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Abstract. The movement of material particles on the inner surface of the cylinder
takes place in cyclones. Due to the complexity of the aerodynamics of the process,
theoretical developments can not be used as a basis for calculating the design and
efficiency of their operation. Because of this, a number of simplifications are allowed in
the theoretical provisions, as a result of which the calculated data do not coincide with the
experimental data.

The use of modern software products, which have great graphics capabilities, allows
you to get new results in solving such problems in the form of high-quality graphic
illustrations.

The aim of the study is to determine the motion of a material particle that enters the
inner surface of a vertical cylinder with a given initial velocity.

A number of simplifications were introduced in the calculations: air resistance, the
effect of particles on each other, their size, etc. were not taken into account.
Accompanying Frenet and Darboux triangles were used to find the trajectory.

Differential equations of motion of a material particle on the inner surface of a
vertical cylinder are compiled. The equations are solved using the MatLab system.

It is established that the velocity of particles that fall on the inner surface of the
cylinder decreases to a certain value, and then begins to increase. For specific conditions
(coefficient of friction and radius of the cylinder), the value of the minimum speed to which
the movement of particles is slowed down is approximately the same and does not depend
on the value of the initial speed. This means that there is a minimum value of the initial
velocity at which the particle will not slow down when it hits the surface of the cylinder.
Since particles with different coefficients of friction at the initial stage of their movement
on the cylinder are poorly scattered on its surface, for the effective operation of the
cyclone you need to make an inlet window of sufficient size in the vertical direction.

In the absence of friction and air resistance, the particle moves so that its trajectory
on the scan of the side surface of the cylinder is a parabola.
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Introduction. The movement of material particles on the inner surface of the
cylinder occurs in cyclones, which are widely used to capture dust and prevent it from
entering the atmosphere in industrial enterprises, including agriculture. Due to the
complexity of the aerodynamics of the process, theoretical developments can not be used
as a basis for calculating the design and efficiency of cyclones [1]. Because of this, a
number of simplifications are allowed in the theoretical provisions, as a result of which the
calculated data do not coincide with the data obtained in practice. But as Academician
Vasylenko PM wrote "This does not reduce their practical value, because in many cases
there is no need to obtain accurate values, and if necessary, these values can always be
verified and refined on the basis of experimental data” [2]. At the same time, with the help
of theoretical positions it is possible to detect the influence of some factors on the
processes occurring in the cyclone.

Analysis of recent research and publications. The motion of a material particle
with lateral feed on an inclined plane is considered in monographs [2, 3]. In these works,
the motion of material particles on the inner surface of an inclined cylinder is also
considered. The use of modern software products, which have great graphics capabilities,
allows you to get new results in solving such problems in the form of high-quality graphic
illustrations.

The aim of the article is to study the motion of a material particle that enters the
inner surface of a vertical cylinder with a given initial velocity.

Materials and methods. If the material particle is directed with an initial velocity v,
to the inner wall of the cylinder perpendicular to its generator, then its further movement
will include both rotation around the axis of the cylinder and lowering under the action of
gravity. In further calculations, we will introduce a number of simplifications: we will not
take into account the air resistance, because the particle is fed into the cylinder with it, the
impact of particles on each other, their size, etc. To find the trajectory of motion, we take
the material point as the vertex of the accompanying Frenet trihedron, which has three

mutually perpendicular orts t NP (Fig. 1, a). The second accompanying Darboux triangle

with orts tNP mae has a common tangent to the trajectory with the Frenet trihedron. The

orts P, b, N n lie in the plane normal to the trajectory and the orts P and t — in the
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plane x tangent to the cylinder. Betweenthe orts P and b, N and N there is an angle ¢

(Fig. 1, a), which varies along the trajectory and is a function of its arc: e =& (s).

N #img
a b C
Fig. 1. Graphic illustrations for the compilation of differential equations of
motion of a material particle on the inner surface of a vertical cylinder:
a — the accompanying Frenet and Darboux triangles of the trajectory of the material
particle; b — decomposition of acting forces in the normal plane of the trajectory; ¢ — to

determine the differential of the trajectory arc

Results and discussion. Consider the balance of forces in the projections on the

orthographies of the Darbu trihedron. Let's project on ort t the forces giving to particles of

dv_dv ds_ dv
acceleration dt ds dt  ds (t-—time, s — length of an arc of a trajectory):

mvy =mgcosy — fR
ds , (1)
where m — is the mass of the particle; f — is the coefficient of friction; R — is the particle
pressure on the cylinder surface; w— is the angle between the weight mg and orth t; g =
9,81 m/s°. To determine the value of pressure R, consider the forces in the normal plane.
To do this, we choose the point of view so that the orth t is projected into the point (Fig.

1, b).
The centrifugal force mv’k (k=k(s) — is the curvature of the trajectory) is directed

along the orth N of the main normal in the opposite direction. Its component in the

projection on the orth N will cause a certain amount of pressure. The weight of the
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particle mg does not affect the pressure, because its vector of action (down) is

perpendicular to the vector normal N to the surface of the cylinder. Therefore, the force of
pressure will be determined only by the component of the centrifugal force:
R=mv’kcose. 2)
Another component of the centrifugal force in the projection on the orth P acts in
the tangent plane x and balances the component of the force of gravity mg. Thus, the
forces in the projection on the orth P will be written:

21, ok _
mv°k sin £ = mg cos ¢, 3)

where ¢ — is the angle between the force vector of gravity and the orth P of the Darboux
trihedron. Substituting (2) into (1) and adding equation (3), we obtain a system of

equations, which after reduction by mass m takes the form:
v% =gcosy — fv’kcose;
ds
v’ksin & =gcose . @)
Since the trajectory lies on the surface of the cylinder, the expressions of angles ¢, v,
@ and curvature k must be expressed through one of its parameters. The parametric

equations of the cylinder will be written:
X =rcosa; Y =rsine; Z =u, 5)

where « — is the angle of rotation of the surface point around the axis OZ; u — length of
the rectilinear generatrix- variable parameters; r — is the radius of the cylinder.

The partial derivatives and the differential of the trajectory arc will be written:

X, =-rsing; Y, =rcosa; Z, =0;
X, =0; Y, =0; Z, =1
ds’ =du’® +rda’. (6)

As can be seen from the expression of the arc differential (6), geometrically it can be
represented as the hypotenuse of an elementary right triangle (Fig. 1, c). From fig. 1, in

can be written:
du=r-ctgff-da where Y= rjctg,B- da’ )

where - is the angle between the trajectory and the generating cylinder.
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Having set a certain dependence S =/(«) we thus define a line on the cylinder. After

substitution (7) in (5) the parametric equations of the line are written:

X=rcosa; y=rsing; z:rjctg,b’-da

(8)
Our task is to find a dependence S =/(«), in which line (8) would be a trajectory, ie
satisfy system (4). To do this, we find the first and second derivatives of the parameter «
equations (8), which are needed to determine the curvature k of the trajectory and angles ¢,
v, ¢
X'=-rsine; y'=rcosa; z' =rctgp;

":_ rﬂ’
Sinzﬂl (9)

X"=-rcose; y'=-rsing; z

Substituting (9) into the known formula [4], we find the curvature of the trajectory:

sinp -7 ——-
k=—2=2—" )
, \/,B +sin® g 10)

Derivatives (9) completely determine the direction of the main normal N. The

coordinates of its guide vector are also found by known formulas [4]:

3

r i
n =— ".ctgf - sin coS« );
n = ".ctgf-cosa —sina);
o P
Sin ﬂ (11)

The guiding vector of the orth t is the first derivatives (9). The direction of the

vectorsN and P is found as the vector product of two vectors: for N — the vector product

of two vectors tangent to the coordinate lines of the cylinder (this is the first and second

line (6)); for P — vector product of vector t and found vector N . Omitting operations to

find vectors, we write down the finished results:

N, =-rcose; N, =-rsina; N, =0;
— _r? . Ql . — 2 . : — _ 2
P =-rctgf-sina; P, =r°ctgf-cosa; P=-r". (12)
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Knowing the coordinates of the vectors, we find the expressions for the desired
angles between them (the coordinates of the vector of gravity will be {0, 0, 1}, and we

assume that the OZ axis is directed downward):

Cos5 = % sing = IB' .
BT Fsin’ JBF+sin? g
cosg=—sinf; where ¥ =5 (13)

We found all expressions for the angles and curvatures of the trajectory included in
system (4), due to the dependence S =f(«). We do the same for the differential of the arc
ds, which is included in the first equation of system (4). Substituting du from (7) into the
expression of the arc differential (6), we obtain:

r-de
“sing’ (14)

Substitute the expression of the differential of the arc from (14), the expressions of

ds

the angles from (13) and the curvature from (10) into the system (4). After simplifications,

we obtain a system of two differential equations, which includes two unknown functions:

L=fa) and v =v(q):
vﬂ =rgctgs — fv’sin g;
da
Vg =-g. (15)

From the second equation of system (15) we have:

After differentiation
dv  rgf"
V— = o
da 2p (16)

Substituting both expressions from (16) into the first equation of system (15), we

obtain a differential equation with one unknown function: g =/4(«):
B"=2p'(fsin g+ pctgp). (17)
As can be seen from (17), the dependence S =£(«) does not depend on the radius r.

The integration of equation (17) and the construction of trajectories according to equations
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(8) was carried out using the SimuLink package in the MatLab environment. The initial

value of £’ during integration was determined from the first expression (16) depending on

the value of the initial velocity v, by the formulaZ ==T9/% | and the initial value of Yij
was taken as 90° (Fig. 2, a) according to the condition of the problem and £ =135° (Fig.
2, b). In Fig. 3 plots of changes in the velocity of a material particle depending on the
angle of rotation « (Fig. 3, @) and the time of movement t (Fig. 3, b). The motion time t

was found by numerical integration of the expression, which was obtained as follows.

Rewriting the expression for the velocity v as well as = Zi = :S ‘:: substituting in it the
o
derivative s’=r/sing from (14), we obtained:
__r da
sin 3 dr (18)
da
where t = rj —.
vsin S

0.2

Fig. 2. The trajectories of particles with the specified coefficient of friction,
which enter the inner surface of the cylinder radius r=0,2 m with an initial velocity
V=10 m/s:

a—atanangle #=90% b - atanangle f=135"
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Fig. 3. Graphs of changes in velocities of material particles on the inner surface

of a vertical cylinder of radius r=0,2 m:
a - at equal initial velocities v,=15 m/s and different coefficients of friction f (0; 0,1;
0,2 and 0,3);
b - with the same coefficient of friction f=0,3 and different initial velocities v, (1;
2,5;5;10; 15 and 25 m/s)

Having two dependences v=v(a) and t=t(«), obtained by numerical integration,
MatLab allows to exclude the common parameterar and to obtain the dependence of
velocity on time v=v(t). In Fig. 3, and graphs of changes in velocities of material particles
with different coefficients of friction are shown. From Fig. 3, and it is seen that the
coefficient of friction has little effect on the velocity of movement (except in the case of f
= 0): after a second the velocities of all particles are equalized and grow equally over time.
This indicates a small scattering of particles on the surface, which come to the wall of the
cylinder in the same place (this can be seen from the trajectories in Fig. 2, especially at the
beginning of the movement). From the graphs (Fig. 3, a) it is seen that the velocity of the
particles is quenched to a certain value, and then begins to increase again. In fig. 3, b plots
of changes in velocity depending on the angle of rotation « for different initial values of
velocity v,. From Fig. 3 it would be seen that the limit to which the velocity falls is
approximately the same for particles with different initial velocities and is approximately
equal to 2,5 m/s (for r=0,2 m and f=0,3). The drop in speed occurs within the first two
turns.
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It should be noted that the dependence of the particle velocity on the angle S(v=v(f))
can be obtained analytically by integrating equation (17). Since there is no independent

variable ¢, it is a substitution

! 14 d
B =p B = pd—p
p (19)
equation (17) is reduced to a first-order differential equation:
pj—z =2 p(f sin g+ p ctgﬁ). (20)

Reducing equation (20) by p, we obtain a linear differential equation, which after

integration takes the form:
p=2fsin®p In tgg +c sin’ B, (21)

where ¢ — is the constant integration. Based on the condition that at g = 90°

B'=p==19/V;  we find the value of the integration constant C=—rg/V;  after which
expression (21) is written:
p=sin®p 2f In tgé @ . (22)
2 Vv,

According to the first equation (16) we finally write:

V= si\r/10ﬁ Jrg 2f vjrg In (tg 8/2) (23)
According to the obtained expression (23) it is possible to construct graphs of
dependence v=v(p), but they do not reflect the physical essence of the process as much as
graphs of dependence on time t (Fig. 3, a) or angle of rotation « (Fig. 3, b), since the
angle /£ also depends on these “more independent” parameters.
When we try to further integrate, we come to the dependence dg=p da according
to the first expression (19), where we can write:
vodp

'u::f=ﬁ 2 1 24
da== v: Inltgp/2) rg] ()
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Substituting the expressions da from (24) and v=v(f) from (23) the second

expression (18), we obtain the integral for finding the time of motion of the particle:

t=-v \/Ej 9 :
"Vg-sin? g frg—2f -v2-In(tg B/2) (25)

Unfortunately, expressions (24), (25) cannot be integrated and written through
elementary functions (their integration leads to special functions). However, for f =0 ((for
a perfectly smooth cylinder surface), the integration of these expressions gives simple

dependencies. We write them after integration, as well as expression (23) for f=0:
2

a="ctgp  t="cgp; v=_Yto_,

rg g sin S (26)

0

In order to find the equation of the trajectory, it is necessary to integrate expression

(7). To do this, we substitute the expression da from (24) for f =0 and after integration we

obtain:
2 2
u=V_—°2+c or u=V—°ctg2,B.
2gsin© g 29 (27)

The second expression (27) is obtained by finding the integration constant ¢ provided
that z=u=0 at S =90°. Excluding the angle S in (26), (27), we obtain new dependences
as a function of time:

a=-"t; u=->t>
r 2 (28)
Substituting expressions (28) in (5), we obtain the parametric equations of the

trajectory of the material particle on the inner surface of a perfectly smooth cylinder:

X= rcos(v—otj; y= rsin(v—"tj; =9
r r 2 (29)

To get a better idea of the trajectory, we find it on the scan of the cylinder. Given that
the side surface of the cylinder turns into a rectangle on the scan, we combine the x, axis
with its base, and the z, — axis - along the generative and we obtain the equation of the
trajectory on the scan:

X =ra=v; z =:§r": z,= gzxi.
. from 2V, (30)
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Therefore, the trajectory of the particle in the sweep of the cylinder is a parabola, ie
the particle in the absence of friction and air resistance moves like a body thrown at an
angle to the horizon. The cylinder imposes restrictions on the movement of the particle,
forcing it to move on its surface.

Conclusions and prospects for further research. The velocity of the particles
entering the inner surface of the cylinder decreases to a certain value and then begins to
increase. For specific conditions (coefficient of friction and radius of the cylinder), the
value of the minimum speed to which the movement of particles is slowed down is
approximately the same and does not depend on the value of the initial velocity. This
means that there is a minimum value of the initial velocity at which the particle when
entering the surface of the cylinder will not slow down its movement. Since particles with
different coefficients of friction at the initial stage of their movement on the cylinder are
poorly scattered on its surface, for the effective operation of the cyclone you need to make
an inlet window of sufficient size in the vertical direction.

In the absence of friction and air resistance, the particle moves so that its trajectory
on the scan of the side surface of the cylinder is a parabola, ie like a body thrown at an

angle to the horizon.
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3HAXO/[)KEHHS TPAEKTOPIN PYXY MATEPIAJIBHOI YACTUHKH IO
BHYTPIIIHIA MOBEPXHI BEPTUKAJBHOI'O ITUJITH/IPA ITPU BOKOBIN
HOJAYI MATEPIAJTY
C. @. lHununaxa, A. B. Heceioomin

AHoTaWisg. Pyx mamepianoHux 4acmuHOK NO 6HYMPIWHIU NOBEPXHI YUNIHOPA MAE
micye 6 yuxaouax. 13-3a CKIaOHOCMI aepoOuHaAMIKU npoyecy meopemudti po3pooKu He
ModCYymb  Oymu NoKIaodeHi 8 OCHOB8Y PpO3PAXYHKY KOHCMPYKyii I egexmusHocmi ix
excniyamayii. Yepez ye ¢ meopemuuHux NON0HCEHHAX OONYCKAEMbCS Ps0 CHPOWEHb, 8
pe3yibmami sSIKUX po3PaxyHKosi Oani He Cnienadaioms 3 eCnepuUMeHmanbHUMU OAHUMU.

3acmocyeanns cy4acHux npocpamHux NpoOYKmis, 8 5Ki 3aK1a0eHi 8eauxi epagiyni
MOHCIUBOCTI, D03BOJISIE 00EPHCAMU HOBI pe3yIbmamiul NPU pPo38 s3V8aHHI NOJIOHUX 3a0aY
V 8u2nA0i epagiunux inrocmpayill 6UCOKOIL AKOCMI.

Memoro 0ocniodxiceHHs € BUSHAYUEHHS PYXY MAMePIialbHOI YACMUHKU, AKA 6CMYNAE HA
BHYMPIUWHIO NOBEPXHIO 8EPMUKAILHO20 YUNIHOPA I3 3a0AHOI0 NOYAMKOBOI0 WEUOKICNIO.

Ipu po3paxynkax 6yno 88eoeno pso cCnpoujetsb: He 8paxo8y8aiu Onip NOGImpsi, GNiueg
YACMUHOK O0OHA HA OOHY, IX po3mipy mowo. [l 3HAXOOMNCEHHS MPAEKMOpIi pyxy
nputiHami cynpogioni mpuepannuxu @pene ma Japoy.

Cknaoeno ougepenyianbHri pi6HAHHA PYXYy MAmMepiaibHOli YACMUHKYU NO 8HYMPIWHIU
NOBEPXHI BEePMUKANLHO20 YUNIHOpa. PieHAHHA po36’sa3ani 3a 00nomMo2010 cucmemu
MatLab.

Bcmanoeneno, wo weuoxicme uacmuHoK, SAKi HOMPAnIsiomb HA  6HYMPIUHIO
NOBEPXHIO YUNIHOPA, 3MEHULYEMbCA 00 NeGHOI GelUdUHU, a NOMIM NOYUHAE 3POCMAMU.
Il kouxkpemuux ymoe (koegiyichma mepmsa ma padiyca YuriHopa) 3HAYEHHs
MIHIMALHOL WBUOKOCMI, 00 AKOI CHOBIIbHIOEMBCA PYX YACMUHOK, NPUOIUZHO OOHAKOBULL |
He 3aledcums 6i0 8elUYUHU NOYamKkoeoi weuokocmi. Lle o3navae, wo icHye MiHimavHe
3HAYeHHS NOYAMKOB80I WBUOKOCMI, NPpU AKIU YACMUHKA NpU NOMPANIAHHI HA NOBEPXHIO
yuninopa e 6yoe eanvmysamu cgiti pyx. OCKitbKU 4ACMUHKU 3 PI3HUMU KOoeghiyienmamu
mepms Ha NOYAMmMKOBOMY emani c8020 pyxy HO YUNIHOPY clabKo po3Cieaiomuvcs no uo2o
NnoBepxHi, mo 011 epexmusHoi pobomu YUKIOHA NOMPIOHO pPoOOUMU 6NYCKHE GIKHO
00CMAmMHbOI 6eUYUHU Y BEPIMUKATIBHOM) HANPSMI.

YV eunaoky eiocymnocmi mepms i onopy nogimps 4acCmuHKa pyxacmuvcs makx, wo ii
MPAEKMOPIE0 Ha po32opmyi OIYHOI NOBepXHI YuliHOpa € napabona.

KuwuoBi cioBa: mamepianbna uacmunka, mpaekmopia pyxy, UWUIIHOD,
WBUOKICMb PYXY

HAXOXJIEHHUE TPAEKTOPUM JABUKEHUSA MATEPUAJLHOU
YACTHIBI 11O BHYTPEHHEHN MOBEPXHOCTHU BEPTUKAJBHOT'O
HNUJINHAPA ITIPH BOKOBOM INOJAYE MATEPHUAJIA

C. @. Ilununaxka, A. B. Heceuoomun
AHHOTAUMSA. /[gudiceHue MamepuaibHulX Yacmuy HnO GHYMpeHHel HNO8EpXHOCHU
YUIUHOpa npoucxooum 6 YUKIOHax. H3-3a crodxcHocmu as’poounamuxku  npoyecca
meopemuyeckue paspabomxKu He Mo2ym Oblmb NOJOMNCEHbl 6 OCHOBY pacuemd
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KOHCmpyKkyuu u 2¢gdekmusnocmu ux skcnayamayuu. Illoomomy 6 meopemuueckux
NOJOJHCEHUAX OONYCKAEMCsL PO YNPOujeHull, 8 pe3yivmame KOMopwlix pacuemHuvle OaHHble
He CO8nadarm ¢ 3CNepUMeHMAaAlIbHLIMU OAHHBIMU.

Ilpumenenue CcoOBpPeMEHHBIX NPOSPAMMHBIX NPOOYKMO8, 6 KOMOpble 3aAN0NCEHbl
bonbuue epaguueckue 803MONCHOCMU, NO3BOJISIEN NOLYYUMb HOBble Pe3)ibmambl npu
pewlenuu  NnoOO0OHBIX 3a0ai NOCPeoCmeoM 2epaguueckux ULIIOCMPAYULl  8bICOKO20
Kauecmaa.

Llenvio uccneoosanus saensiemcs onpeoenenue O8UNCEHU MAMEPUAIbHOU YaACTMUYbl,
nocmynarwoueli Ha GHYMPEHHIO NOBEPXHOCMb BEPMUKANLHO20 YUIUHOPA C 3A0AHHOU
HA4anbHOU CKOPOCMbIO.

Ilpu pacuemax Ovin 66edeH psO YNPOWEHUL. He YUUMbIBANO0CL CONPOMUBILEHUE
6030yxa, GuUAHUe uwacmuy Opye Ha opyea, ux pasmepa u m.0. [ HaxodxircoeHus
Mpaekmopuu 08UNCEHUsI NPUHAMbL CONPOBOOUMelbHble mpexepanHuku Ppene u /lapoy.

Cocmasnenvt ouppepenyuanvhvle YpasHeHUs. 0BUNCEHUST MAMEPUATILHOU YaACMUYbL
1O 8HYMPeHHel NOBEPXHOCMU 8EPMUKAILHO20 YUIUHOPA. YPAGHEHUS peuieHbl ¢ NOMOWbIO
cucmemwvl MatLab.

Ycemanosneno, umo cxopocmv nonaoarmwux Ha 6HYMPEHHIO HOBEPXHOCHDL
YUTUHOPA YACTMUY CHUNCACTCSL 00 ONPeOeNleHHOU 8eUYUNbL, 4 3ameM HAYuHaem pacmu.
Il KoHKpemHbiX ycaosuil (Koagguyuenma mpenus u paouyca yuiuHopa) 3HAYEHUe
MUHUMATBHOU CKOPOCMU, K KOMOPOU HNPOUCXOOum 3amedieHue O8UdICeHUe dacmuy,
NPUMEPHO OOUHAKOBO U He 3A8UCUM OM 8eIUYUHbL HAUAILHOU CKOpOCuU. Mo o3Hadaem,
Ymo cywecmeyem MUHUMANbHOe 3HAYeHUe UCXOOHOU CKOPOCMU, NpU KOMOPOoU Yacmuya
npu NOnaodaHuu Ha NOBEPXHOCMb YUIUHOpPA He Oyoem mMOpMO3Umb C80€ OBUICEHUE.
Tlockonvky yacmuysvl ¢ pazHviMu KO3 duyuenmamu mpeHus Ha HavaibHOM dmane c80e20
O0BUJICEHUST NO YUIUHOPY CAAO0 pacceusaromcs Hno e20 NOGepPXHOCMU, MO O
aghpexmusHoll pabomvl YUKIOHA HYHCHO C€O30aMb BNYCKHOE OKHO O00CMAmMOYHOU
BEIUUUHBL 8 BEPMUKAILHOM HANPABIEHUU.

B cnyuae omcymemeus mpenus u conpomusieHus 6030yxa Yacmuya 08UMCemcs makx,
ymo ee mpaeKkmopueu Ha pazeepmke OOKOB0U NOBEPXHOCMU YUIUHOPA A61emcs
napabona.

KuaroueBble ciioBa: mamepuanvnan wacmuya, mpaekmopus 08UNCeHUs, YUTUHOPD,
CKOPOCHLb O08UMCEHUS
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