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Abstract. The movement of material particles along gravitational surfaces is used in
special devices for their separation by physical and mechanical properties. For this,
stationary helical surfaces of constant pitch are used. In the mining industry, screw
separators with different axial cross-sections (chute) are used for the enrichment of ores.
Grain separation is carried out on linear helical surfaces, which are compartments of an
oblique helicoid. Despite the fact that such separators are passive working bodies and do
not require energy to drive them, they also have disadvantages. This is relatively low
performance and low resolution.

Now the calculation of the relationship between the kinematic parameters of the
movement, the coefficient of friction and the design parameters of the separator, as well as
the case when its surface is an expanding helicoid, has been carried out.

The purpose of the research is the analysis of a helical surface with various design
parameters for the purpose of improving its resolution using mathematical and geometric
modeling of the process without the production of surface models.

Solving the problem of building the trajectory of the movement of a material particle
along the surface under the action of its own weight is preceded by the problem of finding
the trajectory on an inclined plane.

It is described by a system of equations, which is non-linear and numerical methods
must be used for its integration. Modern software products make it possible not only to
find the trajectory of a particle's movement, but also to show it on the surface and even
make an animation, which essentially replaces high-speed photography. This approach
makes it possible to study the kinematic parameters of movement on various helical
surfaces without full-scale samples of these surfaces, which significantly reduces the cost
of searching for the necessary surfaces.

The motion of a particle along a helical conoid and a spreading helicoid is
considered. It has been established that the nature of the particle movement will also be
different for different surfaces. When moving along the surface of a helical conoid, a
particle first accelerates in the presence of friction, and then stops at a considerable
distance from its axis. To prevent this, it is necessary to take a limited compartment of the
conoid both in height and along its periphery. When a particle moves along the surface of
an expanding helicoid, its speed becomes constant over time, and the trajectory after that
will be a helical line.

123


mailto:a.nesvidomin@gmail.com

"Enepzemuka i agmomamuxa'’, Ne3 2023 p.

In further research, it is necessary to use the developed approaches to identify the
possibilities of material separation not only after the stabilization of the movement, but
also during the transition process, since its visualization has become possible. This will
make it possible to select a surface compartment of the optimal size, which will ensure the
required separation performance due to the dispersion of particles with different friction
coefficients on its surface.

Key words: mathematical modeling, trajectory of particle movement, speed of
movement, helical conoid, unfolding helicoid

Topicality. The movement of material particles along gravitational surfaces, that is,
the movement of particles along surfaces under the influence of their own weight, is used
in special devices for their separation by physical and mechanical properties. For this,
stationary helical surfaces of constant pitch are used. In the mining industry, screw
separators with a different shape of the axial section (trough) are used for the enrichment
of ores [1]. Grain separation is carried out on linear helical surfaces, which are
compartments of an oblique helicoid. After stabilization of the process, seeds with
different friction coefficients move at constant speeds along helical lines at different
distances from the axis of the helicoid. Despite the fact that such separators are passive
working bodies and do not require energy to drive them, they also have disadvantages.
This is relatively low performance and low resolution (a small difference in the trajectories
of particles with different physical and mechanical properties) [2].

Analysis of recent research and publications. The calculation of the relationship
between the kinematic parameters of movement, the coefficient of friction and the design
parameters of the separator is carried out in works [3, 4]. The work [4] considered and
made calculations for the separator in the case when its surface is an unfolding helicoid.
The transition process to the stabilization of the movement of a particle on such a surface
Is considered in detail in the work [5].

The purpose of the article is investigate helical surfaces with different design
parameters to improve their resolution using mathematical and geometric modeling of the
process without making surface models.

Materials and methods of research. Solving the problem of constructing the
trajectory of the movement of a material particle along the surface under the action of its

own weight is preceded by the problem of finding the trajectory on an inclined plane. If a

124



"Enepzemuxa i asmomamuxa’, Ne3 2023 p.
material particle hits an inclined plane with a certain initial speed v ,and a certain angle of
inclination to the horizon, then it will move along a certain curve (in the absence of
friction and air resistance, the trajectory will be a parabola). The centrifugal force caused
by the curvature of the trajectory k always acts along the main normal of the curve in the
opposite direction of its direction and is determined from the expression mv 2k, where m is
the mass of the particle, v is its velocity. Since the trajectory on the plane is a flat curve,
the vector of action of the centrifugal force is located in the plane of the curve. The vector
t ma=F

of this force is included in the main equation of the dynamics of a poin 'where m

Is the mass of the point (particle), a - the acceleration given to it by the equivalent forces

applied to the point. F. If we take the surface, then the vector of the centrifugal force must
be decomposed into two mutually perpendicular components: one component mv 2k -sin
gacts in the plane tangential to the surface perpendicular to the direction of movement, the
other mv *k -cos & along the normal to the surface, increasing or decreasing the pressure
on the surface, where &is the angle between the normal to the surface and the main normal
of the trajectory. , Expressions k cos &= k , and k sin &= k g in differential geometry are
called the normal and geodesic curvature of the curve on the surface, respectively. Normal
curvature is determined by the coefficients of the first and second quadratic forms, and

geodesic curvature is determined by the coefficients of only the first quadratic form of the

surface. If we write down the main equation of the dynamics of a point ma="F in the
projections onto the orthos of the accompanying Darboux trihedron of the trajectory, then
it reduces to a system of differential equations (the derivation of these equations is shown
in detail in the work [5]):

v%: gcosy — f(gcosw + v’k );
v’k =gcose, (1)
where f is the coefficient of friction; s is the length of the arc of the trajectory; g = 9.81

m/s 2 - Acceleration of gravity; v, ¢, - the angles between the particle weight vector and

each of the vertices of the trihedron.

125



"Enepzemuxa i asmomamuxa’, Ne3 2023 p.

System (1) does not include the mass of the particle m , since the equations were
reduced to it (this is possible in the absence of other applied forces besides the weight
force mg acting on the particle). System (1) describes the movement of a material point
along a gravitational surface in the general case, while the angles v, ¢, ®, velocity v ,
geodesic k 4 and normal k , curvature of the trajectory are functions of its arc s or another
parameter that defines the curve on the surface. If the surface is given by parametric
equations X =X (a,u); Y=Y (aUu);Z=2Z( a u), whereaw and u are independent
variables, then solving system (1) means finding such a relationship between the
variablesa and u so that the conditions of this system are met at each point of the curve
that will form on the surface with the found dependence.

If system (1) is drawn for a specific surface, then it will be nonlinear and numerical
methods must be used for its integration. Modern software products make it possible not
only to find the trajectory of a particle's movement, but also to show it on the surface and
even make an animation, which essentially replaces high-speed photography. This
approach makes it possible to study the kinematic parameters of movement on various
helical surfaces without full-scale samples of these surfaces, which significantly reduces
the cost of searching for the necessary surfaces. Take for example some helical surfaces.

Research results and their discussion. For a helical conoid given by parametric
equations:

X =ucosa; Y =using; Z =ba, (2)

where b is a screw parameter (constant value), system (1) takes the form [6]

v?sin ,B(thw+ d—ﬂj =bg cos S;
da
vsin g dv : ,Sin2p
—=0sin - f(v shw),
b de 98N AT TV gy TS
where W:I ctgfde 3)
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Fig. 1. Graphic illustrations of the movement of a material particle on the
surface of a helical conoid (helix parameter b =0.6):
a - trajectory of a particle from the start of movement to the moment of stopping;
b - dependences of changes in the velocity of particles with different friction
coefficients

The solution of system (3) is two dependencies: particle speed v = v ( @) and the
angle p= pB( o) between the generators of the conoid and the trajectory of motion. The
integration of the system showed that the particle, starting its movement with an initial
speed close to zero, first accelerates, moves away from the axis of the conoid and stops
(Fig. 1a). This is explained by the fact that as it moves away from the axis of the conoid,
the angle of inclination of the trajectory to the horizontal plane decreases and the moment
comes when the particle can no longer overcome the force of friction. On the graph of the
change in the speed of particle movement as a function of time (Fig. 1b), it can be seen
that the particles with the highest friction coefficient stop the fastest. In the absence of
friction and air resistance, the particle will not stop: its speed approaches a constant value
over time.

For an expanding helicoid given by parametric equations:

X =Rcosa + (Ra —ucos g)sin «;
Y =Rsin @ — (Ra —ucos f)cosa;
Z =usin g, (4)
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where R is the radius of the cylinder on which the spiral line is located - the edge of the

surface return (4), - the angle of elevation of the spiral line, the system (1) takes the form

[5]:

vsin f(Ra—ucos ) |

v =9 ursin p—f gcosﬂ\/u'2 +(Ra —ucos f)* + ;
v v X/u’z +(Ra —ucos f)?
" g . 2 2 ,R—ZU,COSﬂ
u”=-2-sin ﬂ[u +(Ra —ucos f) ]+u ————— —(Ra—ucos g)cos S.
Vv Ra —ucos g (5)
y=n/4 y=0

y=n/2

a b
Fig. 2. The trajectories of the movement of a material particle and the corresponding
velocity graphs under the same initial conditions ( a, =0, u, =20 m, v, =15 m/s, f =0.3)
and different directions at the beginning of the movement ( y - the angle between the

direction of the vector of the initial speed and rectilinear generating surface)

The solution of system (5) is the dependencies v=v ( @) and u = u ( @) . The first
characterizes the change in speed, and the second establishes the relationship between the
independent variables of the surface (4) and thereby sets the trajectory of the particle's
movement on it. In fig. 2a shows a section of the unfolded helicoid surface and the
trajectory of the particle, obtained as a result of the integration of system (5). From fig. 2,

and it can be seen that after several revolutions the particles that started their movement in

128



"Enepzemuka i agmomamuxa'’, Ne3 2023 p.

different directions on the surface move further along a common trajectory, which is a
helical line. Their speed also stabilizes and becomes constant after approximately three
revolutions ( @~20 rad. according to Fig. 2b). After stabilization of the motion, that is, at v
= const and p= const , where pis the distance from the axis of the helicoid to the particle
on the surface, it is possible to solve system (5) in elementary functions and determine the
speed of movement v of the particle and the distance pdepending on the structural
parameters of the surface R and £, and the coefficient of friction f [5].

Conclusions and perspectives. Modeling of the movement of a material particle
along helical surfaces and its research using modern means of numerical integration and
visualization showed that the character of the movement of the particle will also be
different for different surfaces. When moving along the surface of a helical conoid, a
particle first accelerates in the presence of friction, and then stops at a considerable
distance from its axis. To prevent this, it is necessary to take a limited compartment of the
conoid both in height and along its periphery. When a particle moves along the surface of
an expanding helicoid, its speed becomes constant over time, and the trajectory after that
will be a helical line.

The prospects for further research are to use the developed approaches to reveal the
possibilities of material separation not only after the stabilization of the movement, but
also during the transition process, since its visualization has become possible. This will
make it possible to select a surface compartment of the optimal size, which will ensure the
required separation performance due to the dispersion of particles with different friction
coefficients on its surface. At the same time, the developed approach will make it possible
to simulate the movement of a particle on other helical surfaces (oblique closed helicoid,
oblique open helicoid), as well as on helical surfaces with a variable pitch without making
models of these surfaces.
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EPTOHOMIYHI ACIIEKTH MOJEJIOBAHHS ITPOLIECY CEITAPALIIL
MATEPIAJIY HA CTAHIOHAPHUX I'BUHTOBUX ITOBEPXHSAX
C. @. lHununaxa, A. B. Heceéioomin
AHoOTanigs. Pyx mamepiarbHux UYACMUHOK NO  2paABIMAYIUHUX  NOBEPXHSX
BUKOPUCMOBYEMBCS Y CREYIANbHUX NPUCMPOosaX OiA ix cenapayii 3a (i3uxo-mexanidHumu
eracmugocmamu. [ ybo2o 3acmoco8yiomscs CMayioHapHi 26UHMOBT NOBEPXHI CIMAL020
Kpoky. YV eipcokopyoniii npomucinosocmi 0ias 30a2aueHHs pyo0 BGUKOPUCOBYHOMbCS
2BUHMOBI cenapamopu 3 PizHo POPMOI 0Ccb08020 nepepizy (dconoba). Cenapayis 3epHa
30ILICHIOEMbCS HA TTHIUYAMUX 28UHMOBUX NOBEPXHAX, AKUMU € BI0CIKU KOCO20 2eNikoioa.
He ouensauuce na me, wo maxi cenapamopu € NACUBHUMU POOOUUMU Op2AHAMU I He
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nompebyrome 3ampam enepeii 05 ix npueody, 6oHu maromo i Heooniku. lle nopieHsaHo
HesenuKa NpoOyKMUBHICMb i MAld po30iNbHA 30AMHICb.

Huni 30iticnenuti po3paxynox 63aemo36’A3Ky MIdHC KIHEMAMU4HUMU napamempamu
PYXy, Koegiyienmom mepms i KOHCMPYKMUSHUMU NAPAMEMPAMU Cenapamopa, a maxkoic
BUNAOKY, KOIU 1020 NOBEPXHSL € PO32OPMHUM 2€liKOIOOM.

Memornoocniodxcenus € ananiz 26UHMOBOI NOBEPXHI i3 PISHUMU KOHCMPYKMUGHUMU
napamempamu Ha npeomem NOKpauwjeHHs ii po30ibHOI 30amHOCmi 3a O00NOMO20I0
MAMEeMamuyHo20 i 2eoOMempuUyHo20 MOOeN08AHHS npoyecy Oe3 8ueomosieHHs Mooenel
Nn0GEPXOHD.

Po3zs’sizanunio 3a0aui nobyoosu mpackmopii pyxy mamepianbHOi 4acmuHKu HO
nogepxui nid OIi€l0 CUNU 81ACHOI 8acu nepedye 3a0aya 3HAXOOHNCEHHS MPAEKMOpIi Ha
NOXUJIIU NIIOUJUHL.

Bouna onucyemwvcsi cucmemoro pienanv, axa € HeniHiuHOW [ 0N il IHMe2py8aHHs
nompibHo 3acmocogysamu uucenvti memoou. CyuacHi npocpamHi npooyKmu O0aromo
MOJNCIUBICMb HE MINbKU 3HAXOOUMU MPAEKMOPII0 PyXy 4aCMUHKU, a i nokazamu ii Ha
NOBEPXHI | HABIMb 3pOOUMU AHIMAYIIO, AKA NO CYMI 3AMIHAE WEUOKICHY 3uoMKYy. Takuil
nioxio odae 3moey 00CiOAHCY8amU KIHeMAMUYHi napamempu pyxy no DIi3HUX 26UHMOBUX
NOBepXHAX 0e3 HAMypHUX 3pasKié Yux NOBepPXOHb, WO 3HAYHO 30€UleBNIOE NOULYK
NOMPIOHUX NOBEPXOHD.

Poszensnymo pyx uwacmunku no 28uHmMo8oOMy KOHOIOY ma pO320PMHOMY 2eliKoioy.
Bcmanoeneno, wo 015 piznux nogepxonv xapaxkmep pyxy YACMUHKU medxc Oyoe pDi3HULL.
Ilpu pyci no nosepxmi 26uHmM0O6020 KOHOIOA YACMUHKA 34 HASABHOCMI Mepms CHOYAmK)
PO32AHAEMbCA, A NOMIM 3YNUHAEMbCSL HA 3HAYHIU 8i0cmani 8i0 1io2o oci. Il[o6 3anobiemu
Yybomy, nompioHo Opamu oOMedxiceHUll 8IOCIK KOHOIOA AK NO GUcomi, maxk i no Utuo2o
nepugepii. Ilpu pyci yacmuHKu nO NOGEPXHI PO32OPMHO20 2eNiKoida il WeUOKIiCmb 3
yacom cmae NOCMILHON, A MPAEKMOPIEIO NICTIA Yb02O Oy0e 28UHMOBA JIIHI.

Ilpu noodanvuiux 0ocniodceHHsx HeoOXIOHO 3a 00NOMO20H0 PO3PoOaeHUX NiOX00i8
BUABUMU MOJNCIUBOCMI cenapayii mamepianry He MilbKu nicis cmaoinizayii pyxy, a i nio
yac nepexiono2o npoyecy, OCKLIbKU CMAala MOMCIUBOIO tlo2o eizyanizayis. e dozeonumo
nidiopamu  8i0CIK NOBEPXHI ONMUMANLHO20 PO3MIPY, AKULL 3abe3neyums HOMPIOHY
NPOOYKMUBHICMb  cenapayii 3a PaxyHoK pO330CePeOdCeHH YACMUHOK i3  PI3HUM
Koegiyicumom mepms no 1020 NOBEPXHi.

Kuarw4oBi cioBa: mamemamuune mooenroeanus, mpackmopia pyxy 4acmuHKU,
UWBUOKICIb PYXY, 26UHM 06U KOHOI0, PO320PMHUIL 2€1IK0I0
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