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Research aim is to investigate the mechanism of mass transfer at spiral separators and to determine
motive powers of particles stratification in a flow.

Research methodology. The issues of water flows and pulp mass transfer at spiral separators are
considered. To assess the states and the flow modes, the Froude number and the Reynolds number were
determined. It has been shown that water flows at spiral devices refer to complex fluid motion modes.
They have no fixed depth and speed along the width of the trough. Within one trough, a water flow has
several modes and states simultaneously, from laminar “smooth” and laminar “rough” to turbulent
“rough”.

Results and analysis. The presence of capillary and gravitational waves and transverse circulation
of flows has been stated. Researches over the determination of circulations at spiral troughs have shown
that the upper flows move along the unfolding spirals gradually approaching the outer side. Getting
close to the bottom, the water currents move along the folding spirals with a decreasing radius.

The presence of transverse circulation has been determined by experiment. When spiraling down along
the trough, the water currents sink to the depth of a flow near the outer side and rise up against the
bottom near the inner side. At spiral troughs with the diameter more than 1 m near the outer side there
is secondary transverse circulation with different direction of the water currents. Between the first and
secondary circulations there exists a transition zone without any circulation.

Conclusion. The mechanism of particles separation by density at a spiral separator has been discovered.
The basic motive powers of particles stratification in a flow are lift forces which occur because
of capillary and gravitational waves motion and flow transverse circulation.

Key words: spiral separation; stratification mechanism, capillary and gravitational waves; flows
transverse circulation.

Research aim is to investigate the mechanism of mass transfer at spiral separators
and to determine motive powers of particles stratification in a flow.

The current state of the theory and practice of spiral separation is sufficiently
explored [ 1-5]. Mass transfer and separation of particles by density is largely determined
by water flows features. The water flows at spiral devices refer to complex modes of
fluid motion. They have no fixed depth and speed along the width of the trough. Within
one trough, the water flow has several modes and states simultaneously, from laminar
to turbulent supercritical.

The state and modes of the water flows are determined by the Froude number:

Fr=—71, (1)

and by the Reynolds number:
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where v is the speed of the water flow, m/s; H is the depth of the water flow, m; g is the
gravitational acceleration, m/s?; v is the kinematic viscosity coefficient, m?/s [6].
Experimental determination of the Froude number and the Reynolds number for
the water flows in straight and spiral troughs and the obtained data comparison by the
graph Fr = f{Re) shows that the values of laminar, transition, and turbulent modes
almost coincide [7]. The major part of a flow at a spiral trough is characterized by Fr
number of more than one, which indicates “rough” state of a flow, where free surface is
distinguished by the presence of waves. An only the minor part of the water flow near
the spiral trough inner side has “smooth” state without waves under Fr < 1. The state
of the flow under Fr = 1 should be referred to critical.
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Fig. 1. The scheme of water circulation:
1 — motion of the surface water currents; 2 — motion of the water current
at the bottom
Puc. 1. Cxema mUpKyISAILUN BOABL:
1 - JABHUIKEHUE TMMOBEPXHOCTHBIX Cprﬁ BOJBI, 2 — JBHWJKCHUC IOOHHBIX
CTpYH BOJIBI

The water flows at spiral devices refer to complex modes of fluid motion. They have
no fixed depth and speed along the width of the trough. Within one trough, the water flow
has several modes and states simultaneously, from laminar “smooth” (Re < 300; Fr < 1)
and laminar “rough” (Re < 300; Fr > 1) to turbulent “rough” (Re > 3400; Fr> 1).

Waves at a spiral trough with a smooth profile have a form resembling coastal waves
with a prominent wave crest in front. At a spiral trough with a complex profile, waves
have a complex pattern. Depending on the water flow parameters and the correlation of
surface tension force and gravitational force there occur whether capillary, or
gravitational, or both waves together.

Capillary waves occur in spiral water flows with the number of Reynolds up
to ~ 3000 and with the number of Froude of more than one. They are observed at all
spiral troughs in the flow bordered to the inner side.

Capillary waves lack fixed depth neither along the radius, nor along the spiral line.
The depth of a wave grows from the axis to the outer side and reduces from the wave’s
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crest to the back side. Capillary wave parameters (speed, depth, length, and frequency)
in a spiral flow have stable character and remain practically unchanged if the water flow
and pulp density in the power supply is varied.

Gravitational waves occur at the number of Reynolds higher than ~ 3000 and the
number of Froude higher than one, and exist at spiral troughs near the outer side.

Variation and complexity of water flows wave motion at the narrowing trough
should lead to circulating flows generation. The hypothesis on the presence of water
circulation at a spiral trough was made as early as 1945 [8].

Results. Investigations on the determination of circulation at spiral troughs have
shown that the upper flows move along the unfolding spirals gradually approaching the
outer side. Getting close to the bottom, the water currents move along the folding spirals
with a decreasing radius. At that, water masses, on the one hand, circle around the axis of
a spiral trough, on the other hand, around the spiral axis of a flow. This motion of water
masses is conditioned on the difference between the centrifugal forces in depth.

The character of the water flows motion at the spiral trough is schematically
represented at fig. 1.

The presence of transverse circulation has been experimentally determined, the
scheme of which is represented at fig. 2, &. When spiraling down along the trough,
the water currents sink to the depth of a flow near the outer side and rise up against the
bottom near the inner side. Transverse circulation at a spiral trough is a stable notion;
it hasn’t been disturbed even in the trough with riffles at the working surface along
the spiral lines.
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Fig. 2. The scheme of the water flows’ transverse circulation:
a— the scheme of transverse circulation; b — secondary transverse circulation; / — spiral trough axis; 2 — spiral trough
Puc. 2. Cxema nonepeyHoi UPKYIALUHU BOAHBIX IOTOKOB:
a — cxeMa IMONEePeyHO UPKYISINK; b — NBOiHAs monepeyHas UPKY/IALus; / — 0cb BUHTOBOTO Keno00a; 2 — BUH-
TOBOI1 Jke100

When investigating at spiral troughs with the diameter more than 1 m near the outer
side, secondary circulation with different direction of the water currents has been
discovered (fig. 2, b) [7].

Secondary transverse circulation occurs practically at once at the first coil and is
observed down along the trough near the outer side up to the unloading part. Between
the first and secondary circulations there exists a transition zone without any circulation.

In general, the presence of transverse circulation should play a significant role
in mineral particles lower layers motion towards the axis of the device and in the solid
phase disintegration in a flow.

Mass transfer at a spiral trough significantly differs from water mass transfer.
This difference has been experimentally observed at the spiral trough with the diameter
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0.5 m and coils pitch 0.35 m, and elliptic cross section. The obtained experimental data
after mathematical treatment are represented at fig. 3.

The analysis of dependences represented at fig. 3 shows that the introduction of a
mass of mineral particles into the spiral water flow leads to the switch of the flow’s
separate sections laminar mode into the transition mode, and further into the turbulent
one. The numbers Fr and Re are higher at pulp motion, than at water motion. Depth and
speed of a flow at its major part which is closer to the trough’s axis is higher at pulp
motion, than at water motion.
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Fig. 3. The parameters of a water flow — / and the pulp flow with the mass share of solid in the power
supply 31 % — 2 at a spiral trough
Puc. 3. ITapameTpbl BOAHOTO MOTOKAa — / U MOTOKA MYJIBIBI C MACCOBOM J10JIel TBEPAOro B MUTAaHHU
31 % — 2 Ha BUHTOBOM >kenobe

Mass share of solid in a pulp flow at a spiral trough is not identical across the width.
It is higher near the inner side reaching 60-66% of solid, and it is lower near the trough’s
periphery where only water and slime move. As experiments of L. G. Podkosov and
others have shown [9], mass share of solid in pulp near the inner side depends on the
track length. Thus, at trough’s length of 1.75 of a coil, mass share of solid in pulp is
62.0%, and at length of 2.75 of a coil — 65.2%, at length of 6 coils — 66.4%.

Spiral separators and sluices are meant for mineral particles separation by density in
the flow of water moving along the inclined plane. Apart from separating the particles
by density, stratification of particles by size inevitably occurs. The mechanism
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of particles stratification by size and density at spiral separators is carried out in the
following manner.

Under the action of the inner currents, mineral particles form into longitudinal bands
which are the elements of the transfer of solid in the water flow. At a definite water flow
mode, particles motion is carried out with the help of the capillary waves in the form of
separate portions. At a spiral trough with a smooth profile, the water flows replete with
mineral particles, transport particles towards the outer side.

The motive powers of particles stratification in a flow are lift forces [7]. Lift forces
result from capillary waves motion because surface flows possess higher speeds than
undercurrents. Within the limits of such wave transverse circulation occurs which
predetermines vertical velocity component. Their values are of the same order as the
lift forces from undercurrents.

Particles disintegration in a pulp flow is undoubtedly also determined by their
encounter which occurs because of velocity gradient in depth. Being in the disintegrated
state, particles in a spiral flow clash, and distance between them increases and decreases.

There inevitably occurs “sifting” of the minor heavier particles into the spans
between the coarse particles. At that lighter coarse particles move in the upper layers of
a flow by means of their “wedging up” and displacement by the minor particles [10].
This natural process of particles stratification by size and density is called segregation.

The processes of segregation are widely known at solid particles transportation by
water both in natural conditions and at concentrating gravitational devices. The presence
of additional impacts on a pulp flow, such as centrifugal force (for a spiral separator) or
inertial vibrational forces (for a concentrating table, a jigging machine, and a hydraulic
screen) intensifies material segregational stratification by size and density [10—-16].

Particles stratification by size and density goes on simultaneously. Stratification by
density can be intensified with the help of oscillations and upward water flow, and the
higher total mobility and disintegration of particles is, the better stratification by density
and the worse stratification by size is.

Stratification by density occurs when a heavy particle can advance into the lower
layer if under the particle an intergranular channel of a slightly bigger size forms. In the
process of a heavy particle motion through the layer of fine light particles it has to
overcome resistance of the surrounding particles [7].

Transverse circulation significantly influences the process of particles stratification
by density. Solid phase located within the limits of the lower branch of transverse
circulation, mowing downwards gradually shifts towards the axis of the device under
the effect of hydrodynamic pressure which is the result of gravitational force, centrifugal
force, and friction force. This shift doesn’t depend on the presence of the heavy particles
in this layer. The whole layer shifts. Heavy particles surrounded by the particles
of a waste rock comply with the general character of the whole layer of the particles motion.
At that, heavy particles gradually advance into the field of a flow with the shallower
depths. Because of this, light particles of the layer under consideration are found within
the limits of the transverse circulation upper branch, where the motion is directed along
the unfolding spiral towards the outer side. At that, the upper layers of light particles
pull away from the axis of a spiral trough.

In the process of the lower layer displacement towards the field of a concentrate,
there occurs the displacement of lighter particles by the heavier particle into the upper
layers. By means of this, heavy particles concentration near the inner side increases.

The velocity of the pulp transverse flow at a spiral trough is directly proportional
to the velocity of the pulp longitudinal flow. The larger the flow’s depth is, together
with the relation of coils pitch to the trough’s diameter and the angle of transverse
section to the horizon, the higher the transverse circulation velocity is.
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Thus, when concentrating at a spiral device, heavier particles center near the inner
side of the trough side, when the lighter particles center near the outer side, which
makes it possible to divide them as the pulp comes down the trough.

Results area of application. The process of stratification by density at a spiral
device is more effective for a narrow grain size class of the primary product. If heavy
minerals are generally represented by “slime” particles, then for their isolation into
a heavy product mainly laminar mode of pulp motion along the spiral trough is required.
Therefore, in order to eliminate the effect of size on the separation results, spiral devices
are divided into spiral separators and spiral sluices which are distinguished by the
profile of the trough transverse section. The former are applied for the concentration
of the particles with the size of 0.071-2 mm, the latter are applied for the concentration of
the particles with the size of 0.03—0.5 mm.

Conclusion. The basic feature of mass transfer at spiral devices is the presence
of capillary and gravitational waves, generation of circulating flows moving in the upper
layers along the unfolding spirals and along the folding spirals at the bottom. Motive powers
of particles stratification in a flow are lift forces and transverse circulations of flows.
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OCOBEHHOCTW MACCOMEPEHOCA HA BUHTOBbBIX AMMAPATAX

Ipoxonses C. A.l, [leneBun A. E.2, Mopo3os 0. I1.2
' 000 IIK «Cruput», UpkyTck, Poccus.
2 VpaIibCKuit TOCYIapCTBEHHBIH rOpHbI yHUBepcuTeT, Exarepunbypr, Poccus.

Llenvto pabomur sensiemcs paccmompeHue MeXaHU3Ma MACCONePeHOCd HA GUHMOBBIX Cenapamopax
U onpeoenenue OBUNCYWUX CUTL PACCIOeHUs YACMUY 6 NOMOKe.

Memoouka npoeedenus ucciredosanuii. Paccmompervl 0npocvl MACCOnepeHoca 600HbIX NOMOKO8 U
nYIbNbl HA UHMOBLIX cenapamopax. s oyenKu cOCMOAHUA U PENCUMO8 NOMOKO8 ONpedelenbl YUCad
®@pyda u Peiinonvoca. [loxkazano, umo 800Hble NOMOKU HA GUHIMOBLIX ANNAPAMAX OMHOCAMCS K CIIOMNC-
HbIM hopmam Oeudicenus cuokocmu. OHU He umerom NOCmosHHOU 2yOuHbl U CKOPOCMU NO WUpuHe
arcenoba. B oonom dcenobe 600l NOMOK OOHOBPEMEHHO UMEEeNn HECKOTLKO PENCUMO8 U COCMOSHUL — OMm
JAMUHAPHO20 «CROKOUHO20Y, IAMUHAPHO2O «6YPHO20» 00 MYpOYIeHMHO20 «BYDHO20.

Pe3ynvmameul u ux ananu3s. Ycmauosneno Hanuyue KANULIAPHBIX U 2DAGUMAYUOHHBIX GOIH, HONEPEYHBIX
yupkynsyui nomoxos. Mccrnedosanus no onpeoenenHuio YupKyuisayuil Ha UHMOBbIX Jicelodax nokazaiu,
umo 6epxHue NOMOKU OBUICYMCA NO PA3BEPMBIBAOWUMC CRUPATAM, NOCHENEHHO NPUOIUNCAACH
K gHewnemy 6opmy. Oxkazaguiucey 601uU3U OHA, BOOHBLE CIPYU OBUICYMCS NO CEEPMbIBAIOWUMCSI CRUPATISM
C YMEHbULAOWUMCI PAOUYCOM. DKCHEPUMEHMANLHO ONPeOeleH0 HAnudue NONepeyHol YupKyisayuu no-
moka. Boonvie cmpyu npu 08udicenuu 6Hu3 no Jcenody onycKaromces 8 2yob nomoxa y eHeuine2o bopma u
NOOHUMAIOMCSL 66ePX OMHOCUMENbHO OHA Y 6HYymMpeHHe20 bopma. Ha eunmoswvix sicenobax ouamempom
bonee 1 m'y enewne2o bopma npucymcmesyem 6mopudHas NONePeyHdast YUpKyIsiyusi ¢ OpyeuM Hanpasie-
Huem 80OHBIX cmpyil. Meoicdy nepeoii u 6MopUUHOU YUPKYIAYUAMY CYUeCmEyem NPOMeNCYMOYHAs 30HA
be3 yupkynsyuu.

Bb1600. Packpvim mexanusm pazoenenusi 4acmuy no NIOMHOCMU HA 8UuHmMogom cenapamope. OCHO6HbI-
MU OBUNCYWUMU CUAMU PACCIOEHUS. YACMUY 8 NOMOKe AGIAIOMCA NOObEMHbIE CUTbI, KOMOPble 803HU-
Kaiom om 08UIICEHUsl KANUIAPHBIX U 2PABUMAYUOHHBIX GOIH U NONEPEYHOU YUPKYIAYUU NOTHOKA.

Knroueewvie cnoea: sunmosas cenapayusl; MexaHusm paccloeHus; KanuiiipHole U cpasumdayuoHHble
60JIHbL, nonepednas YyupKyJiayus nonoKkos.
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