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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.
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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.

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: 
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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. 

The current state of the theory and practice of spiral separation is sufficiently ex-
plored [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. With-
in one trough, the water flow has several modes and states simultaneously, from lami-
nar to turbulent supercritical. 

The state and modes of the water flows are determined by the Froude number:  
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where  is the speed of the water flow, m/s; H is the depth of the water flow, m; g is 
the gravitational acceleration, m/s2;  is the kinematic viscosity coefficient, m2/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 = ƒ(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.  

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 corre-
lation 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 
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 mo-
tion 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 repre-
sented at fig. 1. 

The presence of transverse circulation has been experimentally determined, the 
scheme of which is represented at fig. 2, a. 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. 

When investigating at spiral troughs with the diameter more than 1 m near the out-
er side, secondary circulation with different direction of the water currents has been 
discovered (fig. 2, b) [7].  
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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/s2; ν is the kinematic viscosity coefficient, m2/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. 

 
Fig. 1. The scheme of water circulation: 

1 – motion of the surface water currents; 2 – motion of the water 
current at the bottom  

Рис. 1. Схема циркуляции воды: 
1 – движение поверхностных струй воды; 2 – движение донных 
струй воды 
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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 
Рис. 1. Схема циркуляции воды:

1 – движение поверхностных струй воды; 2 – движение донных 
струй воды

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, a. 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.

 

 
Fig. 2. The scheme of the water flows’ transverse circulation:  

a – the scheme of transverse circulation; b – secondary transverse circulation; 1 – spiral trough axis; 2 – spiral 
trough 

Рис. 2. Схема поперечной циркуляции водных потоков: 
а – схема поперечной циркуляции; b – двойная поперечная циркуляция; 1 – ось винтового желоба; 2 – 
винтовой желоб 
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Fig. 2. The scheme of the water flows’ transverse circulation: 
a – the scheme of transverse circulation; b – secondary transverse circulation; 1 – spiral trough axis; 2 – spiral trough

Рис. 2. Схема поперечной циркуляции водных потоков:
а – схема поперечной циркуляции; b – двойная поперечная циркуляция; 1 – ось винтового желоба; 2 – вин-

товой желоб

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  



 "Izvestiya vysshikh uchebnykh zavedenii. Gornyi zhurnal". No. 7. 2018 ISSN 0536-102870

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.

 

 
Fig. 3. The parameters of a water flow – 1 and the pulp flow with the mass share of solid in the power 
supply 31 % – 2 at a spiral trough 
Рис. 3. Параметры водного потока – 1 и потока пульпы с массовой долей твердого в питании 
31 % – 2 на винтовом желобе 
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Fig. 3. The parameters of a water flow – 1 and the pulp flow with the mass share of solid in the power 
supply 31 % – 2 at a spiral trough

Рис. 3. Параметры водного потока – 1 и потока пульпы с массовой долей твердого в питании  
31 % – 2 на винтовом желобе

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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ОСОБЕННОСТИ МАССОПЕРЕНОСА НА ВИНТОВЫХ АППАРАТАХ

Прокопьев С. А.1, Пелевин А. Е.2, Морозов Ю. П.2
1 ООО ПК «Спирит», Иркутск, Россия.
2 Уральский государственный горный университет, Екатеринбург, Россия.

Целью работы является рассмотрение механизма массопереноса на винтовых сепараторах  
и определение движущих сил расслоения частиц в потоке.
Методика проведения исследований. Рассмотрены вопросы массопереноса водных потоков и 
пульпы на винтовых сепараторах. Для оценки состояния и режимов потоков определены числа 
Фруда и Рейнольдса. Показано, что водные потоки на винтовых аппаратах относятся к слож-
ным формам движения жидкости. Они не имеют постоянной глубины и скорости по ширине 
желоба. В одном желобе водный поток одновременно имеет несколько режимов и состояний – от 
ламинарного «спокойного», ламинарного «бурного» до турбулентного «бурного».
Результаты и их анализ. Установлено наличие капиллярных и гравитационных волн, поперечных 
циркуляций потоков. Исследования по определению циркуляций на винтовых желобах показали, 
что верхние потоки движутся по развертывающимся спиралям, постепенно приближаясь  
к внешнему борту. Оказавшись вблизи дна, водные струи движутся по свертывающимся спиралям 
с уменьшающимся радиусом. Экспериментально определено наличие поперечной циркуляции по-
тока. Водные струи при движении вниз по желобу опускаются в глубь потока у внешнего борта и 
поднимаются вверх относительно дна у внутреннего борта. На винтовых желобах диаметром 
более 1 м у внешнего борта присутствует вторичная поперечная циркуляция с другим направле-
нием водных струй. Между первой и вторичной циркуляциями существует промежуточная зона 
без циркуляции.
Вывод. Раскрыт механизм разделения частиц по плотности на винтовом сепараторе. Основны-
ми движущими силами расслоения частиц в потоке являются подъемные силы, которые возни-
кают от движения капиллярных и гравитационных волн и поперечной циркуляции потока.

Ключевые слова: винтовая сепарация; механизм расслоения; капиллярные и гравитационные  
волны; поперечная циркуляция потоков.
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