particles of diameter d,

and d,, density p;, p,, and mass m;, m,, with

their concentration in the mixture ¢ and 1-c,
respectively. The mixture of particles is subjected to
rapid shear deformation in the shear direction x
(Fig. 4). It is assumed that under the action of a set of
variable factors (deformation rate du/dy and
lithostatic pressure), structural nonuniformity of the
flow occurs, expressed in an increase in the fraction
of voids in the y direction.

It is assumed that under conditions of steady-
state shear flow of particles, the convection
mechanism of transfer dominates in the process of
their mixing in the direction of the shear. In the y
direction, perpendicular to the direction of the shear,
nonuniform particles change their position in the flow
due to the manifestation of quasi-diffusion effects of
particle interaction, accompanied by their mixing and
separation.

u(y)

e O

X, m

Fig. 4. To the mechanism illustration and formulation
of kinetic regularities of quasi-diffusive separation
by size and density due to structural nonuniformity

of shear flow of particles

The latter assumption allows us to analyze the
quasi-diffusive interaction of nonuniform particles in
a fast shear flow under conditions of inhomogeneity
of its structural and kinematic parameters, neglecting
the effect of separation (segregation) due to the
relaxation of stress concentrators. It should be noted
that such conditions occur at high values of the void
fraction (¢>0.75), and in accordance with most
physical mechanisms, segregation is a consequence
of relaxation of contact stresses during the interaction
of nonuniform particles in the flow.

In the process of analysis, an elementary layer
bounded by the coordinates y' and y”. The surfaces

bounding the layer are perpendicular to the y axis,
and the layer thickness Ay satisfies the condition

Ay =y"—y' << 2s, where s is the distance between

particles averaged over the volume of the layer [13].
The relative rate of quasi-diffusion of
nonuniform particles ¢, necessary for the

expression of the separation flux is determined under
the condition c(y) = const within the selected layer
and the gradient of the quasi-diffusion transfer
potential equal to 1. In accordance with the kinetic
theory [20], the indicated flux is expressed in the
following form:

Ore = 0.33(Vih —V3ly),, (4)

where V;' and [; are the fluctuation velocity and the

path length of particles of the i-th component,
respectively.

The formulation of relations describing the
kinetic regularities of quasi-diffusive separation is
obtained by analyzing the quasi-diffusive particle
interaction under two variants of assumptions.

The first assumption [13] is that the fluctuation
velocities of the particles are so large that they
significantly exceed the mean value of their relative
velocity Au in the shear direction, i.e. V'>>Au,
where Au=(ou/oy)Ay. Under this assumption,
conditions for the dominance of binary particle
collisions are formed in the shear flow, which allows
us to express the average value of the particle
fluctuation velocity V;' of the i-th component by the
law of conservation of momentum. Using the average
values of physical and mechanical characteristics and
kinematic parameters of particles in the volume of the
elementary layer, the following relation is obtained:

RO

m;

Vi ®)
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where m(c) is average mass of particles in the
volume of the layer. The average particle velocity

fluctuations V' in the volume of the elementary layer
is determined by multiplication of the average values
of the particle collision frequency F and the distance
s between them in a hypothetically uniform medium

V'=Fs. (6)

The collision frequency F is calculated based
on the law of conservation of energy, which is
generated during shear deformation and dissipated by
dissipation effects during particle collision, using the
combined oblique impact hypothesis [7].

In accordance with assumption 1 and taking into
account dependences (5) and (6), the average
amplitude of chaotic displacements of a particle of
i-type under specific conditions of its contact is
determined by the following expression:

w(af VWMQ(JT
h=s—=|—| ==——|— |, (7)

where azcler(l—c)d2 is mean value of particle

diameter.

The relative rate of diffusive transport of
nonuniform particles, taking into account expressions
(4)—(7), can be expressed in the following form

__ —\2 — \2 — 2
A d d
Orel :(m(C)_ ) [ J _( ] . (8)
2F myd, m,d,

The change in the concentration of particles of
the i-th type in the elementary layer of thickness Ay
under c(y)=const will be determined only by the

spatial inhomogeneity of the conditions directly
affecting the direction and intensity of the transverse
quasi-diffusive transport of particles in the shear
flow. Since these conditions are fully determined by
the nonuniformity of the microstructure of the
medium, and according to (4) the most relevant
characteristic of the microstructure is the distance
between the particles, it is reasonable to express the
driving force of quasi-diffusive separation as
a relative value of the gradient of the distance
between the particles in the y direction of quasi-
diffusion.

Using an appropriate partial derivative, the
driving force of quasi-diffusive separation is
formulated as [13]:

As 10s odns
= =—. 9)
SAy soy 0Oy

~

Since the right part of expression (8) has a
physical meaning of the quasi-diffusive separation
coefficient (migration coefficient [13]) Dm, the value
of its flux per unit surface area perpendicular to the
separation direction can be expressed in the following
form

i —\2 - \2 — 2
(mEV ) [( d d ) lains
q(m) =cp—— - =
2F myd; m,d, oy
dins
=cpD,—. (10)
oy
The second assumption concerning the

determination of the conditions of quasi-diffusive
interaction of particles assumes that the relative
velocity of particles in the shear direction essentially

exceeds the velocity of their fluctuations Au>>V',
i.e., under this assumption, the collision of particles
occurs with a frequency that depends on their relative
velocity, particle properties, and the distance between
them. In this case, the dependence of the frequency of
collision of particles on the velocity of their
fluctuations is negligibly small. As a consequence,
the collision frequency is in direct dependence on the
relative velocity of particles Au and is proportional to

d?, and the free path length of particles negligibly
little depends on the velocity of their fluctuations.
Thus, according to the second variant of the
assumption, the free path length is the same for all
particles of the mixture and is equal to the average
distance between them.

Taking into account the peculiarities of this
assumption, the particle fluctuation velocity V;" of the

i-th component is determined on the basis of the law
of conservation of momentum as a function of the
averaged value of the fluctuation velocity of particles
of the mixture under constrained conditions of
particle collision, in which the total momentum
acting on a particle is proportional to its surface and
inversely proportional to its mass:

V/=m(c)V'm1(d;/d)2. (11)

According to this assumption, the amplitude of
fluctuations is invariant for all particles of the
mixture and corresponds to the average value of the
distance between them

l =1 =s. (12)
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Taking into account relations (11) and (12), the
kinetic coefficient of quasi-diffusive separation
caused by mutual quasi-diffusive transfer of
nonuniform particles in the shear flow of granular
medium under conditions of its structural
nonuniformity is expressed [13] in the following form

— 7 N2 2 2
b, MOV [ o d] J 3

2F  (md? m,d?

Obviously, regardless of the wversion of
assumption, the flow intensity of quasi-diffusive
separation by size and density in a fast shear flow of
particles is determined according to the Kkinetic
dependence (10). The transition from one assumption
to another one is carried out by changing the
dependence to calculate the process Kkinetic
coefficient. When using the first variant of the
assumption, the separation coefficient is calculated
according to expression (8), and the second
assumption is realized when determining the
separation  coefficient using the calculation
dependence (13).

4.3. Modeling the dynamics of size and density
separation under conditions of structural
nonuniformity of fast gravitational particle flows

The results of the analysis of the mechanism and
kinetics of quasi-diffusive separation were used in
mathematical modeling of the dynamics of separation
by size and density in a fast gravitational flow of
particle mixtures (Table 1) on a rough chute.
The modeling was performed using the general mass
transfer equation [21], transformed to the specifics of
the problem to be solved. In [5, 6, 10, 12, 22], the
basic mass transfer equation was adapted to predict
the evolution of the particle concentration field of
a test component in a gravity flow. In the adapted
version, the equation describes the concentration field
of particles of the test component with reference to its
fluxes of convection, quasi-diffusive mixing and
separation in accordance with one of the segregation
mechanisms due to the local nonuniformity of the
granular medium under gravity flow conditions.
According to the results of the analysis, when
modeling the separation in gravity flows with high
structural nonuniformity, a term is introduced into the
equation describing the dynamics of the process,
given the kinetics of quasi-diffusive separation (10),
which is a consequence of the spatial nonuniformity
of the structural characteristics of the flow. After the
corresponding addition, the equation of separation

dynamics [7, 13, 18] is obtained in the following
form

o(cp)  d(ucp)
=— +

ot OX
0 { [ ac dlns H
+ — p Ddif ——CDm—— KSCAM s (14)
oy oy oy

where Dy =1/3sV’ is quasi-diffusion mixing
coefficient [7, 18].

When modeling the dynamics of the separation
process in a gravitational particle flow, equation (14)
is integrated numerically using the Crank-Nicholson
finite-difference scheme [23]. When solving the
equation, the initial condition is set as corresponding
to a homogeneous distribution of mixture
components in the volume of the bed c(0,x,y)=c¢y,
where c, is the average concentration of particles of
the test component in the mixture. The boundary
conditions are set in the form of relations governing
the homogeneous distribution of mixture components
on entering the bed (c(t,0, y) =cy) and the absence of
particle flows through the free surface (y = h) and the
bottom of the bed (y = 0)

oc

olns

y=0,h

A preliminary evaluation of the predictive
properties of equation (14) allows us to note that the
kinetic coefficients of the quasi-diffusion effects of
separation Dm and mixing Dg;s , as well as the driving

force of shear flow segregation AM, are analytically
determined. The only Kkinetic parameter in the
equation that requires experimental determination is
the segregation kinetic coefficient Ks. According to
the method described in [19], the segregation
coefficient Ks is determined experimentally as the
velocity of the test particle during its transverse
motion in the shear flow, referred to the driving
segregation force AM. Approbation of the method

has shown that the Ks coefficient obtained using it
exhibits the properties of a kinetic constant with
respect to a certain mixture of particles in
a sufficiently wide range of their properties and
structural and kinematic characteristics of the flow
[18, 19]. The analysis of equation (14) indicates its
sufficiently high predictive capabilities, allowing us
to model the dynamics of separation by size and
density using only one experimental coefficient.
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When modeling the c(y) concentration profiles
of test particles in mixtures 1-3 (Table 1) on
a rough chute, experimental information on the
structural and kinematic characteristics of the flows,
obtained as profiles of the void fraction ¢(y) and
velocity in the shear direction u(y), was used as input
data. The experimental profiles u(y) and &(y), as well
as the profiles of the concentration of test particles
c(y), necessary to evaluate the adequacy of the
modeling results, were obtained using the method and
experimental unit described in the section “Research
methods and model materials”.

Figures 5-7 show the results of different variants
of mathematical modeling of profiles of
concentration distribution profiles of test particles in
binary mixtures 1-3 (Table 1) in comparison with
experimentally obtained profiles. Mathematical
modeling was carried out at different variants of
determination of the quasi-diffusion separation
coefficient in order to analyze the predictive
properties of variants and the significance of the
corresponding flux in the separation process.

The analysis of modeling options (Fig. 5) shows
that the calculation of the quasi-diffusive separation
coefficient using assumption 1 (V'>>Au) in
accordance with dependence (8) does not provide
adequate modeling of the concentration distribution
profile.

y-10%, m
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Fig. 5. Concentration profiles of large particles in the flow
of mixture 1 (Table 1) on a rough gravity chute, obtained
by experimental 1 and analytical 2—-4 methods, under
different variants of determining the quasi-diffusion
separation factor Dm: 2) calculation under assumption (2)

in accordance with (13); 3) calculation under Dm = 0; 4)
calculation under assumption (1) in accordance with (8)
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Fig. 6. Experimental 1 and calculated 2 and 3 profiles
of concentration distribution of low density particles
in the flow of mixture 2 (Table 1) on a rough gravity chute
at different variants of determination of quasi-diffusion
separation coefficient: 2) calculation under assumption (2)

in accordance with (13); 3) calculation under Dm=0

The inadequacy of the modeling option under
assumption 1 is also revealed when modeling the
separation dynamics in mixtures 2 and 3 in terms of
density and complex particle size and density
differences.

On the contrary, the use of the second variant of
the assumption in modeling, based on the assumption
of the dominant role in the process of impact
interaction of particles of their relative shear velocity

(Au>>V"), provides adequate results. This is clearly
confirmed by comparing the calculated concentration
profiles obtained using the second assumption for all
types of mixtures (curves 2 in Figs 5-7) with the
experimentally obtained concentration distributions
of test particles. The adequacy of the calculated
results was confirmed at a significance level of 5%
using Fisher's F-criterion to evaluate the ratio of
adequacy and reproducibility dispersions.

As a result of analyzing the set of experimental
and calculated concentration profiles of cohesionless
particles in thin-bed gravity flows (Figs. 5-7), it is
possible to conclude that under the influence of
structural nonuniformity of flows the effect of quasi-
diffusive separation by size and density, which
significantly affects the distribution of nonuniform
particles, is manifested. This conclusion is confirmed
by comparing the calculated concentration profiles
obtained considering the quasi-diffusive separation
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Fig. 7. Experimental 1 and calculated 2 and 3 profiles
of concentration distribution of particles with small mass
in the flow of mixture 3 (Table 1) on a rough gravity chute
at different variants of determination of the quasi-diffusion
separation coefficient: 2) calculation under assumption (2)

according to (13); 3) calculation at Dm =0

effect (curves 2) and in the absence of this effect

(Dm=0) (curves 3). In this case, a quasi-diffusive
segregation flow is formed due to spatial
inhomogeneity of structural and kinematic parameters
of the flow, which can dominate over the flow of
shear flow segregation, which is a consequence of
relaxation of local stress concentrators.

To evaluate the predictive properties of the
mathematical model of separation based on equation
(14), it is important to note that the concentration
profiles of test particles for mixtures 2 and 3, which
differ in the disperse composition of components of
different densities, are obtained at an invariant value
of the kinetic segregation coefficient Ks. Thus, the
mathematical model provides the possibility of
predicting the distribution of nonuniform in size and
density cohesionless spherical particles in gravity
flow with high inhomogeneity of structural and
kinematic characteristics using a single experimental
Kinetic parameter.

The determining role of quasi-diffusive
separation in accordance with its mechanism under

the second variant of the assumption (Au>>V ') is
confirmed by a large number of studies, e.g. [7, 13, 18],
performed with mixtures of particles differing in a
complex of properties in fast gravity flows in a wide
range of flow parameters. However, at the same time,
individual cases have been noted, indicating that in
special flow conditions of a certain type of granular
matter it is reasonable to describe the kinetics of
quasi-diffusive separation using the first variant of
the assumption.

Figure 8 shows the calculated profiles (curves 2(1)
and 2(2)) of the concentration distribution of small
particles in the mixture of glass bead fractions in a
fast gravity flow. When modeling profile 2(1) in the
upper rarefied zone of the flow (¢ > 0.75), the quasi-
diffusive separation coefficient D is calculated by
(8) (according to the first version of the assumption)
and by (13) (according to the second version of the
assumption) in the rest of the flow volume. In the
modeling of profile 2(2), the quasi-diffusive
separation coefficient Dm is calculated by (13)
(according to the second version of the assumption)
in the whole flow volume. The simulation results
(curves 2(1) and 2(2)) are presented in comparison
with the experimental concentration distribution
profile (curve 1). Comparison of modeling variants
(Fig. 8) shows that within the analyzed object
adequate modeling of quasi-diffusive separation in a
rarefied flow region at the void fraction above 0.75 is
provided using the hypothesis of fluctuation velocity

(V' >> Au)dominance in relative particle movements
according to the first variant of the assumption.
This can be explained by presumably very low effects
of dissipation of Kkinetic energy at collision of glass
beads particles (high restitution coefficient and low
friction coefficient) in the rarefied region of the shear
flow “cloud” at low gradient of particle velocity in
the shear direction.

2
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Fig. 8. Concentration profiles of glass beads particles
of fine fraction (+2.5-3.0) mm in mixture with coarse
fraction (+3.25-3.5) mm under gravitational flow on rough
chute: 1 — experimental; 2, 3 — calculated at different
variants of determination of quasi-diffusion separation

coefficient D, : 2(1) calculation at the first variant

of assumption according to (8); 2(2) calculation
at the second variant of assumption according to (13);

3) calculation at Dm=0
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Obviously, under the action of turbulent
pulsations occurring in the flow core and at low
intensity of the effects of dissipation of Kinetic energy
in binary particle collisions in the flow “cloud”, the
conditions corresponding to the first variant of the

assumption (V' >> Au )can be fulfilled.

The analyzed mechanism of quasi-diffusion
separation enables to explain the physical nature of
some paradoxical effects that were found in the
experimental study of failure zones formed in the
process of shear deformations of mixtures of granular
matter in the annular shear cell and can be taken into
account when organizing the processes of preparing
mixtures of composite materials and their structuring
[24, 25]. For example, according to the authors of
[12], the mysterious behavior of mustard seeds in the
shear flow of their mixture with bead granules is
probably explained by the formation of shear flows
with large gradients of shear strain rate and,
accordingly, the fraction of voids in the flow volume
between its core and the cell walls. Under conditions
of void fraction gradients, mutual movement of
mustard seeds and glass particles will occur under the
effect of quasi-diffusive separation. Less massive
mustard seeds will move in the direction of the void
fraction gradient toward the cell walls while heavy
glass particles will move toward the center of the
failure zone. Due to the quasi-diffusion effect,
mustard seeds are distributed in the near-wall zones
of the cell with replacement of the denser glass
particles into the core of the shear flow. For a more
convincing explanation of the extraordinary
separation effects, detailed experimental information
on the structural characteristics in the shear flow
volume in the annular cell is required.

5. Conclusion

The physical nature and mechanisms of quasi-
diffusive separation of cohesionless spherical
particles with a complex difference in size and
density in fast shear flows with high inhomogeneity
of structural and kinematic parameters have been
analyzed. It is established that in the conditions of
thin-bed fast gravitational flows on a rough chute the
determining role in the formation of quasi-diffusive
separation flow belongs to the character of structural
nonuniformity of the flow. The analysis of kinetic
regularities of the quasi-diffusive separation process
in alternative conditions of quasi-diffusive interaction
of particles in a fast shear flow, which are
characterized by the dominance of either the velocity
of chaotic fluctuations of particles or their relative
velocity in the shear direction.

The results of experimental and analytical study
show that the intensity of quasi-diffusive separation
flow is in direct dependence on the particle collision
frequency. It is established that in the general case of
steady fast gravitational flow of granular matter on a
rough chute, the collision frequency is determined by
the dominant value of the component of the relative
shear velocity of particles and depends to a lesser
extent on the velocity of their chaotic fluctuations.
At the same time, under conditions of fast
gravitational flow of smooth elastic spherical
particles in the region of the “cloud” of particles near
the open surface of the flow, the frequency of particle
collisions can be determined at the dominant value of
the velocity of their fluctuations. It has been
established that in thin-bed fast gravitational flows
quasi-diffusive separation due to spatial structural
nonuniformity of the flow can dominate over
segregation as a manifestation of the effect of local
nonuniformity of the shear flow.
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