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Conveyance of a particle by a vertical screw,
which is limited by a coaxial fixed cylinder

Differential equations of relative particle motion along the periphery of a vertical screw have been deduced
which rotates about its axis and is limited by a coaxial fixed cylinder. The equations have been solved by
applying numerical methods and the trajectories of relative particle helical motion, that is to say, movement
along the edge of a screw, which is common for a screw surface and for a limiting cylinder, have been built.
The force of particle friction on the screw surface and on the surface of a cylindrical cover has been taken
into consideration. The cases, when a helix angle, that is to say, the angle of screw edge inclination, is less
than the angle of particle friction on the surface of a screw, when it is equal to a friction angle and when it
is higher than a friction angle, have been considered. In addition, a specific case, when a screw is fixed and
a particle moves downwards by gravity, which takes place in spiral chutes, has been analyzed. Kinematic
characteristics-time curves have been presented.

Keywords: particle, vertical screw, angular velocity of rotation, cylindrical cover, differential equations,
kinematic parameters.

Introduction

A screw surface is a universal structural element of various machines. The surface of a screw conoid, which is
referred to as a screw, is the most common one. It is widely used in screw conveyers for transporting technological
material. A separate element of the material is a body, movement on a running surface of which is very difficult
to describe, because, in this case, the inertia forces that arise from its rotation must be taken into account. In
some cases, these forces can be neglected or they can be ignored, if the size of a body is small and it is taken as
a material particle [1] or in case of low angular velocities of a body, for example, when handling machinery is
operated [2]. It is essential to study the movement of material particles on the surface of a screw, which rotates
about its axis. Paper [3] considers their movement on a vertical screw beginning from the axis of rotation to the
point when they reach a limiting cylinder. The conveyance of particles upwards takes place after they collide
with a limiting cylindrical cover. The paper investigates the movement of a particle when interacting with two
surfaces: the surface of a running screw and the surface of a fixed cylindrical cover. The nature of material
particles is rather broad. They include not only mechanical particles but fluid or gas particles, which interact
with running surfaces, as well [4]. The movement of mechanical particles on the surface of a running soil tilling
disk is considered in paper [5], its movement on the surface of a cylinder is covered in paper [6] and its motion
on the surface of a cone is investigated in paper [7]. The study of the movement of particles on screw surfaces
is of practical importance because such surfaces are used in screw conveyers [8, 9], in separators [10] and other
in the papers [11-18].

Material and method.
In paper [4] it is stated that, if a particle moves by gravity on the surface of a fixed vertical screw conoid,

it moves away from its axis. It happens because of the fact that a particle moves along a curvilinear trajectory,
which results in the appearance of a centrifugal force that causes particle movement to the periphery. If a screw
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conoid rotates about its axis, a particle performs a compound motion: it slides on the surface of a conoid,
but in absolute motion it rotates about the axis of a conoid as well, which causes particle movement to the
periphery. Thus, it reaches a cylindrical cover. The common line of a conoid and a cover (that is to say, the line
of their intersection) is a screw line. A particle slides along this screw line having simultaneous contact with the
surface of a conoid (a screw) and with the surface of a cylindrical cover. Let us begin the development of the
mathematical model of particle movement by writing the parametric equation of a helical line:

= Rcosa; y = Rsinq; z = —Ratg 3, (1)

where R — the radius of a limiting cylinder — a constant value; 3 — the angle of a helix — a constant value;
« — the rotation angle of the point of a helix about its axis — an independent variable.

Two surfaces pass through a helix (1): a screw conoid (a screw) and a cylinder. When a particle contacts
these two surfaces, reaction forces appear, which are directed normally to them. In order to find the directions
of these normal lines, it is necessary to have surface equations.

The surface of a screw is made up by the plural of rectilinear generators, which are parallel to a horizontal
plane. Their one end passes through a helix (1) and their another end is directed to the axis of a screw (Fig. 1, a).
Based on the screw principle, let us write its parametric equations:

X =(R—wu)cosa;

Y =(R—u)sinag; (2)
7 = —Ratgf,

where u — the length of a rectilinear generator of a screw — the second independent variable of the surface.

Counting the length of a generator begins from a helix. If v = R — r, where r — the radius of a screw
shaft, the surface will be limited by two helixes (Fig. 1, a). At u = 0 the parametric equations of a helix are
obtained (1). In order to differentiate surface equations from line equations, let us write them in lower case for
a line and in upper case for a surface.

A vertical screw rotates about its axis with the angular velocity w. A particle is on a helix (1) and, at the
same time, it contacts a moving part of a screw surface and a fixed surface of a cylindrical cover (Fig. 1, b). The
following forces are exerted on it: weight force mg (m — the mass of a particle, g = 9.81m/s? — the acceleration
of gravity), the reaction N of the conoid surface directed along the normal to its surface, the reaction Ng,
directed along the normal to the surface of a cylinder and the reaction force Fy (Fig. 1, b). Suppose a particle
moves upwards in absolute motion, then the friction force on a screw surface Fy, is directed oppositely to
the direction of sliding, and the one on a cylinder surface Fy. — oppositely to the velocity of absolute motion
(Fig. 1, b). The vectors of these forces will be tangential relative to the trajectory of relative motion (the helix,
along which a particle is sliding) and absolute motion (the cylindrical line on the cover, which is not shown).
They are non-collinear, but act in opposite directions.

7‘;)/

Figure 1. To the conveyance of a particle by a vertical screw:
a) one flight of a screw surface, limited by the outer edge — a helix with the inclination angle 3;
b) the forces exerted upon a particle, with interacts with two surfaces:
the one of a screw and the one of a cylindrical cover
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Let us derive a motion equation in the form of ma = F, where m —particle mass, @ — the vector of absolute
acceleration, F— the resultant vector of the exerted forces listed above. Let us write the vector equation in
projections onto OXYZ coordinates.

If we assume the variable « to be time-dependent ¢ in the equations (1), that is to say, « = «(t), this internal
dependence will define the law of particle sliding along a helix, that is to say, the law of relative motion. Thus,
under this condition, the equations (1) are the equations of relative motion.

A screw rotates about its axis with the angular velocity w. During the time ¢ it rotates by the angle a, = —wt
and moves along a helix for a certain distance, according to the equations (1). The direction of screw rotation
is chosen so that a particle can move upwards in absolute motion, when it slides along a helix. Let us rotate the
helix (1) about OZ axis by the angle o, = —wt, according to the known rotation equations:

xq = Rcosacos (—wt) — Rsinasin (—wt) = Rcos (wt — «);

Ya = Rcosasin (—wt) + Rsin a cos (—wt) = —Rsin (wt — a); (3)
zq = —Ratgf.

The parametric equations (3) take into consideration two rotational motions: by the angle o« = «(t) in
relative motion and by the angle o, = —wt in translational motion, thus, they are the equations of absolute
particle motion.

Let us differentiate the equations (3) with respect to the time ¢ and we obtain the projections of the absolute
velocity vector:

z!, = —R(w — ) sin (wt — );
Y, = —R(w—a') cos (wt — a); (4)
2, = —Ra tgp.

Its value can be found as a geometric sum of the projections (4):

’ ’ ’ R ’
Vazw/$a2+ya2+2a2:COSB\/W(W—QQ/)C0325+C¥2- (5)

Let us find the projections of the unit vector, which sets the direction of particle absolute velocity, by
dividing the equations (4) by the velocity value (5):

(w—a')sin (wt — a)cos

Ta't:* )
Va: i
w — a') cos (wt — ) cos
Tygg = om0t = c0nf 6
o' sin 8
Taz:_ )
v A

where A = \/w (w — 2a’) cos? B + 2.
Having differentiated the equation (4), we obtain the projections of the absolute acceleration w of a particle:

2/ = Ra” sin (wt — a) — R (w — o/)” cos (wt — a);

vl = Ra'" cos (wt — a) + R (w — o) sin (wt — a); @
2l = —Ra" tgp.

In order to break the equation ma = F in projections onto the axes of OXYZ coordinates, it is necessary to
determine the directions of the forces, which are shown in Figure 1, b. In case of one of the forces — the friction
force Fy. — its direction is found in the form of a unit vector (6), here, it is worth taking into account that
the action of the force FY. is directed oppositely to this vector. Let us find the direction of the friction force
Fq, which is directed oppositely to the vector of relative velocity. Let us find the projections of this vector by
differentiating the equations (1):

2’ = —Rd'sin a;
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y' = Ra’ cos a; (8)
' = —Ra' tgB.

Let us find the value of absolute particle motion:

/
VoV r gy = 2 )

cos 3

Let us find the projections of a unit directing vector of relative velocity by dividing the projections (8) of
this velocity by its absolute value (9):

Ty, = —cos Bsina; Ty = cos fcos o Ty, = —sinf. (10)

The vector projections (10) are written without taking into consideration helix rotary motion. All the forces
are projected onto fixed OXYZ coordinates. In order to exert the force Ft, at the point of particle location, it is
necessary to rotate the projections (10) by the angle (—wt) about Oz axis. Afterwards they take the following
form:

{cos B sin (wt — a); cos 3 cos (wt — a); —sin }. (11)

Let us find the direction of the reaction forces of a screw surface and of a cylindrical cover surface.

The direction of a normal to the surface is determined by a vector product of two vectors that pass through
the point on the surface (the point where a particle is located) and the tangents to the coordinate lines, which
pass through this point. Let us find a normal vector to the screw surface. The vectors, which are tangent to the
coordinate lines of the surface, are partial derivatives of the equations (2) of a screw:

0X . 0X
8—a——(R—u)81na, Dy = s
% = (R —u)cos; % = —sina; (12)
0z 0z
22 — _Rte 8 — =0.
da Rtgf: du 0
Let us find a vector product of the vectors (12):
X Y VA
—(R—u)sina (R—u)cosaa —Rtgf | =
—cos —sina 0 (13)
={-Rtgfsina; Rtgfcosa; R —u}.

The normal vector (13) is not a unit vector. Its position on the surface is determined by two internal
coordinates u and «. It is necessary to know the normal to the surface of a screw on a helix at the point of
particle location, that is to say, at u = 0. Let us substitute u = 0 into the vector equation (13) and reduce it to
a unit one:

{—sin B sin o; sin 3 cos o cos B}. (14)

Analogically, the normal to a cylindrical cover can be found. However, its projections can be found much
easier. Figure 1, b shows that a normal to a cylinder is parallel to a horizontal plane and is directed toward its
axis. Let us write the result:

{—cosq; —sin a; 0}. (15)

For the foregoing reasons, let us rotate the unit vectors (14), (15) about the angle (—wt). After this, the
unit normal vector to the surface of a screw at the point of particle location can be written as:

{sin B sin (wt — a); sin 8 cos (wt — a); cos B}. (16)
The unit normal vector to a cylindrical cover at the point of particle location takes the following form:

{—cos (wt — a); sin (wt — a); 0}. (17)
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The defined directions of the exerted forces are the following: for the friction forces Fy. and Fy, — by the
unit vectors (6) and (11) taken opposite in sign; for the surface reactions N of a screw and Ng of a cylindrical
cover — by the unit vectors (16) and (17), respectively. The last force — the force of particle weight mg — is
directed downwards, thus, the unit vector is set by the projections:

{0; 0; —1}. (18)

The value of the friction forces Fy, and Fy. is determined by the value of surface reaction and the
corresponding friction coefficient: Fy, = fN, Fy. = frINgr, where f and fr — the coefficients of particle friction
on the surface of a screw and on the surface of a cylindrical cover, respectively.

Let us break the vector equation ma = F down in projections onto the axes of OXYZ coordinates,
taking into consideration the directions (6), (11), (16), (17) and (18) of the corresponding forces Fy. = frNg,
F¢, = fN,N, Ng and the weight force mg:

(w—a')sin (wt — a) cos B
Vw (w—2a’) cos? B + a2
+ N sin B sin (wt — ) — N cos (wt — a);

(w— ') cos (wt — a) cos B

ma, = frNg — [N cos Bsin (wt — a) +

my! = frN — fN cos Bcos (wt — a) +
Yo = In R\/w(w—Qa’)COSQﬁ—FO/Q f feos( )
+N sin 5 cos (wt — a) + Npg sin (wt — @); (19)
o' sin 3

mzl = frNR + fNsinB + N cos 3 — mg.

Vw (W —2a’) cos? B + a2
Let us substitute the equations of absolute accelerations from (7) into (19) and we obtain the system of

three differential equations with three unknown functions: @ = «(t), N = N(t) and Ng = Ngr(t). Let us solve
the system of the equations for o/, N, Ng:

wcos B (cos B+ fsinf) —a’

" _ geosf . _ VY
o' = "0 (sinfB — fcosB) + fr(w—a') cos B Vol 2o (20)
B  frRBw(w— o)?sin 8
N_mCOSB<g \/w(w—2o/)cos25+a/2>' (21)
Nr=mR(w—a)>. (22)

The differential equation (20) does not depend on (21) and (22), that is why it can be solved separately.
The surface reactions (21) and (22) are found after the equation (20) is solved. In order to solve it, we need to
apply numerical methods.

During its upward movement, a particle can move with various velocities. At the same angular velocity
of screw rotation, the velocity of its upward movement 2/ will depend on the value of a helix angle 3. After
a transient process, that is to say, after the movement is stabilized, this velocity and the angular velocity of
particle sliding o will be steady. Thus, the angular acceleration o/ = 0. The substitution of this value into the
differential equation (20) enables us to find the value of o’ at the preset screw parameters, the angular velocity
of its rotation and friction coefficients.

Results

The investigation has been conducted for the cases of various values of the angle . For example, at
B =10, R=0.1m, w=155"", f = fr = 0.3 we obtain o/ = 2.1s7!. At B = 20" and when other parameters
are constant, we obtain: o/ = —0.5571. Thus, there is a change in the direction of particle sliding. It means that
at 3 = 10° a particle moves upwards (Fig. 2, a) and at 8 = 20° it moves downwards (Fig. 2, b). At o/ =0 a
particle does not slide, that is to say, a particle «sticks» and rotates around a circle in absolute motion. In this
case, it is necessary to find the corresponding helix angle 8. Let us substitute o’ = 0 into the equation (20),
equate it to zero and solve it for the angle 3:

Rfpw?® — fg

b= At f? 4 g

(23)
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Figure 2. Relative and absolute (heavy line) trajectories of particle movement at R = 0.1m, w = 15s',
f = fr = 0.3 built according to the equations (1) and (3), at & = o’ - t over the time t = 3s :
a) B = 10° — a particle moves upwards; b) 8= 20° — a particle moves downwards

According to (23), when R = 0.1m, w = 1557, f = fzr = 0.3, the boundary value of a helix angle is
B = 1780 If B > 17.8°, the upward movement of a particle at the preset parameters is not possible. If the
angular velocity of screw rotation is increased, the boundary value of [ increases as well, but there is a certain
limit. Let us find the boundary, which the expression (23) approaches to, at the unbounded increase of the
angular velocity of rotation w:

2
lim Arcth = Arcctg f. (24)
w00 Rfrfw®+yg

Arctg f is the angle of particle friction on the surface of a screw and, in our case, it is equal to
Arctg 0.3 = 16.7°. According to (24), the boundary value of the helix angle 3 is Arcctg 0.3 = 73.3%, that is to
say, these two angles add up to a right angle. At 8 > 73.3° particle upward movement is not possible for any
angular velocities of screw rotation.

If a certain angular velocity w of screw rotation is set, we can find the boundary value of a helix angle by
the formula (23). In this range (from zero to the boundary value) there is a specific angle 3, which provides
the maximum velocity of particle upward transportation. The task is to determine the peak value of the last
expression in the equations (4) or (8), since the vertical components of relative and absolute velocities are equal.

Since the equation (20) for a stationary process at o’ = 0 must be solved by means of numerical methods
in order to determine the value of the angular velocity o’ of particle sliding, the determination of the optimum
angle 8 will be carried out in two stages. At the first stage, from the equation (20) we evaluate o’ for the preset
angles B from the acceptable range of their values. At the second stage, by substituting the determined values
of o and the corresponding angles § into the last expression in the equations (4) or (8), we determine the
vertical component of the velocity of a particle. According to these data, it is possible to plot a dependency
graph 2z’ = 2/(8), which determines the optimum value of the angle 8. Let us present the simplified variant of
the calculation for w = 155~ (the acceptable range of the values of the angle 3 =0...17.8°):

B8 =5 o' =3.53s571; 2 =0.03m/s;
B8 =10 o' =2.08s1; 2 =0.037m/s;
B =15 o =0.73s71; 2 =0.02m/s.

The obtained results show that the highest velocity of particle upward conveyance is provided by the angle
B = 10°. According to the same method of calculation, let us find the optimum value of the angle § for the
angular velocity w = 2557 1: 8 = 20°. Here, the vertical component of particle velocity is equal to 2’ = 0.29m/s.
If we take into account that the acceptable range of the angle values for the velocity w = 255! is equal to
B =0...45.7°, it may be concluded that the optimum value of the angle 3 is close to the average value of the
acceptable range. Paper [8] presents the formula for the determination of this angle in case when the angular
velocity of screw rotation increases infinitely (w — 00):

B =45 — 0.5arctg f. (25)
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Let us find 8 = 36.65° from (25) for f = 0. This value is exactly two times less than the boundary one
(8 = 73.3%), that is to say, it is precisely in the middle of the acceptable range.

Let us consider how the coefficients of friction f and fr influence the velocity of particle upward movement.
If there is a decrease in the coefficient f, the angular velocity o’ of particle sliding increases, that is to say,
the velocity of its upward movement increases. The maximum value of the upward movement is reached at
f =0, that is to say, when the surface of a screw is absolutely smooth. Figure 3, a presents a dependency graph
o =/ (f) for R=0.1m,w = 25571, fr = 0.3, 3 = 20°.

The decrease of the coefficient fr of particle friction on a cylindrical cover results in the decrease in the
angular velocity o’ of particle sliding (Fig. 3, b). The initial conditions are the same as the ones of the graph
presented in Figure 3, a, except for the fact that the variable is not f but fz. Its decrease leads to the fact that,
at its certain value the inverse process begins and a particle starts downward movement. The boundary limit is
the value fr for o/ = 0. Having solved (23) for fr, we obtain:

g(f +tgb)

"= Rt = rrgh)

(26)

’
g.-q@,c %t s+ g

x’ ) s\ a, s P

A 4
10 F // 4 \ ’ /

f fa R, m
03 025 02 055 01 005 0 03025 02 055 \of 61 015 02 025 03
2! &
a) R=0.1m, fr = 0.3 b) R=0.1m, f = 0.3; &) f =03, frn=03

Figure 3. Graphs of the angular velocity of particle sliding o/ depending on various factors at w = 25571, 8 = 20°

For the preset data from (26), we determine the boundary value of the friction coefficient fr : fr = 0.12.

If the angular velocity of screw rotation is increased, for instance, to 30s~!, particle upward movement is
not possible. The boundary value of the coefficient of friction for this angular velocity is equal to fr = 0.08. If
there is an increase in the angular velocity of screw rotation, the boundary value of the coefficient decreases.
Proceeding to the boundary, we obtain:

o g(f+tegB)
SRR fp) @)

Thus, if the surface of a cylindrical cover is absolutely smooth, particle upward movement is not possible at
any angular velocities of screw rotation.

Figure 3, b presents a dependency graph o/ = o/(R) showing that the increase in the radius R, that is to
say, the increase in the dimensions and the specific amount of metal per structure, results in the increase of the
velocity of upward movement, however, this increase has its limit.

At the negative value of the angle 3, the direction of the coiling of a helix changes. It means that at the
same direction of the angular velocity of screw rotation, a particle slides not upwards but downwards on its
surface. The transportation of a particle downwards has its peculiarities depending on the value of the angle 5.
If the sign is changed before the angle 8 in the equation (20), one of the expressions in the parenthesis will be
written as f cos 8 —sin (. If the angle § is equal to the angle of friction, that is to say, f = tg 3, this expression
becomes zero. In order for the equation (20) to become zero, it is enough to set one more expression in the
parenthesis to zero: w — o’ = 0. It means that the angular velocity of particle sliding is equal in its value to the
angular velocity of screw rotation. Since they are oppositely directed, their sum is equal to zero, that is to say,
a particle does not rotate in absolute motion, it moves downwards along a straight line — a cylinder generator.
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Let us find o and 2z’ for three angles: a small angle, a high angle and the angle that is equal to the friction

angle 3y, the same as we did at particle upward movement for R = 0.1m,w = 1551, f = fg = 0.3.

B < By: B =—10 o =88s7L: 2 = —0.16m/s;
B =Bs: B =—Arctgf = —16.7% o =15s71; 2 = —0.45m/s;
B> B¢ 8= —20° o' =204s71; 2 = —0.74m/s.

Figure 4 presents relative and absolute trajectories of particle movement in these cases. Front projections

are presented in various scales.

z z
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Figure 4. Relative and absolute (heavy line) trajectories of particle downward movement at R = 0.1m,

w= 155" f = fr = 0.3 built according to the equations (1) and (3) over the time ¢ = 1s

The solution of the differential equation (20) applying numerical methods enables us to determine the
kinematic characteristics of particle movement during a transient process. Figure 5 presents the dependency
graphs o = &/(t) and 2’ = 2/(t), which show that the movement of a particle becomes practically steady over
the time of 1.5 s. The angular velocities of particle sliding and the velocities of movement in a vertical direction

reach the values that we have obtained before.

Eventually, the process of bulk material transportation will be different from the conveyance of a single

particle.
0 0.05
8 B=-10" of /s pt0f
6 -0.05
4 -0.1
p=10° 0.15 p=10°
2 f, s
0 Ls 032 05 1 15
0 0.5 . 1 1.5 b

Figure 5. Graphs of the change of the kinematic characteristics of particle movement in
a transient process at R = 0.1m,w = 15m~ !, f = fr = 0.3 and various values of the angle f:
a) the dependency graph o’ = o'(t); b) the dependency graph 2’ = 2/(t)
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However, it can be assumed that the quality pattern of material transportation will be similar to the
conveyance of a single particle. In order to determine quantitative characteristics, which describe the efficiency
of conveyance, separate investigations are required.

Conclusions

A particle, which gets onto the surface of a vertical screw that rotates about its axis, is thrown off to a coaxial
fixed limiting cylinder under the action of centrifugal force. Its further movement takes place along the common
line of these two surfaces — a helix — with its simultaneous sliding on both surfaces. Particle absolute motion
in a vertical direction can be both upward and downward, depending on the helix angle 5 and on the angular
velocity of screw rotation. There is a boundary value of the angle 3, at which particle upward movement is not
possible at any values of the angular velocity of screw rotation. In addition, there is the value of the angle, at
which the velocity of upward movement is the highest.

The decrease in the coefficient of particle friction on the surface of a screw results in the increase of the
velocity of its upward conveyance and the decrease in the coefficient of particle friction on the surface of a limiting
cylinder results in the decrease of this velocity. If the surface of a screw is absolutely smooth, the velocity of
particle upward movement is the highest and, if there is the same surface of a limiting cylinder, particle upward
movement is not possible.

If there is a change in the coiling of a helix, particle conveyance is possible downwards only and the velocity
is significantly higher.
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C.®. Immunaxa, B.H. Heceumomun, H.B. Kienmuii,
N.JI. Porosekmii, T.A. Kpecan, B.I1. Tpoxansk

BesmmnekTepai TiK IIHEKIIEH, OChIIEH Oipre IieKTeJIreH
KO3FaJIMAUTBIH IIUJIMHIPMEH TaChIMAJIJIAY

BemmekTin Tik muekTiH mreTKi GOMBIHINA CATBICTHIPMAJIBI KBIIKYBIHBIH, JuddepeHnnaibl TeHaeyIepi
KYPAaCTBIPBLIIBI, OJI ©3 OCiHIH ajffHAJIAChIHIA allHAJIATHIH KOHE OCBhIIeH Oipre KO3FaJMaiTBhIH IUJIMHIPMEH
meKkTesreH. TeH1ey CaHIBIK OiCTEPMEH eCEIITe/INeH YKOHe ITHEK OeTi MeH MeKTeYII IMUINH/P VIIiH OpTakK,
OOJIBIIT TAOBLIATHIH IITHEK YKUEri — OYpaH a/Ibl ChI3bIK, OOMBIHINA OOJIIIIEKTEPIIH CAJIBICTBIPMAJILI KO3FAJIbI-
CBIHBIH TpaeKTopusaapsl cajbiaras. [1IHek 6eTi MeH MUIMHAPIIIK KallTaMaHBIH OeTi OOMBbIHINIA OOJIIIeKTep-
iH yitkesic Ky 6esiek ecenke asbiaraH. [IIHekTiH G6epinren GYPBIMITHIK KBLIIAMIBIFGL Ke3iHnge Gesrek-
TepiH KOTepiryl MyMKiH OoMaraH Ke3/e OypaHIasIbl JKeJiHl KOTepy OYPBIIMIBIHBIH MIEKTI MOHI TaOBLIIbI.
Yiikesic OYpBIIITAPBIHBIH KOHE MIEKTEYII IUJINHAD PaINyChIHBIH OOJIIIEKTEPIIH KOTEPY KbIJIIaM/IBIFBIHA
ocepi aHBIKTAJIBI. YAKBIT (PYHKIUSICHIHIAFBI KHHEMATUKAJIBIK, CHIIATTAMAJIAPILIH IPaUKTEPl KeJTipiareH.

Kiam cesdep: cajblCTbIpMaJibl KO3FAJIBIC, TiK IIHEK, OOJIIEKTED, OYPBIITHIK AWHAILY KbLIIAMIBIFLI, IIH-
JMHAPJIIK Kanrtay, JuddepeHnnaniblk TeHIeyIep, KNHEMATHKAJBIK IIapaMeTpJIep.

C.®. lunmunaka, B.H. Hecsumomun, H.B. Kiennii,
N.JI. Porosekmii, T.A. Kpecan, B.IA. Tpoxansk

TpaHCHOpTI/IpOBKa JaCTuilbl BEPpTUKAaJIbHbIM INIHEKOM,
OrpaHM4Y€HHbIM COOCHBIM HEIIOJABHU2KHBbIM IMWJIMHIAPOM

Cocrasiensl uddepeHinaibHble YPaBHEHNsI OTHOCUTEJILHOIO [I€PEMEIEeHUsT YACTULIBI 110 iepudepun Bep-
THUKAJbHOI'O ITHEKa, KOTOPBIN BPAIaeTCsl BOKPYT CBOEH OCH M OTPAHUYEH COOCHBIM HENOJIBUXKHBIM ITUJINH-
IpoM. Y paBHEHHE PACCUNTAHO UNCTEHHBIMHU METOJAMU, U TOCTPOECHBI TPACKTOPUN OTHOCUTEIHLHOTO JIBUKE-
HUSI 9aCTULBL 110 BUHTOBOU JINHUM — KPOMKE IITHEKA, KOTOPAasl SABJIAETCA OOIeil I IOBEPXHOCTHU IITHEKA U
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OrPaHUYMBAIONIETO MUINHAPa. OTAEIbHO YITEeHA CHJIa TPEHUs JACTUIIHI IO TIOBEPXHOCTH ITHEKA U TTOBEPX-
HOCTU IMJIMHIPUIECKOTO KoXKyxa. Hail/leHo moporosoe 3nadeHue yrja MoibeMa BUHTOBOW JIMHHUH, KOT/A
MO/IbEM YACTHI[bI CTAHOBUTCSI HEBO3MOXKHBIM ITPU 3aJIAHHON YTIVIOBON CKOPOCTHU BpAIll€HUsI ITHEKa. BbIsB-
JIEHO BJIMSHUWE YIJIOB TPEHUHA W PaIuyca OTPAHMYHMBAIOINIETO IMIWHIPA Ha CKOPOCTH IOAbeMa YaCTHIIHI.
IIpuBenens! rpadukyn KHHEMATUIECKUX XAPAKTEPUCTUK B DYHKIUN BPEMEHH.

Karouesvie cro6a: OTHOCUTEIBHOE JBU2KEHNE, BEDTUKAJIBHBIN IITHEK, YaCTUIIA, YIJIOBas CKOPOCTh BPAIIEHU,
WIMHIPUIECKUN KOXKYX, auddepeHnnaabHble ypaBHEeHNsI, KHHEMATUIeCKAEe TTapaMeTPhI.
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