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Summary. The article considers the model of transporting bulk cargo by flow by vertical high-speed
screw conveyors. The peculiarities of mutual movement of cohesive and fine cargoes, in particular, in the
conditions of their layer-by-layer movement, are revealed. To analyze the stress-strain state of bulk cargo in
the conditions of screw conveying, a special helical coordinate system was used, which made it possible to
significantly simplify the solution of the problem. The dependences for describing the shape of the helical
surface that restricts the flow of cargo under the condition of incomplete filling of the working space, the
volume of the elementary sector of the flow and its center of gravity are derived. The use of the model of
layer-by-layer material motion is substantiated, and the distribution of linear and angular velocities of
particles in the flow and, accordingly, centrifugal forces is determined. It is shown that for vertical high-
speed conveyors, the motion of the flow as a whole and its individual particles retains the laws of helical
transporting, which makes it possible to use the model of a material particle with the given parameters to
calculate the design and operating modes of the conveyor.

Key words: vertical screw conveyors, loose cargo, continuous medium, helical coordinate system, strain
rates, stresses, kinematics of the flow loose cargo.

https://doi.org/10.33108/visnyk_tntu2023.03.005 Received 06.06.2023

Statement of the problem. The simplicity, high reliability, tightness of
construction, environmental friendliness and relatively low cost of screw conveyors
contribute to their widespread use in various industries for the transport of bulk
cargo. Recently, high-speed screw conveyors have become widespread, as their
performance is virtually independent of their spatial location and they are widely
used in the automation of various transport and technological processes. The disadvantage
of such conveyors, compared to other continuous transport machines, is their high
energy consumption. A significant reduction in the energy consumption of high-speed
screw conveyors can be achieved by optimizing the transport modes, which is possible
only if there are adequate models of cargo flow in the working space of screw
conveyors. The existing analytical dependencies are mainly based on models of material
particles, which does not fully reveal the influence of factors on the performance
characteristics of screw conveyors. To build more adequate models, it is necessary
to establish the patterns of movement of cargo particles in the flow and their impact
on the conveying process as a whole. Since the most severe conveying conditions
are observed for vertically placed conveyors, their calculation is a priority in terms
of versatility, and the results obtained will satisfy the technical requirements for other
options for the location of the conveying route.

Analysis of the available investigations. To study many technological processes of
interaction between working bodies and the working environment, the latter is described as a
continuous medium and studied by appropriate analytical and numerical methods. In
particular, the finite element method is widely used to study continuous media [1]. However,
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for the study of a system of solid particles (objects), models for continuous media do not
allow to assess the dynamics of individual particles and the processes of their interaction with
each other. To study such systems, the discrete element method (DEM), described in detail
in [2], has become widespread. In particular, the DEM method has been successfully used to
model the transport system of screw conveyors [3] and the loading of a bunker with grain
material [4]. A comparison of DEM modelling with the results of laboratory experiments of
screw conveyors is given in [5]. However, their disadvantage, as well as numerical methods
in general, is the inability to obtain analytical dependencies to describe the influence of
various factors on process parameters. The relationship of design parameters and operating
modes with the operational characteristics of vertical conveyors is described in detail in
models of material particle transport with the given parameters [6, 7, 8]. However, such
models do not reveal the processes that occur during the complex helical motion of particles
in the cargo flow. A number of papers [9, 10] reveal the peculiarities of the cargo flow, where,
in particular, the distribution of velocities in the flow is studied, but such studies are partial
and not sufficient for practical use.

The Objective of the work. To investigate the regularities of the distribution of particle
velocities in the flow during the transport of bulk cargo by screw conveyors and to establish the
influence of the uneven distribution of particle velocities on the kinematics and dynamics of
the flow as a whole and on the calculation of the operational parameters of high-speed vertical
CONVeYyors.

Statement of the task. Let's consider the process of transporting bulk cargo by a high-
speed vertical conveyor, for which the force conditions of transportation are the most severe.
During transportation, the bulk cargo flows through the working channel formed by adjacent
helical turns of the working body, the rotation of which causes axial movement of the cargo
due to interaction with the surface of the casing.

An important factor that affects the speed of screw conveyors is the rheology of the
cargo. When transporting cohesive cargoes, the movement of particles in the flow is limited by
the imposed inter-element bonds, and a material particle model with the following parameters
is quite suitable for calculating conveyors, since the axial angular velocity of rotation o,

particles in a helical motion will be constant across the flow section. Their axial velocity v,
related to angular velocity o , by the dependence [11]:

V, =c-(0-0,), 1)

where ® - is the angular velocity of the screw working tool;c — screw T pitch setting,

c=TI(2m).
With a known angular velocity of the screw, the angular velocity of the helical motion
of the flow particles will be [11]:

o

:1+th/tgoc ’ @)

W

where B —is the angle of rise of the helical trajectory of the particle relative to the plane of the

normal cross-section of the conveyor; a — running angle of rise of the helical screw surface,
which is related to the radial parameter of the screw p by the dependence tgo=c/p . For
vertical and steeply inclined conveyors, a rapidly converging recurrence relation is given in [1],
where the second iteration gives an almost exact match with the result calculated by numerical
methods (error not exceeding 0.5%):
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tg, = tg o] 2 \/1+ il B 1 @3)
2 A_ sinasin(a+ ;)
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Rtga cos B; . .
where A = Ha0 gfx Piy parameter of the iteration process; ¢, — angle of external
gsiny

friction of the load to the surface of the screw belt ¢, =arctgp,; p,Ta p, —are, respectively,
the coefficients of external friction of the load against the surfaces of the screw (screw belt) coil
and the casing; y — conveyor inclination angle, for vertical conveyors v = /2.

For the initial value B, in (3), depending on the conveyor speed, take an arbitrary

value from the range0<B, <n/2-a—-¢,, where the lower value corresponds to the
case of feed interruption in the axial direction (v, =0), and the upper one for high-speed
mode (@ —> ).

Taking into account that the relation between the angular velocity of a particle o, and

angular velocity o of the screw impeller calculated by (2) and (3) is practically straightforward,
in [12] approximation dependencies for determining v, and  ,. This is the axial velocity of
the particle:

3 c(o—o)
1+tg(a+ ;) tga '

(4)

z

where o, — is the critical angular velocity of a vertical conveyor at which axial transport stops,

tg(a +
o, = J—g to(oc + 1) = mJ—g( )
HyR HoP

band; P — conveyor speed ratio.
The angular velocity of the helical motion of the particle, according to (1),
will be:

. Here R —is the radius of the top edge of the screw

o, o oak+co-tg(oc+(p1)tgoc.
A 1+tg9(a+¢,)tga

(%)

When moving to a bulk cargo flow model, it is necessary to take into account
that, in general, particles move with different angular ®; and linear v; speed and angle

of ascenta;, depending on their radial parameter p; and distance from the spiral

surfaceb, .

Results and discussion. Let's consider a vertical high-speed screw conveyor, for which
we assume a model of layer-by-layer movement of cargo with a constant radial parameter p
layers. In this case, an arbitrary particle or selected flow element will move along a helical
trajectory that is equidistant from the helical surface of the working body. In this case, it is
advisable to use a helical coordinate system Ontb , whose axes are the hodographs of the vectors
of the accompanying triangle of the helical line (the working surface) of the working body. The
axis On of the helical coordinate system is directed normal to the helical line,
Ob — along the binormal, and Or - tangentially. System communication Ontb with a
cylindrical Oppz and Cartesian Oxyz coordinate systems has the form, [13]:
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N=p=y(X2+y2) ;t=0p2+c?; b=(z-c0)-plp?+c?, (6)

where n — radial parameter of a particle, n=p; 0 — its angular parameter,0 ; b — is the

height of the particle above the surface of the spiral. Here, the angular parameter © of the
system Ontb , which determines the location of the selected element (particle), is related to
the angular parameter ¢ of the system Opoz by dependence:

6 = gpk + 2y, (7

where k and y — are the curvature and torsion of the helical line, respectively, k = p/(p? + ¢?)
.y =cl(p? +¢%); ¢ —isthe angular parameter of a particle in the cylindrical coordinate system,
@ =arccos(x/4/x*+y?),for 0< @< and ¢ = 2w —arccos(x//x*+y?) for t<p<2x.

To establish the features of the helical flow of bulk cargo, consider a model of a

continuous medium. Let's distinguish an elementary volume in the flow, the location of which
corresponds to the location of a particle in the flow A . For large deformations of an anisotropic

medium, the main axes of the tensor {r;} stresses coincide with the main axes of the tensor
{7i;} deformation rates. We assume that for dry bulk cereal non-viscous materials, the mutual

movement of particles is determined by the laws of distribution of internal friction according
to the Amont-Coulomb law:

T = —MPAV /|AV|, (8)

where p — coefficient of internal friction; Av — relative speed between the elements (layers)
under consideration Av =dr; /dt—dr; /dt; © —time parameter.

For a given elementary volume A of a cargo of density p,, the equilibrium equation in
the helical coordinate system is given by [13]:

15e] ot ot

on atm ’ agb +k(oy = 6) + AT +Pm(dy — ) =0;

ot 0o, Ot

8r:t " 5tt i [t)b + 2Kty + A Tpn + P (9 — &) = 0; ! )
ot ot 15e]

8:1b ’ Oib ’ be +Ktpy = 2T +Pm(9p — @) =0,

where o; and t;; —normal and tangential stresses; g,,, g, and g, — projections of the earth's

gravity acceleration vector on the axes of the system Onsb ; a,, a,, and a, — projections of

the acceleration vector of the selected volume on the axes Ontb .
The velocity v, of the selected elementary volume A of the flow will be decomposed

into orthogonal coordinate systems asV, = v, i +V,f +v,b . Thus, the linear ¢, and angular Vii
strain rates in the Ontb coordinate system will be:

g =ov lon; & =ov/ot+ky: & =ov,/b:

10
oo = OV 0D+ OV JON S e = OV SO+ VN =k Ty =V Jt 4 OV JOD =0, O
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During the transport of goods by vertical screw conveyors, there is a steady (stationary)
flow, the parameters of which do not change in time ¢, and the radial v, and binormal v,

components of the velocity v, of the elementary volume A, compared with its tangential
component v, are insignificant or absent. So, let's assumev, =v, =0, which is typical for

layer-by-layer movement, where the velocity of the allocated volume has a component only
along the orthogon t, v, =v, = const . Accordingly, the strain rates in the flow with layer-by-

layer movement of the load will be, [13]:
€ =8 =&, =V =0, ymzavt/an—kvt, }'/thth/ab, (11)

or finely dispersed cargoes, in the conditions of a helical high-speed dynamic flow, it can be
assumed that normal o, o, and o, the stresses on the surfaces of the allocated volume are

determined only by the average static pressure p, from where o,=0,=06,=0p,
0c /ot = 0o /ot = 0o, /ot = Oplot =0 ta Oc,/on=0plon; Oc,/ob = opldb . Then the system
(6) will take the form:

aplon + x 1y, = PN
Ot /on + Oty /ob + 2kt —p,gsina =0, (12)
oplob -2yt —pn9cosa = 0.

For cohesive materials, the displacement between adjacent particles is insignificant,
and therefore the angular velocity of the steady-state rotational motion of all particles in the
flow relative to the conveyor axis can be considered constant, «,=const. System
components that contain a torsional value x are much smaller than the other components,

and therefore, from the first and third equations of system (8) we obtain an approximate
dependence

db _ noj

P [1+ f (oI, (13)
n gcosa

where f(x) — is a function that takes into account the effect of torsion x of the helical
trajectory f(y)<<1.

Accordingly, the surface of the zero flow level, which limits the volume of the zero-
pressure cargo, can be described in helical coordinates by an approximate relationship.

gn’w;

b(n) =
(m 2gcosa

+C,, (14)

where ¢ —the parameter that takes into account the influence of cargo cohesion is preliminarily
accepted ¢ =1.

At n =0 the angle of rise of the spiral is equal o == /2, and therefore dependence (10)
will make sense only at b(0) =0. So C, =0. In the cylindrical coordinate system, the equation
of the zero-level surface (10) will take the form
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2
h,(n) =h(p)=2-c0 =P A _cp (o +c?)/R. (15)

P
2gcos” a
where P, — the coefficient of speed of the cargo flow, P, = Ro4 / g.

Let's select the flow sector with an elementary angle Aq, which is limited by the

working surfaces of the screw and casing and the zero level surface (11). The elementary
volume of cargo in the selected sector will be

Rk

AV = (PAA@/R)jp3dp=o,25PA(R;‘ —rYAe/R, (16)
r

where R, —radius of the inner surface of the casing;
The centre of gravity of the selected sector will be

r. =08R [1-(r/R,)°1/[A-(r/R)*1=08(R+Ag) =kcR, (17)

where K. —is a parameter for the location of the centre of gravity of an elementary flow sector;

A —the gap between the screw and the casing.

For screw conveyors, the radius of the shaft is usually small compared to the
radius of the top edge of the spiral (r/R =0,15-0.3).Therefore, in the case of reducing
the model of a material particle to the transport of coherent goods by flow for
conveyors with a small radius of the screw shaft, the parameter of the location of the
center of gravity of the flow can be takenk. =08+Az/R. It should be noted
that in addition to the volumetric forces of weight and inertia, the load will be subject
to surface forces from its displacement in the gap between the screw and the shaft,
which are mainly perceived by the outer edge of the edge with a radius of R. Therefore,
it is permissible to use the value of the edge lifting angle in dependencies (1)-(5)
a=arctg(c/R).

For bulk non-cohesive cargoes, especially fine particles, the velocity of particles in the
flow is variable, and therefore the model of its movement as a solid body is unacceptable. Let's
consider the transport of fine cargo in the conditions of layer-by-layer movement, for which
o, =m,(n,b) = const . Since, for an isotropic bulk medium, the axes of the stress tensor
coincide with the axes of the strain rate tensor, then, taking into account (8), we have the
equality of tangential stresses rt,, =1, =up, Which results in equal angular deformations
Ym = Y- 1NEN, taking into account (11), we obtain the differential equation for the velocity
distribution in the flow:

v 10p —vyp I(p? +¢%) = bv, Iéb . (18)

The law of change of the tangential velocity of each particle of the flow is represented
as v, =V, (p,b) =u(p)- f(p+D). By substitution v, in (18), we obtain:

f(p+b)_5lg_f:ﬁ+u(p)_6f(p+b)_p-U(p)~ f(p+b) zu(p)_ﬁf(p+b).

op plrct ob (19)
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Given that of (p+b)/op=2of (p+b)/ob, equation (18) reduces to a differential
equation with respect to the parameter p :

du(p) p-u(p) _
— 5 =0.
dp p-+cC
The solution of the differential equation (20) is given:

u(p) = Ci\Jp? +c?, (21)

where C, — is the integration constant determined from the boundary conditions.
Thus, the tangential component of the velocity of the cargo particle is given by

Vv, = CpyJp2+c? - f(p+b). (22)

It is advisable to approximate the function f(p+b) by the power law

(20)

f(p+b)=a-(p+b)?, where k, and B — are dimensionless model parameters that are
determined experimentally. Then, using the theory of dimensionality, dependence (22) can be

written in the form:
v, =k,o\p2+c? [(p+b)/R]P. (23)

The axial velocity of an arbitrary flow particle is defined as v,, = v.c//p? +b? and,
taking into account (23), will be:

v,, = k,col(p+b)/R]". (24)

Accordingly, the angular velocity of the rotational motion of the particle under the
action of centrifugal forces will be:

o, =w-V,/c=ofl-k[(p+zp/\p?+c?)/R]’}. (25)

Centrifugal force N,, acting on the casing of the screw conveyor from the sector side
with an angle of A0 equal N, = pmH w%dpdzdp , Where from:

AV
Ry P, (p2+c?®)IR
N, = pmA(po)2 J.pdp- j {1-k,[(p+ zpl+lp? +¢%)/R]}dz . (26)
r 0

The analysis of dependencies (24-25) shows that in layer-by-layer motion, linear
velocities v,, gradual movement of the particle and angular velocity o, of the rotating

helical motion depend on the parameters and location of the particle in the flow.
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Accordingly, the force N, from the pressure of the load on the casing during its helical

movement is formed by the centrifugal forces of each particle. The result of solving
the integral equation (26) is difficult to analyse and use in practice. Therefore, taking
into account (16) and (17), it is advisable to present it in the form of an approximate
dependence

where Kk, —is a complex coefficient that reflects the ratio of the reduced angular velocity of the
rotating flow  , to the angular velocity of the conveyor, and is determined by dependencies
(2) and (3), k, =0,4-0,6.

In general, the studies have shown that the use of a simplified model of bulk cargo
transportation based on the model of a material particle with reduced to flow parameters
adequately reproduces the laws of bulk cargo transportation by helical conveyors and can
be used for practical use. In this case, both for the transportation of cohesive materials and
for fine materials, the main axial loads are received by the outer edge of the coil with a
radius of R.

Conclusions. An analysis of the particle motion in the flow is carried out based on the
results of implementing a model of a bulk medium with partial filling of the working space of
a high-speed vertical screw conveyor. It is shown that the consideration of the stress-strain state
of cargo during screw conveying is significantly simplified when using a special helical
coordinate system.

The results of the study show that in the process of screw conveying, the free surface of
the cargo massif is described by a helical surface, the derivative of which can be approximated
by a power law close to a parabola. For a cohesive material, the cargo particles move almost as
a single object, and all mass forces pass through the center of gravity of the selected elementary
sector of the flow.

When transporting finely dispersed non-cohesive materials, the speed of gradual
movement and angular velocities of rotational motion of particles depend on their location in
the flow, and the angular velocity and, accordingly, the centrifugal force decrease with an
increase in the radial parameter of the particle and the height of the particle above the surface
of the spiral.

It has been confirmed that for the case of high-speed conveying of both cohesive
and fine-dispersed cargoes by spiral conveyors, the laws of spiral conveying of both
the flow as a whole and individual particles are preserved. Therefore, for the
engineering calculation of the parameters and operating modes of vertical screw
conveyors, a model of the movement of a material particle with the corresponding
reduced parameters can be used.
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Model of flow transportation of bulk cargo by vertical screw conveyors

YK 621.867.4

MOJEJIb ITIOTOKOBOI'O TPAHCIIOPTYBAHHSA CUIIKOT'O
BAHTAKY BEPTUKAJIBHUMHU 'BUHTOBUMHU KOHBEE€PAMU

Poman Porartuncbkuii; Qnena JImurpis; Anapii Isauyn; Poman Hanuk

Tepnoninbcokuu Hayionanrbhuu mexHivHuu ynigepcumem imeni leana Ilynios,
Tepuonins, Ykpaina

Peziome. Poszenanymo mooenv MpaHCROPMYBAHHA CUNKO20 GAHMAIICY NOMOKOM GepMUKAIbHUM
WBUOKICHUM 28UHMOBUM KOHB8eEpOM. Po3kpumo ocobausocmi 63aEMHO20 pyXy 38 A3HUX MA OPIOHOOUCNEPCHUX
8aHMAACI6, 30KPEMA 8 YMOBAX NOUWAPOSO20 iX PYXY, 3 6UKOPUCIAHHAM MOOEN CYYiNbHO20 cepedosuyd, 6 AKitl Ol
CYXUX CUNYYUX HeG SI3KUX Mamepianié 63ae€MHi nepemiujeHHs YACMUHOK 3YMOGIIOEMbCA 3AKOHOMIPHOCIAMU
POo3nooiny 6Hympiunb020 mepms 32i0H0 3 3ak0HOM Amonmona-Kynoua. Ilpu yvomy, ona nepemiwyenns cunkux
BAHMAICIE 6 YMOBAX 26UHMOBO20 BUCOKOWIBUOKICHO20 OUHAMIYHO20 NOMOKY, NPUUMANOCL OONYWEeHHS, WO
HOPMANbHI HANPY2U HA NOBEPXHAX BUOLIEHO20 00 MY BUSHAUATOMbCA MINLKU CePEOHbOCIMAMUYHUM TMUCKOM. [
ananizy Hanpysceno-0ehpopmosanozo CMamy CUNKO20 GAHMANCY 8 YMOBAX 26UHMOBO20 MPAHCHOPINYEAHMH
BUKOPUCMAHO CHREYiaNbHy 26UHIMOGY CUCHeMYy KOOPOUHAM, OCi 5AKOi CNpAMO8aHi, 8i0N0BIOHO, NO HOPMAII,
binopmani ma OomuuHil 00 28UHMOB0T MEIPHOT cnipai wiHeKd, o 00360UN0 CYMMEBO CNPOCMUMU PO38 30K
3a0ayi. [lokasano, wo 6 yMo8ax nowapo8o2o pyxy ocb08a WeUOKICIb 00GiIbHOI YACMUHKY NOMOK)Y ONUCYEMbCA
iHMe2panbHUM NAPAMEmpoM, WO € CYMOK HOPMANbHOI ma OIHOPMANLHOI KOOPOUHAMU 28UHMOBOI cucmeMmu
Koopounam. Busedeno 3anescrnocmi 0ns onucy8anus popmu 28UHMOBOI NOGEPXHI 3 NAPAOONTUHOIO MBIPHOI, WO
o0Medcye NOMIK 8AHMANCY 34 YMOBU HENOBHO20 3ANOBHEHHA PoOOY020 NPoCmopy, 00’cMy eremeHmapHo20
cexmopa nomoxy ma yenmpy tiozo eazu. OOIpYHMOEAHO GUKOPUCMAHHA MOOELi NOWAPO6020 PYXy Mamepiany,
6CMAHO0BIEHO PO3NOOINL AHIUHUX MA KYMOBUX WEUOKOCEl YaCMUHOK ¥ NOmoYyi ma, 8iON08ioHO, 8iOYeHMPOBUX
cun. Iloxazamno, wo 011 6epMUKAIbHUX WEUOKICHUX KOHGEEPI6 NOMIK Y YINOMY Ma pyX OKPeMUx 1020 YacmuHOK
Xapaxkmepu3yiomovcs — 3AKOHOMIPHOCMAMU — 26UHIMOBO20  MPAHCNOPMYBAHHA, WO  POOUMb  MOICTUBUM
BUKOPUCMAHHA MOOEN] MAMePIianbHOi YacCMUuHKU 3 NPUEEOCHUMU NAPAMEMPAMU 30 YMOBU 8PAXY6AHHS POZNOOINLY
Kymogux weuoxocmeu no wiapax. Ompumani 3aKOHOMIPHOCHI WBUOKICHO20 MPAHCHOPMYBANHA GAHMAIICIE
BEPMUKANLHUMU 26UHIMOBUMU KOHBEEPAMU 003B0JIAI0Mb NPOBOOUMU YMOYHEHUT PO3PAXYHOK IX pedcUumie pobomu.

Kniouoei cnosa: sepmuxanbii 26UHMOGI KOHBEEPU, CUNKUTL BAHMAIC, CYYINbHE cepedosuuye, 26UHmMosa
cucmema KOOpOUHam, weuoKocmi oepopmayiil, Hanpyau, KiIHeMamuKa ROMOKY HACUNHO20 BAHMAICY.
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