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Abstract: A study was carried out to examine the effects of interaction and efficiency of the particle separation process by
size and density in fast gravity flows activated by longitudinal momentum by acting the particles of the open surface of the
flow with a rough conveyor belt. It has been established that the momentum effect leads to a zone formation in the central
part of the flow. The zone has extremely high values of the shear rate and the gradient of the voids fraction, ensuring an
intensive occurrence of the quasi-diffusion separation effect. In the region adjacent to the base of the flow, momentum
action leads to a decrease in the proportion of voids and an increase in the shear rate, which contributes to the
intensification of particle size segregation. In the flow region adjacent to the surface of the momentum action, high values
of the voids fraction and the temperature of the granular medium provide favorable conditions for the occurrence of quasi-
diffusion effects of mixing and separation. As a result of momentum action, the separation efficiency increases if the
direction of the quasi-diffusion separation and segregation flows coincides (separation by density), and the efficiency
decreases when the directions of these flows are different (separation by size). With increasing intensity of the momentum
action, the zone of intense shear deepens, and the efficiency of density separation increases, reaching its maximum value
when the zone deepens by 0.5-0.55 of the layer thickness. With a further increase in the intensity of the momentum action,
the separation efficiency decreases due to the expansion of the flow region in which the effect of quasi-diffusion mixing
dominates. The conclusions based on the experimental results are confirmed by the method of mathematical modeling of
the dynamics of particle separation by density in an activated gravity flow.
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Annotanus: [IpoBeneno uccienoBanue 3¢p(HEeKToB B3aMMOIEHCTBHS U 3((HEKTHBHOCTH TIpoIiecca cenapaldy YacTHUIl 0
pa3Mepy W IUIOTHOCTH B OBICTPBIX TPABUTAIIMOHHBIX ITOTOKaX, AaKTHBHPOBAHHBIX TNPOIOJIBHBIMH HMIYIbCAMU ITyTEM
BO3/ICMCTBUSL HA YACTHUIBI OTKPHITOW MOBEPXHOCTH IIOTOKA MIEPOXOBATOM JIEHTOM KOHBeWepa. YCTaHOBJIEHO, YTO
UMITYJIbCHOE BO3JICHCTBHE MPUBOIUT K (DOPMUPOBAHHUIO B IICHTPAIBHOM YaCTH MOTOKA 30HBI C 3KCTPEMAIBHO OOJIBIIUMH
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3HAYEHMAMH CKOPOCTH CJABUTA W TPaJWCHTa JIOJH IIyCTOT, OOECHEYMBAIOIIMMH HWHTCHCHBHOE IpOTEKaHHe 3(derTa
KkBazuAn(pPpy3noHHOH cenapanuu. B obxacTu, npuieraromeil K OCHOBaHHIO MOTOKA, UMITYJIbCHOE BO3JICHCTBHE MPUBOIUT
K CHIDKCHHIO J0JIM IIYCTOT U MOBBIIIEHUIO CKOPOCTH CJIBUr'A, YTO CIIOCOOCTBYET MHTEHCU(HUKALIMK CErperaluy YacTHIl 110
pasmepy. B obnactu moroka, npusieraromniei K moBepxXHOCTH UMITYJIbCHOTO BO3JICHCTBHS, BEICOKHE 3HAYCHUS JIOJIH ITyCTOT
U TeMIepaTypbl 3epHUCTOW Cpeabl O0ecHeYMBalOT OJAarONpUSsITHBIE YCIOBHS Ul NPOTEKaHMs KBa3UAM(P(HY3MOHHBIX
3¢ QeKTOB mNepeMelInBaHMs M cemnapanud. B pe3yiapraTe HMITYyJIbCHOTO BO3AEHCTBUSL 3((GEKTHBHOCTH Celapanuu
TMOBBIIIAETCS, €CIM HAIpaBleHHE MOTOKOB KBa3HAU(D(y3HMOHHOW cemapanyy M Cerperanuy CoBNajaeT (cemapamus Io
TUIOTHOCTH), ¥ () (HEKTUBHOCTH CHIDKACTCS MPU Pa3IMIHOM HAIPaBJICHUN HAa3BAHHBIX MOTOKOB (Cemapaliysi o pasMepy).
C NOBBIIIEHHEM WHTEHCHBHOCTH MMITYJIbCHOTO BO3JICHCTBHS 30HA HHTEHCUBHOT'O CIIBUTra yriuyoOisercs, u 3((EeKTHBHOCTD
CeTapanyy Mo IUIOTHOCTH YBEIMYMBACTCS, NOCTHTas MaKCHMAaJbHOTO 3HAUYEHWS MpH yriayoneHmu 30HBI Ha 0,5...0,55
TONIIHUHEI ciod. [Ipu nanpHEHmeM MOBBIIEHNH MHTEHCUBHOCTH MMITYJIBCHOTO BO3/EHCTBUS 3((EKTUBHOCT CEMapannu
CHIDKAeTCs BCICACTBHE pACIIMPEHUS OOJIACTH TMOTOKA, B KOTOPOH IOMHUHHpYET HPQPEKT KBasHIUPPy3HOHHOTO
MepeMCIIMBaHuA. BBIBOI[I)I o pe3yJjibTaTaM 3KCHECPUMEHTA NOATBCPIKACHBI METOJAOM MATEMATHYCCKOTO MOACINPOBAHUA
JAWMHAMHWKU cerlapalii 4aCcTHUIl 110 IJIOTHOCTU B aKTUBUPOBAHHOM I'PaBUTAIIMUOHHOM IIOTOKE.

KioueBble cioBa: 3epHUCTBII MaTepuall; AKTHMBUPOBAHHBIN TI'paBUTALIMOHHBIA TIOTOK; IPOJOJIBHBIC HMITYJIBCHI;
cemapanys 0 pa3Mepy U IUIOTHOCTH; cerperanus; KBasuaudQy3HoHHas cemapanys; CKOPOCTh COBHUIa; 00beMHAs HOJLA
MyCTOT.
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density in an activated gravitational flow of granular material. Journal of Advanced Materials and Technologies.
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1. Introduction of studies of the dynamics of the particle separation
process according to a set of properties in a fast gravity
flow presented in [6, 8, 10, 11]. As a result of the
research, an equation for separation dynamics that
describes the distribution of particles of the control
component under the influence of convection, mixing
and separation fluxes was obtained. The separation
flux is expressed as a result of the conjugation of
segregation fluxes caused by the relaxation of stresses
concentrated on nonuniform particles in local flow
conditions and quasi-diffusion separation initiated by
the effects of spatial heterogeneity of the gravitational
flow [8, 10, 11]. For the case of a two-dimensional

In most practically important cases, flows of
granular materials in technological processes and
natural phenomena occur in the mode of rapid shear
deformations [1-3]. Under conditions of rapid shear
deformations, a specific mechanism for the formation
of stresses appears, the magnitude of which is
determined by the intensity of the exchange of impact
momentum between particles of the material through
the shear surface [2, 4, 5]. If shear deformations are
caused by the action of gravity, then the
corresponding flows are called fast gravity flows.
Examples of this kind of flows can be the movement

of materials on gravity slopes during transportation
and the formation of embankments in tanks and
bunkers, rotating pipes and drums, as well as natural
processes of transforming the relief of the earth’s
surface (mudflows, rockfalls, underwater movements
of rocks, expansion of dunes, etc.).

Fast gravity flows of granular materials, in
general, are characterized by high heterogeneity of
structural and kinematic parameters [6-8]. Thin-layer
gravity flows on a rough slope are characterized by
particularly high heterogeneity due to the relatively
large contribution of boundary effects at the base and
open surface of the flow [8, 9].

The intense interaction of particles under
conditions of fast gravity flows is accompanied by
the effects of their mixing and separation [6, 8, 9], the
physical mechanisms and kinetics of which depend
not only on the structural and kinematic characteristics
of the flow, but also on the degree of heterogeneity of
the latter. This is quite fully confirmed by the results

flow, the dynamics of the concentration field c(x, y,t)

of control particles in a gravitational flow is
determined as
6C(X’ Y, T)pb GUCpb
=— +
ot OX
0 oc olns
+—| pp| Dgit ——Dpmc———KAMc ||, (1)
oy

where p, =p(l—¢(y)) is a local value of the bulk
density of the granular medium, kg-m=; Dy and
D,, are rate coefficients of quasi-diffusion mixing
and quasi-diffusion separation, respectively, which
are calculated analytically, m®s™; K is a segregation
coefficient, (H-c)%; u(y) is an averaged local velocity
value in the shear direction, m-s™%; AM is a driving

force of segregation, calculated analytically excess
moment of gravity, friction and impact impulses
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acting on the test particle, N-m [8, 12]; ¢(y) is a
volume fraction of voids, m®m™3; x, y are coordinates
in the direction of the slope and in the direction of the
normal to the base of the flow, respectively; 1 is time,
s; s(e) is a local value of the average distance
between particles, m.

It is important to note that in equation (1) the
only Kkinetic parameter that requires experimental
determination is the segregation coefficient K [8, 11, 12].
Research carried out in [12] made it possible to
propose a method for experimentally determining the
coefficient K as the relative velocity of the transverse
movement of a control particle in a gravity flow of
granular material per unit of excess moment of the
forces acting on it. Moreover, it has been established
that the segregation coefficient determined in this
way exhibits the properties of a Kinetic constant for a
fairly wide range of changes in the properties of
particles and flow parameters.

The complex of kinetic parameters (AM, Dgif, Dm),
which determine the intensity of mixing and
separation fluxes in equation (1), is expressed
analytically as functions of particle properties,
structural and kinematic parameters of the gravity
flow based on the concept of a granular medium
under conditions of the fast shear flow as “gas of
solid particles” [1, 4, 13]. The quasi-diffusion
separation coefficient for a binary mixture of
cohesionless spherical particles having diameters di,
masses m;, restitution coefficients for collisions of
uniform particles k; is calculated by determining the
ratio of the velocities of quasi-diffusion movements
of nonuniform particles

m(e)(V)?( dZk,  dk,
- — _2_ —2 | (2)
2Fk  {md  m,d

m

where F is an average value of the frequency of
particle collisions in local conditions of their
interaction calculated from the dissipation energy
value [5, 8, 11] subject to the law of conservation of
energy generated by gravity shear, s; V'=F s is an
averaged value of the local value of the velocity of

particle fluctuations, m-s?; a(c) IS an average
particle diameter, m; E(c) is an average particle

mass, kg; IZ(c) is an average value of the restitution

coefficient upon collision of mixture particles [8, 11].

The coefficient of quasi-diffusion mixing is
calculated as a function of the averaged values of the
local values of the distance between particles and the

rate of their fluctuations [8, 11] by analogy with the
molecular kinetic theory [14]

1
Dyt =-sV'". ®)
3

The analysis of dependencies (1) — (3) indicates
a significant dependence of the kinetic parameters of
the processes of mixing and separation of nonuniform
particles in a fast gravity flow on its structural and
kinematic parameters. In this case, determining role
in the formation of distributions of nonuniform
particles is played by the shear rate and the volume
fraction of voids in the flow, which, according to the
equation of state of the granular medium under
conditions of fast gravity flow [8], are in mutual
correlation. Dilatancy (volume fraction of voids) and
shear Kinetic stress in the flow increase in proportion
to the square of the shear rate. As a consequence, the
shear rate directly affects the magnitude of the
driving force for segregation [12]. At the same time,
it is obvious that the rate of particle fluctuations also
increases in proportion to the shear rate, which,
together with an increase in the volume fraction of
voids, leads to a significant increase in the diffusion
permeability of the medium intensifying the quasi-
diffusion effects of mixing and separation.

The extremely high significance of the shear rate
is also manifested in its influence on the kinetics of
quasi-diffusion separation. The quasi-diffusion fluxes
of particles of the mixture components intensify not
only due to increasing shear rate, but also due to the
special role of the shear rate in the formation of the
conditions  (driving force) of quasi-diffusion
separation [8, 11]. A necessary condition for
initiating a quasi-diffusion separation flux is the
presence of a gradient in the volume fraction of
voids. In a gravity flow, such a condition can be
formed under the influence of two factors, one of
which is heterogeneity of the shear rate, and the other
is heterogeneity of lithostatic pressure.

The above analysis indicates the primary and
ambiguous role of shear velocity in the formation of
separation and mixing flows in a fast gravity flow of
granular material. In this case, not only the magnitude
of the shear rate is of great importance, but also the
nature of its change in the flow. This is largely
confirmed by the results of the analytical study
presented in [15], on the basis of which we developed
a comprehensive research method aimed at finding
ways to intensify the effects of particle separation by
size and density with active variation of the shear rate
in the gravity flow.
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2. Research Methods and Model Materials

To purposefully vary the shear rate in the fast
gravity flow for increasing the efficiency of particle
separation by size and density, it is necessary to
determine not only the direction of exploratory
research, but also the method of identifying structural
and kinematic parameters under unusual flow
conditions. In this regard, it is advisable to use the
results and methodology of the study [15], carried out
in the form of a virtual experiment. The experiments
in experiment [15] were carried out with virtual
variation of speed profiles. In this case, the void
fraction profile, which is missing for a complete flow
characteristic, was determined taking into account the
correlation of flow parameters in accordance with the
equation of state of the granular medium under the
fast gravity flow. The equation of state describes the
relationship between dilatancy ¢, lithostatic pressure
p and temperature of the granular medium (kinetic
energy of particles in their mutual movements) taking
into account the physical and mechanical properties
of the material [8, 15].

Since dilatancy is correlated with the volume
fraction of voids, and the temperature of the granular
medium is proportional to the square of the shear rate
du, /dy, it seems possible to write the equation of

state in the following form [15]

2
E:f[ddﬁJ . (4)
p\ dy

Equation (4) includes the coefficient v, which,
under certain assumptions [15], can be considered
a constant, depending only on the physical and
mechanical properties of particles.

As part of a virtual experiment, the influence of
shear rate on the efficiency of separation in
the gravity flow, which was assessed by the value of
the variation coefficient of the test component
distribution, was studied [15]. The experiment was
carried out using the method of mathematical
modeling of separation dynamics based on equation
(1) under boundary conditions reflecting the absence
of transfer of the test component at the base and open
surface of the flow and its uniform initial distribution.
To add certainty to the results, linear velocity profiles
characterized by uniform values of shear velocity in
the flow volume, varied in the experiment, were
specified. A mixture of glass bead fractions was used
as a model material: +3.25-3.5 mm (88 %) — base
component; +3.6-3.75mm (12 %) — test component.

The results of the virtual experiment in the form
of the dependence of the variation coefficient on the
shear rate in the gravity flow are presented in Fig. 1.

V, %
16

12

0 40 80 120
du/dy, st
Fig. 1. Coefficient of variation in the composition

of a bidisperse mixture of bead particles as a function
of shear rate in the fast gravity flow [15]

Alternative options for mathematical modeling of the
dynamics of the separation process with and without
taking into account the effects of segregation and
quasi-diffusion separation allowed us to draw a
conclusion regarding the physical nature of the
extreme value of heterogeneity in the shear rate range
(80+5)s™.

Modeling options indicate an increasing
dominant role of the segregation effect in the
ascending section of the dependence of the variation
coefficient on the shear rate in the range of its
moderate values, when there are sufficiently high
values of the volume fraction of the solid phase in the
flow. A further increase in the shear rate is
accompanied by an increase in the volume fraction of
voids in the flow, which creates conditions for the
intense occurrence of quasi-diffusion effects and
contributes to the transition of the dominant role from
segregation to quasi-diffusion separation. Since in
most of the gravity flow the effects of quasi-diffusion
separation and particle size segregation have the
opposite direction, a decrease in the variation
coefficient is observed in this region. It is obvious
that with a further increase in the shear rate, the
nature of the dependence will not change, since the
separation effects are increasingly suppressed by
quasi-diffusion mixing, the effect of which increases
with the increase in the rate of particle fluctuations
and the volume fraction of voids in the flow (3).

The analysis of the kinetic laws of separation
and the results of a virtual experiment clearly indicate
the decisive and ambiguous role of shear rate in the
manifestation of the interaction effects between
nonuniform particles in the fast gravity flow [15].
The magnitude of the shear rate and the nature of its
change along the height of the bed determine the
distribution of the void volume fraction in the flow,
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the intensity and conditions for coupling the effects
of separation and mixing. This conclusion initiated an
experimental and analytical study within the
framework of this work, the main objective of which
is to determine the conditions of the activated
gravitational flow that ensures an increase in
separation efficiency.

Variation in shear rate is proposed due to the
transfer of additional momentum to particles through
the open surface of the gravity flow. Additional
momentum is provided by placing a conveyor belt
with adjustable belt speed above the open surface of
the flow. The belt has roughness equal in size to half
the diameter of the particles and the lower branch of
the tape is in direct contact with the particles on the
bed surface. If the speed of the belt is higher than the
velocity of the particles on the bed surface, then the
particles receive an additional momentum in the
direction of the slope, which, under the influence of
the effect of pseudo-viscous friction [1], penetrates in
the volume of the gravity flow. It is obvious that the
magnitude of the momentum and the depth of its
penetration into the bed will be determined by the
relative speed of the belt and the longitudinal velocity
of the particles on the open surface of the flow.

For a comprehensive analysis of the separation
effects that are generated as a result of such a
momentum action, it is necessary to have information
about the corresponding hydrodynamic effects that
determine the conditions for the interaction of
nonuniform particles in the shear flow. If there is a
complex of information in the form of velocity
profiles and the volume fraction of voids, it becomes
possible to mathematically model the dynamics of
particle separation in alternative options that take into
account or neglect certain effects of particle
interaction in accordance with equation (1).

Mathematical modeling of the dynamics of the
process is carried out by integrating equation (4)
using a numerical method with the Crank-Nicholson
difference scheme [16]. The initial and boundary
conditions for the separation dynamics equation (4)
are formulated for the case of the gravity
flow on a rough chute in the following traditional
form [8, 10-12]

oc olns
Ddif — = CDm —_— = KCAM |

oy

y=0,h = O: (5)

c(0,x,y)=Co,  c(t.0,y) =co, (6)

where ¢, is an average concentration of the test
component in the flow.

Fig. 2. Scheme of the experimental unit:
1 — rectangular channel with a rough bottom; 2 — conveyor
with a rough belt; 3 — frame; 4 — conveyor drive; 5 — feeder
dispenser; 6 — reflector; 7 — cuvette; 8 — cuvette cells

In this study, the profiles of the velocity and
volume fraction of voids in the activated gravity flow
were obtained using an experimental-analytical
method [8, 11, 12], based on the analysis of the
characteristics of the particle flow at the stage of their
fall from a rough chute. These profiles were obtained
using the experimental unit shown in Fig. 2.

To analyze the structural and kinematic
characteristics of the flow, initial data is required,
which includes an experimentally determined
distribution function of the material along the
horizontal coordinate x1 with a known particle fall
height H, layer thickness h, distribution formation
time, slope angle o, true and bulk density of particles.
The correlation of the particle coordinate at the chute
threshold y with its horizontal coordinate of the
material distribution x1 is carried out using a system
of equations [8, 11, 12]: material balance, the law of a
freely falling body having an initial velocity, and the
equation of state of a granular medium under rapid
shear, which in a slightly transformed form is
represented by dependence (4).

Unlike the traditional method, according to
which a single boundary condition is specified
corresponding to the condition of particle adhesion on
the rough surface of the slope (u=0 at y =0) when
the height of the roughness is equal to half the
diameter of the particles, in the presented version of
the method it is necessary to write the boundary
condition on the upper boundary flow. This condition
consists in the equality of the particle velocity at the

upper boundary of the flow to the speed up of the
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rough conveyor belt (u=up at y =h, where h is the
height of the bed).

In addition, in contrast to the traditional
condition of zero lithostatic pressure on the open
surface of the gravity flow, in the flow activated by
additional longitudinal momentum, the particles of
the bed, including its open surface, are under the
influence of the so-called “dispersion” pressure [17].
Dispersion pressure is due to the presence of a normal
component of external momentum action on the shear
movement of particles near the open surface of the
flow. In this case, the ratio of the longitudinal and
normal components of the momentum action is
determined by the dynamic coefficient of internal
friction. In connection with the problems of
identifying the named coefficient at the upper
boundary of the flow, the work proposes to determine
the dispersion pressure using the equation of state of
the granular medium under conditions of the fast
shear flow. In accordance with the adapted form of
the equation of state (4), we have the following
expression for pressure

2
d
p:{:[&J | -
g\ dy

If we assume that the value of the coefficient
of the state equation remains invariant under
conditions of the activated gravity flow, then the
dispersion pressure py can be represented by

a component of the total pressure p. At the upper
boundary of the flow, the total pressure will
correspond to the dispersion pressure, and with
deepening into the bed it will increase by the amount
of lithostatic pressure. Thus, the dispersion pressure
can be determined using (7) for known values of the

y, m 01 ¢, kg-kg™

0.02 c(y) u(y)

/ e(y)
b ¢

0.01

u, mst
g, mem3

@)

shear rate initiated by the rough tape and the volume
fraction of voids in the upper boundary zone of the
flow. It seems possible to express the shear rate, to a
first approximation, as the ratio of the difference in
the velocities of the belt and particles on the surface
of the flow in the absence of momentum action to the
thickness of the bed.

Fractions (+3.25-3.5 and +4.0-4.25 mm) of
glass beads (to prepare a binary mixture of particles
differing in size) and fractions (+3.6-3.75 mm) of
beads and silica gel uniform in size (for preparing a
binary mixture of particles that differ in density) were
used as model materials.

3. Results and Discussion

3.1. Experimental study of particle size separation
in the activated gravity flow

At the first stage of the study, an experiment was
carried out, the purpose of which was to assess the
influence of momentum action through the open
surface of the gravity flow on its structural and
kinematic characteristics and the possibility of
achieving separation effects with a change in shear
rate, similar to those demonstrated as a result of the
virtual experiment (Fig. 1).

In the study at this stage, a bidisperse mixture of
bead particles was used with a test fine fraction
(+3.25-3.5 mm) content of 5-8 % in its mixture with
the fraction (+4.0-4.25 mm). The concentration of
the mixture was varied in an arbitrary manner in the
experiments, due to the high tendency of the mixture
to segregate. Figures 3a and 3b show the profiles of
velocity, volume fraction of voids and concentration
distributions of test particles in gravity flows on

y, m

0.02

0.01

15 c10, kg-kg
u, mst
g, me-m

(b)

Fig. 3. Profiles of velocity u(y), volume fraction of voids g(y) and concentration distribution of test small particles c(y)
in a binary mixture of bead fractions (+3.25-3.5 and +4.0-4.25 mm) in gravity flows:
a — in the absence of additional momentum action; b — in the activated gravity flow (belt speed 1.9 m-s%)
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a rough chute in experiments in the absence of
momentum action and when an additional momentum
is imparted to the flow. Additional momentum is
provided by a rough conveyor belt moving at a speed
of 1.9 ms™.

In order to reduce the random error of the
experimental results and its statistical assessment,
parallel experiments were performed to check the
variation of the samples of measured values using the
Student’s t-test at a confidence probability level of
95 %. The relative value of the mean square error did
not exceed 9 %.

A comparative analysis of the profiles in Fig. 3a
and 3b allows us to detect the following effects of
impulse action. Under the influence of the
momentum pulse, not only does the shear rate
systematically increase along the height of the bed,
but also the formation of regions in the flow, the
boundary between which runs through the surface
with an extreme value of the shear rate. The flow
region adjacent to the belt surface and receiving
additional momentum from it finds itself in
conditions of more intense chaotic movements of
particles. As a result, in accordance with the equation
of state of the granular medium under fast shear flow
(4), the formed regions can be characterized as
regions with low (at the base of the flow) and high (at
the surface of the belt) temperatures of the granular
medium. A similar conclusion should also be made
when analyzing the characteristics of the structure of
the named flow regions, based on the results of the
study [18].

Since the temperature values of the granular
medium in the named regions of the flow differ
multiple times, then, in accordance with the same
equation of state (4), it becomes the reason for an
extremely sharp, almost hopping, increase in
dilatancy during the transition from the lower region
of the flow with a low temperature into the upper
flow region having a high temperature. It is quite
natural that a sharp increase in dilatancy is
accompanied by the formation of a high gradient of
the volume fraction of voids in the direction from the
base to the surface of the gravity flow, as
demonstrated by the corresponding profile g(y) in Fig.
3b. Due to the fact that the gradient of the volume
fraction of voids directly determines the magnitude of
the gradient of the average distance between
particles, which, in accordance with equation (1), is
the driving force of quasi-diffusion separation, the
formation of a high gradient leads to a high local
intensification of the named effect.

Based on the foregoing, it seems possible to
assert that at the boundary of the contact of flow

regions with low and high temperatures of the
granular medium, a zone that functions similarly to a
quasi-diffusion separator with a high degree of
activity and localization in the volume of the bed is
formed. Under the influence of quasi-diffusion
separation in this zone, selective transfer of particles
with a high fluctuation rate occurs in the direction of
the temperature gradient of the granular medium, i.e.
into the flow region with a high volume fraction of
voids, where conditions for chaotic movements with
a large free path are created for such particles. Under
the influence of this effect, particles with a low
fluctuation rate move in the opposite direction, i.e.
into the flow region with a high concentration of
solids.

This conclusion is confirmed by a comparative
analysis of the distribution profiles of the
concentration of test particles in flows without
additional momentum action (Fig. 3a) and with
momentum imparted by a rough belt (Fig. 3b). In the
absence of the pulse impact (Fig. 3a), the
concentration of test small particles systematically,
with the exception of boundary values, increases
towards the base in almost the entire volume of the
flow. This indicates the dominance of the segregation
effect in the flow in accordance with the mechanism
of shear flow separation [12], formally similar to the
mechanisms of percolation and kinetic sieving, on
which most developed models of the kinetics of the
separation process are based [19-23]. As a result of
the momentum effect, the distribution of the
concentration of test particles undergoes a significant
and fundamental change, indicating a significant
contribution of the quasi-diffusion separation effect
to the process of distribution of nonuniform particles
[8, 10, 11]. First of all, this conclusion is confirmed
by an increase in the concentration of test fine
particles in the direction from the base of the slope in
the flow region covering the zone of intense shear
deformation and the region located above it with a
high temperature of the granular medium (profile c(y)
in Fig. 3b). An increase in the concentration of small
particles in the direction opposite to the lithostatic
pressure gradient, reaching values exceeding their
average concentration in the flow, contradicts the
segregation effect. At the same time, the coincidence
in the indicated region of the directions of the
concentration gradients of small particles and the
volume fraction of voids makes it possible to explain
the fundamental change in the concentration profile
under momentum action by the intensification of the
effect of quasi-diffusion separation (1).

Thus, based on the analysis of the structural and
kinematic parameters of the gravity flow of the
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granular medium under conditions of additional
momentum action, the following conclusion can be
drawn. In contrast to the conditions of the virtual
experiment [15], which made it possible to study with
sufficiently high certainty the effect of shear rate on
separation efficiency (Fig. 1), in this case there are
nonlinear velocity profiles, which are characterized
by non-uniform values of the shear rate in the flow
volume.

The presence of regions with fundamentally
different flow conditions in flows between two
parallel inclined rough planes that have a relative
speed of movement fundamentally distinguishes them
from Couette flows [24-26]. It is obvious that the
formation of regions in the flow with fundamentally
different flow conditions is a consequence of the
coupling of momentums generated by gravity and
additional activating influence. In this we can note a
certain analogy with the evolution of the stress-strain
state in the processes of formation of structures of
composite mixtures [27-30].

Taking into account the discovered features of
the structure of the activated gravity flow, which
occur as a result of the formation in its central part of
a brightly localized zone with intense shear
deformation and a pronounced effect of quasi-
diffusion separation, within the framework of the
work, it is proposed to use the separation coefficient
to reflect the dependence of the separation efficiency
on the shear rate. The value of the separation
coefficient is determined either by the degree of
depletion (depletion coefficient) of particles with a
high fluctuation rate from the flow region with a low
temperature of the granular medium, or by the degree
of enrichment (enrichment coefficient Ke) of these
particles in the flow region with a high temperature of
the granular medium. It is obvious that the values of
the separation coefficient Ks in alternative versions of
its definition are the same, i.e. the coefficients of

depletion Kg and enrichment Ke are equal to each

other: Ks=Kg=Ke. These coefficients are
determined as follows:
Ch—C(G
Ko =Kg= 2 2L} (8a)
c G
C,—Cy G
Ko=Kg=—2—2| 22| (8b)
¢ \Go

where cy,c;,C, IS an average concentration of test

particles in the flow as a whole, in the flow region
with a low temperature of the granular medium
located below the zone of intense shear, and in the

region of the flow with a high temperature of the
granular medium located above the zone of intense
shear, respectively, kg-kgfl; Gy, G;, G, are mass
flow rates of material in the gravity flow and in its
regions with low and high temperatures of the
granular medium, respectively, kg-s; G, =G, +G, .

The findings of the impact of the additional
momentum intensity in the gravity flow on the
efficiency of particle size separation in it are
presented in Fig. 4 in the form of a dependence of the
separation coefficient on the shear rate. Taking into
account the no-slip condition at the upper and lower
boundaries of the flow, the average value of the shear
rate in the flow was conventionally determined as the
ratio of the belt speed to the bed height.
The experimental results shown in Fig. 4 were
obtained at belt speeds from 1 to 2 m-s L.

In order to analyze the effect of additional
momentum, the findings on the separation coefficient
in the activated gravity flow are presented in
comparison with the separation coefficient in the
gravity flow without external influence. The average
shear rate in the flow without additional momentum
action, which is defined as the ratio of the particle
velocity on the open flow surface to the bed height,
was 36 s. In this regard, the experimental value of

the coefficient Ks, corresponding to the minimum
value of the shear rate in Fig. 3, was obtained for the
gravity flow in the absence of additional momentum
action. In this case, the boundary between the regions
of separated fractions in the flow is established by the
average concentration of test particles. In one of the
regions, local concentration values are systematically
higher (enrichment region), and in the other — lower

(depletion region) compared to the average
concentration.
Ks
0117 <1
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Fig. 4. Dynamics of changes in the separation
coefficient of a binary mixture of bead fractions
(+3.25-3.5 and +4.0-4.25 mm) depending
on the shear rate in gravity flows:

1 —in the absence of additional momentum action;
2 —in activated gravity flows
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The resulting dependence Ks(du/dy)
demonstrates a decrease in the separation coefficient
with increasing intensity of the additional momentum
action. This effect is quite fully explained by the
results of a previous analysis of the velocity profiles,
volume fraction of voids and concentration
distributions of test particles shown in Figs. 3a and
3b. It should be noted that with an increase in the
additional momentum effect on the gravity flow, the
quasi-diffusion effects of mixing and separation
intensify due to the formation of a region with a high
temperature of the granular medium in the upper part
of the flow. Moreover, for particles differing in size
(Fig. 3b), the quasi-diffusion separation flux in this
region has a direction opposite to the segregation
flux, which dominates the separation process in the
fast gravity flow without activation (Fig. 3a).
The counter direction of segregation and quasi-
diffusion separation fluxes with increasing intensity
of the latter is accompanied by the loss of the
dominant role of segregation and a decrease in
separation efficiency. In addition, a decrease in
separation efficiency is facilitated by an increase in
the intensity of the quasi-diffusion mixing flow (3)
with an increase in the distance between particles and
the rate of particle fluctuations due to an increase in
the shear rate and the volume fraction of voids under
the influence of additional momentum.

3.2. Separation of particles by density
in the activated gravity flow

The analysis of physical mechanisms of
transformation of structural-kinematic parameters set
out in Section 3.1 and, accordingly, the conditions for
generating separation effects in the fast gravity flow
under the influence of additional longitudinal
momentum allows us to formulate a hypothesis
regarding the intensification of the process.
According to research, an increase in separation
efficiency with this method of flow activation can be
achieved in cases where either the direction of the
segregation flows and quasi-diffusion separation
coincide, or the segregation flow is negligibly small.
It is obvious that this type of coupling options for
separation flows is provided when the particles differ
in density, roughness and elasticity [8, 11]. Under the
influence of the quasi-diffusion separation effect, less
dense, smooth and more elastic particles will migrate
in the direction of the void volume fraction gradient
(into the flow region with a high temperature of the
granular medium), which coincides with the direction
of segregation of such particles.

In order to test this hypothesis, an experimental
and analytical study of the dynamics of particle

separation by density in the activated gravity flow
was carried out as part of the work. A mixture of
uniform in size fractions (+3.6-3.75 mm) of beads
and silica gel (test component) with a density of 2500
and 700 kg-m~3, respectively, was used as a model
material. The experimental research technique was
fully consistent with that used previously when
studying the dynamics of particle size separation.
The study of the influence of an additional
momentum on the efficiency of separation in the
gravity flow of particles of different densities was
carried out in the range of shear rates, which was
controlled by varying the speed of the rough
conveyor belt adjacent to the open surface of the
layer from 1 to 2 m-s™™.

The results of the study in the form of profiles of
velocity, volume fraction of voids and concentration
of control particles (silica gel) in gravity flows
without additional momentum action and in the case
of its activation (belt speed 1.5 m-s%) are shown in
Figs. 5a and 5b, respectively.

A comparative analysis of the profiles indicates
fundamental changes in the structural and kinematic
characteristics of the gravity flow under conditions of
additional momentum action. Such changes were
noted earlier in the gravity flow of particles differing
in size (Fig. 3). First of all, such changes include the
formation in the central part of the flow in a zone
with an extremely high intensity of shear
deformation, which is part of the above flow region
with high temperature values of the granular medium
and the volume fraction of voids. Below this zone,
a flow region with a low temperature of the granular
medium is formed.

Particularly noteworthy is the extremely low
value of the volume fraction of voids in the region of
the activated gravity flow located below the zone
with extremely high shear rates. At first glance, this
result seems paradoxical, since the decrease in the
volume fraction of voids under the influence of
additional momentum to values close to the volume
fraction of voids in the stationary bulk bed occurs
under conditions of increasing shear rate in the
specified flow region. The physical mechanism of the
observed effect of contraction of the lower part of the
flow under the influence of an additional momentum
can be explained by the presence of fundamentally
different boundary conditions at the base and upper
boundary of the flow.

Under the influence of the pseudo-viscous effect
in the fast shear flow of the granular medium, the
energy of an additional longitudinal momentum
distributed along the upper boundary of the flow
penetrates deep into the bed intensifying the mutual
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Fig. 5. Profiles of velocity u(y), volume fraction of voids £(y) and distribution of test particles concentration c(y) in a
mixture of monodisperse particles (+3.6—3.75 mm) of beads and silica gel in gravity flows:
— in the absence of additional momentum influence; b — when activated by longitudinal momentum (belt speed 1.5 m-s™)

movements of particles mainly in the flow region
located above the zone of intense shear deformation.
In this case, relatively high values of the temperature
of the granular medium (the Kkinetic energy of
particles in their mutual movements) are achieved in
the named flow region. Due to the condition of
sticking at the base of the bed and the dissipation of
energy of the additional momentum as it penetrates
deep into the layer (according to the effects of
pseudo-viscous friction, elasticity and friction), in the
flow region located below the zone of intense shear,
the temperature of the granular medium turns out to
be significantly lower than in the upper part of the
flow. The higher temperature of the granular medium
in the upper part of the flow leads to effect of
“dispersion pressure” [17] causing contraction of the
lower part of the flow.

In this regard, it seems possible to assert that the
formation of a zone with intense shear deformation is
accompanied by the formation of flow regions with
an extremely large difference in the volume fraction
of voids. Thus, the zone of intense shear deformation
is located at the boundary between flow regions
characterized by a large difference in the average
distance between particles. As a consequence,
favorable conditions for the manifestation of the
effect of quasi-diffusion separation under the
influence of a large gradient of the average distance
between particles, i.e. the driving force of this effect,
are formed in this zone [8, 11].

The findings in the form of velocity profiles,
volume fraction of voids and concentration of test
particles (silica gel) in the gravity flow are shown in
Figures 6-8 for different magnitudes of momentum
action (conveyor belt speed). For the purpose of
comparative assessment of the effect of the gravity
flow activation, the figures show profiles obtained in

the absence of additional impulse action, when the
belt speed is zero.

The analysis of the evolution of velocity profiles
shows that with increasing momentum action, shear
rates increase throughout the entire volume of the
flow, but the most significant changes in the rate of
deformation of the granular medium are observed in
the flow region with a high temperature of the
granular medium and, especially, in the vicinity of
the zone with extreme values of the shear rate. With
increasing momentum action, this zone deepens and
expands with an increase in the flow region with a
high temperature of the granular medium.

In all cases, even at small values of the
additional momentum, fundamental changes in the
velocity profiles and the volume fraction of voids are
observed. One of the main features of the ongoing
profile changes is that together with the formation of
an intense shear zone in the flow, there is a sharp
decrease in the volume fraction of voids (an increase
in the fraction of the solid phase) in the flow area
adjacent to its base. This is evidenced by a
comparison of profiles 1 and 2 in Figs. 6 and 7. When
increasing intensity of the momentum action, the
volume fraction of voids increasingly approaches its
extreme minimum value, corresponding to the
porosity of the repose state of bulk material.

It is important to note that an increase in the
volume fraction of the solid phase in the flow region
adjacent to its base occurs under the action of
a longitudinal momentum with increasing shear rate.
A change in the structural and kinematic characteristics
in the indicated direction contributes to an increase in
stress concentrations on non-uniform particles,
which, according to the kinetic laws of segregation
[2, 8, 12], directly increases the driving force of the
mentioned separation effect. This conclusion is
especially clearly confirmed by the results of a study
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Fig. 6. Velocity profiles in gravity flows of a mixture of
monodisperse particles (+3.6-3.75 mm) of beads
and silica gel for different values of longitudinal

momentum generated at conveyor belt speeds, m-s™:
1-00;2-12;3-15;4-17,5-1.9

of particle size separation in gravity flows in the
absence and presence of additional momentum
action, presented in Figs. 3a and 3b, respectively.
A comparison of the concentration profiles in
Figs. 3a and 3b shows that in the flow region adjacent
to its base, the impact of an additional momentum is
accompanied by a significant increase in the
concentration gradient of test particles, which
indicates intensified segregation.

At the same time, conditions are formed for the
intensive occurrence of quasi-diffusion separation in
the remaining flow region, in which the momentum
action leads to an increase in quasi-diffusion
permeability and the gradient of the volume fraction
of voids. Thus, it seems possible to highlight two
aspects of increasing the efficiency of separation in
the gravity flow under the influence of additional
longitudinal momentum  action.  Firstly, the
momentum effect helps to intensify the effect of
quasi-diffusion separation in the flow region adjacent
to the surface of the direct momentum effect.
Secondly, the momentum effect contributes to the
intensification of segregation in the flow area
adjacent to its base.

If, in accordance with the physical and
mechanical properties of the mixture particles, the
direction of the effects of segregation and quasi-
diffusion separation for the test particles coincides,
then as a result of the additional momentum action,
the separation efficiency increases. For example, for a
mixture of monodisperse particles of different
densities, segregation of test particles with low
density occurs in the direction opposite to the
lithostatic pressure gradient, i.c. towards the upper
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Fig. 7. Profiles of the volume fraction of voids
in gravity flows of a mixture of monodisperse particles
(+3.6-3.75 mm) of beads and silica gel
for different values of longitudinal momentum
generated at conveyor belt speeds, m-s:
1-00;2-12;3-15;4-17,5-1.9

boundary of the flow. This direction coincides with
the gradient of the volume fraction of voids in the
upper part of the flow, in the direction and under the
influence of which quasi-diffusion separation of less
dense particles occurs.

Thus, the findings made it possible to obtain the
information necessary to theoretically substantiate the
feasibility of applying longitudinal momentum to the
fast gravity flow of the granular material to increase
separation efficiency. The feasibility of using
longitudinal momentum should be justified taking
into account the conjugation of the direction of
segregation and quasi-diffusion separation fluxes and
the possibility of intensifying the corresponding
effects in the flow volume.

Since the concentrations of test particles were
obtained by the direct weight method, the geometric
similarity of the distribution profiles of the
concentration (Fig. 8) and the volume fraction of
voids (Fig. 7) is an indirect, but quite convincing
confirmation of the reliability of changes in the
structural and kinematic characteristics of the gravity
flow that occur under the influence of additional
longitudinal momentum. This is explained by the fact
that for particles differing in density, the dominant
separation effect is quasi-diffusion separation
[8, 10, 11], the driving force of which is the gradient
of the average distance between particles,
proportional to the gradient of the volume fraction of
voids. In this regard, particles with a high fluctuation
rate are distributed in the flow revealing gradients in
the concentration distribution similar to gradients of
the volume fraction of voids.
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Fig. 8. Concentration profiles of test particles
in gravity flows of a mixture of monodisperse particles
(+3.6-3.75 mm) of beads and silica gel
for different values of longitudinal momentum generated
at conveyor belt speeds, m-s:
1-00;2-12;3-15;4-17,5-1.9

In the profiles (Fig. 8) for flows with momentum
action, a zone of high concentration gradient of test
particles is clearly visible, the dislocation of which in
the flow volume completely coincides with the
location of zones of intense shear deformation
(Fig. 6) and a high gradient of the volume fraction of
voids (Fig. 7). With an increase in the intensity of the
momentum effect, the zone of extreme values of
velocity gradients, volume fraction of voids and
concentration of the test component deepens without
reducing the magnitude of the gradients (curves 2—4
in Figs. 6-8). However, as the zone approaches the
base of the bed at a distance equal to approximately
two particle diameters and a further increase in the
intensity of the momentum action, signs of
impending destruction of the zone are observed
(curves 5 in Figs. 6-8). First of all, the destruction of
the zone is evidenced by a sharp decrease in the
velocity gradients, the volume fraction of voids and
the concentration of the test component and a shift in
the extreme values of the gradients towards the upper
boundary of the flow.

The findings on the impact of the intensity of
momentum action on the efficiency of particle
separation by density in the gravity flow are
presented in Fig. 9 in the form of a dependence of the
separation coefficient (8) on the shear rate. The
technique for determining the average shear rate and
separation coefficient was similar to the technique
used in the case of differences in particle size. For a
comparative assessment of the effect of momentum
action in the separation process, the dependence

Ks(du/dy) was constructed taking into account the
separation coefficient and the average value of the

shear rate in the gravity flow without momentum
action. These indicators are determined in full
accordance with the procedure used to find them in
the gravity flow of particles of various sizes (Fig. 4).

The obtained dependence Ks(du/dy) for particles
differing in density (Fig. 9) is fundamentally different
from the similar dependence for particles of different
sizes (Fig. 4). In the studied range of pulse impact
intensity and corresponding shear rates, the values of
the separation coefficient exceed the value of the
coefficient in the gravity flow without momentum

impact. The Ks(du/dy) dependence reveals an extreme
value of the separation coefficient corresponding to
an average shear rate of 65-70 s L. If the physical
mechanism of the increase in the separation
coefficient with an increase in the intensity of the
momentum effect was previously explained by the
increase in the driving force of the effects of quasi-
diffusion separation and segregation, then the
mechanism for the decrease in the coefficient after
reaching a certain extreme value requires additional
analysis and explanation.

A hypothetical explanation for the decrease in
the separation coefficient with increasing momentum
action may be an increase in the volume of flow with
a high temperature of the granular medium associated
with a deepening of the zone of intense shear
deformation. As the zone deepens, the above-located
rarefied flow region expands, in which, due to small
values of the gradient of the volume fraction of voids,
the role of quasi-diffusion mixing increases. Intense
quasi-diffusion mixing of particles in a rarefied
region of the flow is facilitated by the high diffusion
permeability of the medium, proportional to the
average distance between particles and the velocity of
their chaotic movements [31].
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Fig. 9. Dynamics of changes in the separation coefficient
of a mixture of monodisperse particles (+3.6-3.75 mm)
of beads and silica gel depending on the shear rate
in gravity flows: 1 — in the absence of additional
momentum action; 2 — in activated gravity flows
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It is important to note the similar nature of the
dependences of the separation efficiency indicators
on the shear rate presented in Figs. 1 and 9. A fairly
high degree of analogy of the dependences occurs
despite the fundamental difference in the objects to
which they relate. In a virtual flow (Fig. 1), the shear
rate is uniform throughout the volume of the layer
and the particles differ in size, but in a real activated
flow (Fig. 9) there is a high heterogeneity of the shear
rate and separation of particles by density. In the first
case, particle separation occurs predominantly under
the influence of the segregation effect, and in the
second case, quasi-diffusion separation plays a
decisive role. At the same time, the dependences of
the efficiency indicators reveal an extreme value of
efficiency at close average values of the shear rate
(80 and 70 s71). Taking into account that the physical
nature of the decrease in separation efficiency in the
cases under consideration is obviously general and is
associated with the suppression of separation effects
by quasi-diffusion mixing, we can assume the
existence of a threshold average value of the shear
rate in the gravity flow (70-80 s). As the specified
shear rate and the corresponding dilatancy of the
medium are exceeded, the rate of particle fluctuations
and their free path increase so much that quasi-
diffusion mixing of particles begins to suppress
separation effects.

Thus, the findings made it possible to obtain the
information necessary to theoretically substantiate the
feasibility of applying longitudinal momentum to the
fast gravity flow of the granular material to increase
separation efficiency. The feasibility of using
longitudinal momentum should be justified taking
into

account the option of combining the direction of
segregation and quasi-diffusion separation fluxes
with a certain combination of properties of nonuniform
particles.

In order to analytically confirm the reliability of
the conclusions based on the results of the
experimental study, mathematical modeling of the
dynamics of the separation process in the activated
gravity flow (belt speed 1.5 m-s™%) of beads and silica
gel granules of uniform size was carried out. The
modeling method and the conditions for its
implementation are described in Section 2. Figure 10
shows the concentration distribution profiles of low-
density particles in the activated gravity flow. In
order to provide conditions for a comparative analysis
of separation effects and identify areas of their
dominance, modeling was carried out for options
with and without taking into account the effect of
quasi-diffusion separation. To assess the adequacy of
the modeling results, the latter are presented in
comparison with the experimentally obtained
concentration distribution profile. The velocity and
volume fraction of voids profiles presented in
Figs. 5, 6 were used as initial data for modeling.
The adequacy of the modeling results was established
by comparing the variances of adequacy and
reproducibility using Fisher’s F test at a significance
level of 5 %.

The analysis of concentration profiles shows that
the presence of a zone with a high concentration
gradient in the central part of the flow, characteristic
of the experimental profile, is detected only when
modeling taking into account the flow of quasi-

diffusion separation (Dm # 0).
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Fig. 10. Profiles of the volume fraction of voids (1) and the concentration of silica gel granules (2) — (4)
in the activated (belt speed 1.5 m-s™?) fast gravity flow in a mixture with beads:

1, 2 — experimental results; 3 — simulation results based on (1) at Dm =0; K #0;
4 — simulation results based on (1) at Dm #0, K#0
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The coordinates of the location of the zone in the
bed completely coincide with the coordinates of
extremely large gradients of the volume fraction of
voids in the flow, which are a condition for ensuring
high values of the driving force of quasi-diffusion
separation. The combination of the listed features of
the profiles presented in Figure 10 indicates not only
the dominant role of the effect of quasi-diffusion
separation, but also indicates the determining
importance of the factor in the formation of a zone of
intense shear deformation in the distribution of
nonuniform particles.

4. Conclusion

An experimental and analytical study was
carried out on the effectiveness of particle separation
by size and density when activating shear
deformations in fast gravity flows of granular
materials. Activation is carried out by imparting to
the particles on the open surface a flow of additional
momentum in the direction of the slope using a rough
conveyor belt. It was established that under the
influence of momentum in the central part of the flow
a zone with extremely high values of shear rate,
gradient of the void fraction and, as a consequence,
the intensity of the quasi-diffusion separation effect is
formed. Below the zone there is a flow region in
which the momentum action is accompanied by a
decrease in the proportion of voids and an increase in
the shear rate with a corresponding intensification of
particle size segregation. In the flow region located
above the zone of intense shear, the momentum effect
leads to an increase in the proportion of voids and the
temperature of the granular medium and, as a
consequence, to the intensification of the quasi-
diffusion effects of mixing and separation.

Momentum  action  increases  Separation
efficiency if the direction of quasi-diffusion
separation and segregation fluxes for the test
component coincides (for example, density
separation). Momentum action reduces the efficiency
of particle separation by size, for which the direction
of the said fluxes is opposite. With increasing shear
rate, the zone of intense shear deepens, and the
efficiency of density separation increases reaching its
maximum value when the zone deepens by 0.5-0.55
of the layer thickness. With a further increase in the
intensity of the momentum action, the separation
efficiency decreases due to the expansion of the flow
region in which the effect of quasi-diffusion mixing
dominates. The results of mathematical modeling

confirm the decisive role of the quasi-diffusion
separation effect in the zone of intense shear of the
activated gravity flow in the process of particle
separation by density.

5. Funding

The study was supported by the RFBR grant
No. 09-08-97521.

6. Conflict of interests

The authors declare no conflict of interest.

References

1. Forterre Y, Pouliquen O. Flows of dense granular
media. Annual Review of Fluid Mechanics. 2008;40:1-24.
DOI:10.1146/annurev.fluid.40.111406.102142

2. Savage SB. Granular flows down rough inclines —
Review and extension. In: Jenkins JT, Satake M. (Eds.)
Studies in  Applied Mechanics. 1983;7:261-282.
DOI:10.1016/B978-0-444-42192-0.50028-1

3. Goldhirsch 1. Rapid granular flows. Annual
Review of Fluid Mechanics. 2003;35:267-293.
DOI:10.1146/annurev.fluid.35.101101.161114

4. Brennen CE. Fundamentals of Multiphase Flows.
Cambridge: Cambridge University Press; 2005. 410 p.
DOI:10.1017/CB0O9780511807169

5. Shen HH, Ackermann NL. Constitutive
relationships for fluid-solid mixture. Journal of the
Engineering Mechanics Division. 1982;108:748-763.
DOI:10.1061/jmcea3.0002868

6. Hill KM, Fan Y. Granular temperature and
segregation in dense sheared particulate mixtures. KONA
Powder and Particle Journal. 2016;33:150-168.
DOI:10.14356/kona.2016022

7. Domnik B, Pudasaini SP, Katzenbach R, Miller
SA. Coupling of full two-dimensional and depth-averaged
models for granular flows. Journal of Non-Newtonian
Fluid Mechanics. 2013;201:56-68. DOI:10.1016/j.jnnfm.
2013.07.005

8. Dolgunin VN, Kudi AN, Tuev MA. Mechanisms
and kinetics of gravity separation of granular materials.
Physics  Uspekhi. 2020;63(6):545-561. DOI:10.3367/
UFNe.2020.01.038729

9. Gray JMNT, Thornton AR. A theory for particle
size segregation in shallow granular free-surface flows.
Proceedings of the Royal Society A: Mathematical,
Physical and Engineering Sciences. 2005;461(2057):1447-
1473. DOI:10.1098/rspa.2004.1420

10.Dolgunin VN, Kudy AN, Ukolov AA.
Development of the model of segregation of particles

Ivanov O.0., Dolgunin V.N., Kudi K.A. 57


https://scholar.google.com/scholar?oi=bibs&cluster=5138212990339675830&btnI=1&hl=ru
https://scholar.google.com/scholar?oi=bibs&cluster=5138212990339675830&btnI=1&hl=ru

Journal of Advanced Materials and Technologies. 2024. Vol. 9, No. 1

undergoing granular flow down on inclined chute. Powder
Technology. 1998;96(3):211-218. DOI:10.1016/S0032-
5910(97)03376-7

11.Dolgunin VN, Ivanov 0O, Ukolov AA.
Segregation kinetics of particles with different roughness
and elasticity under a rapid gravity flow of a granular
medium. Theoretical Foundations of Chemical Engineering.
2009;43:187-195. DOI:10.1134/S0040579509020092

12. Dolgunin VN, Ukolov AA, Ivanov OO. Segregation
kinetics in the rapid gravity flow of granular materials.
Theoretical ~Foundations of Chemical Engineering.
2006;40(4):393-404. DOI:10.1134/S0040579506040099

13.Nagel SR. Experimental soft-matter science.
Reviews of Modern Physics. 2017;89(2):025002.
DOI:10.1103/RevModPhys.89.025002

14. Ferziger JH, Kaper HG, Gross EP. Mathematical
theory of transport processes in gases. American Journal of
Physics. 1973;41(4):601-603. DOI:10.1119/1.1987312

15.lvanov OO, Dolgunin VN, Tarakanov AG,
Zhilo AA, Pronin VA. Evolution of separation effects
under variable conditions of gravity flows of granular
materials. Journal of Advanced Materials and Technologies.
2022;7(3):181-191. DOI:10.17277/jamt.2022.03.pp.181-191

16. Marchuk GI, Methods of numerical mathematics.
Applications of mathematics. New York: Springer-Verlag
Publ.; 1975. 510 p.

17.Bagnold RA. Experiments on a gravity free
dispersion of large solid spheres in a newtonian fluid under
shear. Proceedings of the Royal Society of London.
Series A. Mathematical and Physical Sciences.
1954;225(1160):49-63. DOI:10.1098/rspa.1954.0186

18.Campbell CS. Granular material flows — an
overview. Powder Technology. 2006;162(3):208-229.
DOI:10.1016/j.powtec.2005.12.008

19. Xiao H, Deng Z, Ottino JM, Umbanhowar PB,
Lueptow RM. Modeling stratified segregation in
periodically driven granular heap flow. Chemical
Engineering Science. 2023;278:118870. DOl:
10.1016/j.ces.2023.118870

20.Duan Y, Peckham J, Umbanhowar PB, Ottino JM,
Lueptow RM. Designing minimally segregating granular
mixtures for gravity-driven surface flows. AIChE Journal.
2023;69(4):18032. DOI:10.1002/aic.18032

21.Duan Y, Umbanhowar P, Ottino J, Lueptow R.
Modelling segregation of bidisperse granular mixtures
varying simultaneously in size and density for free surface
flows. Journal of Fluid Mechanics. 2021;918.
DOI:10.1017/jfm.2021.342

22.Umbanhowar PB, Lueptow RM, Ottino JM.
Modeling segregation in granular flows. Annual Review of

Chemical and Biomolecular Engineering. 2019;10:129-
153. DOI:10.1146/annurev-chembioeng-060718-030122

23.Gray JMNT. Particle segregation in dense
granular flows. Annual review of fluid mechanics. 2018;
50:407-433. DOI:10.1146/annurev-fluid-122316-045201

24.Stephens DJ, Bridgwater J. The mixing and
segregation cohesionless particulate materials: Part |I.
Failure zone formation. Powder Technology. 1978;21:17-
28. DOI:10.1016/0032-5910(78)80104-1

25.Conway SL, Liu X, Glasser BJ. Instability-
induced clustering and segregation in high-shear Couette
flows of model granular materials. Chemical Engineering
Science.  2006;61(19):6404-6423.  DOI:10.1016/j.ces.
2006.05.049

26. Varsakelis C, Papalexandris MV. Stability of wall
bounded, shear flows of dense granular materials: the role
of the Couette gap, the wall velocity and the initial
concentration. Journal of Fluid Mechanics. 2016;791:384-
413. DOI:10.1017/jfm.2016.65

27.Nazarov VI, Makarenkov DA, Retivov VM,
Popov AP, et al. Features of the pyrolysis process of waste
batteries using carbon black as an additive in the
construction industry. Construction Materials and Products.
2023;6(6):4. DOI:10.58224/2618-7183-2023-6-6-4

28.Klyuev AV, Kashapov NF, Klyuev SV,
Zolatareva SV, et al. Experimental studies of the processes
of structure formation of composite mixtures with
technogenic ~ mechanoactivated  silica  component.
Stroitel'Nye Materialy i Izdeliya = Construction Materials
and Products. 2023;6(2):5-18. DOI:10.58224/2618-7183-
2023-6-2-5-18 (In Russ.)

29.Klyuev AV, Kashapov NF, Klyuev SV,
Lesovik RV, et al. Development of alkali-activated binders
based on technogenic fibrous materials. Stroitel'Nye
Materialy i Izdeliya=Construction Materials and Products.
2023;6(1):60-73. DOI:10.58224/2618-7183-2023-6-1-60-
73 (In Russ.)

30.Novoselov OG, Sabitov LS, Sibgatullin KE,
Sibgatullin ES, et al. Method for calculating the strength of
massive structural elements in the general case of their
stress-strain  state  (kinematic method).  Stroitel’Nye
Materialy i 1zdeliya=Construction Materials and Products.
2023;6(3):5-17. DOI:10.58224/2618-7183-2023-6-3-5-17
(In Russ.)

31. Chuyev AS. On the inconsistency of definitions of
physical quantities dynamic and kinematic viscosity.
Zakonodatel'naya i prikladnaya metrologiya. 2012;1:54-60.
(In Russ.)

58 Ivanov O.0., Dolgunin V.N., Kudi K.A.


https://doi.org/10.1016/S0032-5910%2897%2903376-7
https://doi.org/10.1016/S0032-5910%2897%2903376-7
http://dx.doi.org/10.1134/S0040579509020092
https://ui.adsabs.harvard.edu/link_gateway/1954RSPSA.225...49B/doi:10.1098/rspa.1954.0186
https://doi.org/10.1146/annurev-chembioeng-060718-030122
https://apps.webofknowledge.com/OutboundService.do?SID=D2Jz5AgqDQiyMHxvoo8&mode=rrcAuthorRecordService&action=go&product=WOS&daisIds=594388
https://www.annualreviews.org/doi/abs/10.1146/annurev-fluid-122316-045201
https://www.annualreviews.org/doi/abs/10.1146/annurev-fluid-122316-045201
http://dx.doi.org/10.1146/annurev-fluid-122316-045201
https://doi.org/10.1016/j.ces.2006.05.049
https://doi.org/10.1016/j.ces.2006.05.049
https://www.cambridge.org/core/search?filters%5BauthorTerms%5D=C.%20Varsakelis&eventCode=SE-AU
https://www.cambridge.org/core/search?filters%5BauthorTerms%5D=M.%20V.%20Papalexandris&eventCode=SE-AU
https://www.cambridge.org/core/journals/journal-of-fluid-mechanics
https://www.cambridge.org/core/journals/journal-of-fluid-mechanics/volume/985C496CB659FCA323FDCE4186707C4C
https://doi.org/10.1017/jfm.2016.65

Journal of Advanced Materials and Technologies. 2024. Vol. 9, No. 1

Information about the authors / Undopmanus 06 aBTopax

Oleg O. lvanov, Cand. Sc. (Eng.), Associate Professor,
Regional Development Advisor, ANO "Vdokhnoviteli",
Korolev, Moscow region, Russian Federation; ORCID
0000-0002-9868-5487; e-mail: iooc4@mail.ru

Viktor N. Dolgunin, D. Sc. (Eng.), Professor, Tambov
State  Technical  University, Tambov, Russian
Federation; ORCID 0000-0002-6227-5224; e-mail:
dolgunin-vn@yandex.ru

Konstantin A. Kudi, Line Manager, PIJSC “MTS
Bank”, Moscow, Russian Federation; ORCID 0009-
0009-5068-2234; e-mail: kostya.kudi@mail.com

HBanoB Ouer OJieroBu4, KaHAWIAT TEXHHYECKHX
HAyK, JIOLCHT, COBCTHUK IO PETHMOHAJIBHOMY Pa3BUTHIO,
AHO  «Bpoxuosurenu», KoponeB, = MockoBckas
obnacte, Poccuiickas ®enepauus; ORCID 0000-0002-
9868-5487; e-mail: iooc4@mail.ru

Joarynun Bukrop HukonaeBu4, JTOKTOp TEXHHYECKHX
Hayk, npodeccop, TamMOOBCKHII ToCcyIapCTBEHHBI TeX-
HUYeckuil yHuBepcureT, TamboB, Poccuiickas Penepa-
must; ORCID 0000-0002-6227-5224; e-mail: dolgunin-
vn@yandex.ru

Kynn KoncranTuH  AHapeeBHY, PYKOBOAMTEIb
Hanpasyienus, [IAO «MTC-banky», Mocksa, Poccuiickas
Oenepanms; ORCID  0009-0009-5068-2234;  e-mail:
kostya.kudi@mail.com

Received 20 December 2023; Accepted 22 February 2024; Published 26 April 2024

the Creative Commons Attribution (CC BY) license

Copyright: © lvanov OO, Dolgunin VN, Kudi KA, 2024. This article is an open access article distributed
@ @ under the terms and conditions

(https://creativecommons.org/licenses/by/4.0/).

Ivanov O.0., Dolgunin V.N., Kudi K.A. 59


https://mail.yandex.ru/lite/compose?to=iooc4@mail.ru

