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Abstract

Introduction: Many vibration transport and technological machines (VTTM) such as conveyors, screens, crushers, etc.
operate in a high-frequency mode, or above resonance. Resonance occurs during machine start and slowdown, resulting
in sharply rising values of the amplitude and velocity of oscillations. Resonance affects VTTMs adversely due to increased
dynamic loads reducing machinery operating life and reliability and causing the noise. Purpose of the study: We aim to
provide a theoretical substantiation for the possibility to apply automotive shock absorbers to VTTM oscillatory process
control and develop an example of practical implementation for such a device. Methods: The method of controlling
oscillatory processes in VTTMs lies in the use of dual-mode shock absorbers. In the operating mode, shock absorbers
offer minimum resistance to motion. In the resonance mode, resistance increases, therefore, the amplitude decreases
to a predetermined value. Results: We simulate the VTTM oscillatory process in order to determine the characteristics
of a damping device, which ensures the suppression of resonant oscillations but does not affect the vibration operating
process. We propose a new technical device implementing the required oscillation characteristics. The device is made in
the form of a hydro-pneumatic shock absorber, similar to automotive shock absorbers in terms of design. Such a design
makes it possible to offer slight damping of the machine’s useful (operating) vibration, but, at the same time, damping
increases significantly in the case of resonant amplitudes. The originality of our study lies in the development of a new
type of hydraulic shock absorber, for which a utility model patent has been obtained. The scientific novelty of the study is
in the mathematical description of oscillation damping with the new shock absorber, in the development of software for
oscillatory process analysis according to the developed mathematical model, and in the results of computer simulation
for shock absorber operation.
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Introduction

The majority of vibration transport and
technological machines (VTTMs) such as
conveyors, screens, crushers, vibratory plates, etc.
operate above resonance (Bauman and Bykhovsky,
1977; Kuzmichev, 2014). Resonance occurs when
oscillations of a vibration machine start or stop.
This phenomenon is accompanied by sharply rising
values of the amplitude and velocity of oscillations.
Resonance affects VTTM operation adversely:
dynamic loads on the machine components
increase, excess noise occurs, machinery operating
life and reliability are reduced (Chelomey, 1981).

Machinery protection against the destructive
effect of resonant amplitudes and increased
vibration loads is a challenging issue and a top
priority in VTTM design. There are various solutions
available for damping resonant amplitudes. One of
the most effective solutions is the use of telescopic
hydro-pneumatic shock absorbers (Derbaremdiker,
1969; Dobromirov et al., 2006, Repin et al., 2020;
Rotenberg, 1972) that were already tried and tested

(in motor vehicles). In such hydro-pneumatic shock
absorbers, the resistance coefficient changes in
proportion to the velocity of oscillations.

Methods

This study focuses on oscillatory processes
in VTTMs. The purpose of the study is to provide
a theoretical substantiation for the possibility to
design such mechanical devices as automotive
shock absorbers for oscillatory process control and
develop an example of practical implementation for
such a device.

The proposed method of controlling oscillatory
processes in VTTMs lies in the use of dual-
mode shock absorbers. In the operating mode,
shock absorbers shall offer minimum resistance
to oscillatory motion. In the resonance mode,
resistance shall increase in order to decrease the
amplitude to a predetermined value.

Shock absorbers used in motor vehicles operate
in two modes: throttle and valve ones (Demi¢ and
Diligenski, 2016; Dobromirov et al., 2006; Hrovat
and Hubbard, 1982; Repin et al., 2020; Sani et al.,
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2008). At small amplitudes and, consequently, low
velocities, the valves are closed, and the liquid is
forced through the throttle channels in the piston.
That is the throttle mode. With an increase in piston
velocity, hydraulic resistance to its motion increases
as well, and the valves open, reducing the resistance.
That is the valve mode.

The damping force generated by such a shock
absorber is as follows (Dobromirov et al., 2006;
Repin et al., 2020; Rotenberg, 1972):

Pd =kxV', (1)

where k — resistance coefficient of the hydro-
pneumatic shock absorber; v — velocity of vertical
VTTM motion; i — power index.

The shock absorber characteristic may vary
depending on the power i:

1) linear (at i=1.0);

2) progressive (at i>1)

3) regressive (at i<1).

Its type depends directly on the shock absorber
design parameters. The coefficients k_(compression
stage) and k, (extension stage) have different values.
Figure 1 presents a progressive characteristic curve,
which most corresponds to the specified conditions.
This is a schematic representation since the actual
characteristic curve will be nonlinear (shown by the
dashed line).

However, due to their parameters, industrial
shock absorbers cannot be used in VTTMs. The
working stroke (amplitude of oscillations) in VT TMs,
corresponding to the throttle mode, is 1-10 mm,
while in industrial shock absorbers, it is by an order
of magnitude greater. Besides, the damping value in
the throttle mode is too high, at least tens of newtons,
which leads to increased energy consumption per
vibration process.

Pde

Vic kct, LA Ve

compression
4 p P dc

Figure 1. Shock absorber characteristic curve: P,— damping
force; v, — piston velocity; k — resistance coefficient;
subscripts: ¢ — compression; e — extension; t — throttle mode;
v — valve mode
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Therefore, it is required to develop a new
shock absorber design, which would satisfy VTTM
operating conditions to the fullest extent possible.

Results

Let us describe a method to substantiate the
selection of hydro-pneumatic shock absorbers’
parameters by means of simulating VTTM operation
(Fig. 2).

The VTTM comprises housing 1 with the material
and is driven by vibrator 2 generating directed
oscillations. The VTTM is located on base plate 5,
on four hydraulic shock absorbers 3 and four springs 4.

The forces acting on the VTTM can be described
by the following equation (Kuzmichev, 2014):

B+P§+Pd+G=F(l), (2)

where P, — inertia; P. — spring force; P, — damping
force of the hydraulic shock absorbers; G — VTTM
weight; F(z) — external impact.

The force F(1) created by the vibrator generating
directed oscillations changes with time according to
the following law (Bauman and Bykhovsky, 1977):

F(t)=F, xcos(Q), (3)

where F, — amplitude of the disturbing force of the
vibrator generating directed oscillations; t — time, s;
Q — frequency of the vibrator generating directed
oscillations, s™.

Using the equation, we can determine the
restoring force of a vibration conveyor spring
(Dobromirov et al., 2006; Repin et al., 2020):

P =-lxc, (4)

where [ — spring travel during operation; ¢ — spring
stiffness, N/m.

Using this equation, we can find the damping
force of the shock absorber, affecting the conveyor:

Figure 2. VTTM design model:

1 — VTTM housing; 2 — vibrator generating directed
oscillations; 3 — shock absorbers; 4 — springs; 5 — base
plate; m — VTTM weight with the material being moved;
S — angle of the disturbing force
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P, =—kxv, (5)
where v — velocity of the piston with the piston rod,
m/s; k — resistance coefficient of the hydraulic shock
absorber, Ns/m (Newton per second/meter).

Newton’s Second Law can be written as follows
(Kuzmichev, 2014):

mxa=—-cxl—kxv+F(t), (6)

This equation describes a plane case and
small forced oscillations (Chelomey, 1981); in the
differential form, the equation of vibration conveyor
motion will be as follows (Kuzmichev, 2014; Repin et
al., 2020):

mxy()+2xcxy(t)+2xkxy(y)=F(t), (7)

where y — value of movement along the y axis.
The angle of the disturbing force and the angles
of the shock absorber axes are taken identical to
simplify the mathematical model. Therefore, we
cancel their trigonometric functions in the equation.
As a result, equation (7) can be written in the
following form:
(@)

O+ @ Xy +hx i ===, g
where 7 =k/(2><m) — damping coefficient, N-s/

(kg m) @, = (2><c/m)
conveyor, s™.

The amplitude of steady-state oscillations can be
determined using the following equation (Demic and
Diligenski, 2016):

Aop=E)/(m><\/(Q2 —a)g)2 +4xh* xQZ) (9)
The angular frequency Q, = W

matches the maximum value of the amplitude 4
The angular frequency is slightly less than the
eigen angular frequency of the vibration system

Q= -h |

— eigen frequency of the

Ane = F [(2xhxmx Q) . (10)

An increase in the shock absorber damping
coefficient h will lead to a decrease in the maximum
oscillation amplitude 4 and straightening of the
resonant oscillations’ curves A(Q), which will make
it possible to significantly reduce the phenomenon
of resonant oscillations. At %>®,/2 | resonant
oscillations disappear completely (Chelomey, 1981).

Figure 3 presents the result of resonant
amplitude calculation depending on the shock
absorber resistance coefficient in Mathcad. Based
on this calculation, the actual values of the damping
coefficient 4 and the shock absorber resistance
coefficient k are derived. An example of calculation
for a test bench, performed in Mathcad, shows that

the resistance coefficient should be not less than
2000 N-s/m to limit the maximum amplitude in the
amount of 0.01 m. This is the maximum resistance
to be developed by the shock absorber.

Then, based on the found characteristics of
oscillations’ damping, we selected parameters of
the hydraulic shock absorber. In addition to that, we
developed several shock absorber designs meeting
the condition. The design (Fig. 4) obtained by utility
model modernization (Repin and Litvin, 2017) is the
most promising. Shock absorber resistance is found
using the ratio between the values of amplitude
oscillations and the values of piston travel [ in the
piston chamber. Atalesser amplitude /, there is a flow
of liquid through the gap &, =(d, —d,)/2 between
the rod and the sleeve. At a higher amplitude /, there
is a flow of liquid through the gap &, :(ds -d ) 2
between the piston and the sleeve, which
significantly less than the gap described above.
Therefore, in case of a higher amplitude, resistance
to fluid flow is higher as well, which means that the
shock absorber resistance coefficient is also higher.

The shock absorber operates as follows: the
device is installed between the main and the
oscillating parts of the vibration machine. In the
operating mode, piston parts 3 and 5 move outside
hydraulic sleeve 4. Therefore, the operating (steady-
state) amplitude value A4 s less than the gap
value /. Thus, in this operatlng mode, resistance to
movement of two-point rod 2 includes the following
forces: the rod friction force (in the point of contact
with cylinder housing 1), the force of hydraulic friction
in the moving parts inside the shock absorber, as
well as the inertia of the moving parts of the shock
absorber, such as the hydraulic piston and two-point
rod. In this mode, the resistance coefficient of the
hydraulic shock absorber is minimal.

In case of resonant oscillations when the
amplitude exceeds the value of /, hydraulic pistons 3
and 5 will enter the internal cavity of sleeve 4. This
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Figure 3. Dependence of the resonant amplitude of oscillations
A, ..inaVTTM on the shock absorber resistance coefficient
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will cause a sharp increase in hydraulic resistance
due to shock absorber liquid pushing through the
gaps between sleeve 4 and hydraulic pistons 3 and
5. The resistance coefficient of the shock absorber
will increase proportionately, and the amplitude of
oscillations will decrease correspondingly.

Pin bush 6 is required in order to stabilize the
movement of two-point rod 2 strictly along the axis of
cylinder 1. Since the gap between the central hole of
sleeve 6 and two-point rod 2 is quite large, there will
be no friction between them. Holes in sleeve 6 allow
the liquid to move freely inside hydraulic cylinder 1 of
the hydraulic shock absorber.

During movement of two-point rod 2,
compensating gas piston 7 counterbalances the
changes in the internal volume of cavity B filled with
liquid.

When developing a mathematical model of
shock absorber operation, alternating processes of
expansion and compression during the operation of
the hydraulic shock absorber are taken into account.

Atthe compression stage, all energy from external
forces is directed at overcoming the friction forces P,
in the shock absorber gaskets, at compressing gas
P, in the gas cavity, pushing liquid P, through the gap
between the sleeve and the two-point rod with the
hydraulic piston, overcoming the gravity force G,

Figure 4. Shock absorber of resonant oscillations:

1 — cylinder housing; 2 — two-point rod; 3, 5 — hydraulic
piston; 4 — sleeve; 6 — pin bush; 7 — compensating gas
piston; A — cavity filled with gas; B — cauvity filled with liquid;
G, — gravity force of the rod with the hydraulic piston; d, —
sleeve diameter; dp — piston diameter; 6 — gap between the
two-point rod and the sleeve; | — distance from the sleeve to
the hydraulic piston; a — shock absorber installation angle
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and inertia P, of the moving two-point rod with the
hydraulic piston:

F. =P, +F +F +F —-G,cosa. (1)

At the expansion stage, the force in the shock
absorber is as follows:

P, =P, +F +F +F +G,cosa. (12)

The main difference between the presented shock
absorber for damping of resonant oscillations and
standard automotive shock absorbers is that there
are different values of resistance P, to liquid pushing
through the different gaps in the shock absorber:
liquid movement through the gaps between the
sleeve and the rod has small resistance while its
movement through the gaps between the sleeve
and the piston has quite significant resistance.
Therefore, it is the latter that has the most impact on
the final characteristic of a hydraulic shock absorber.
According to the mathematical calculations related
to the hydraulics (Dalin and Mikheev, 2001), the
value of resistance to movement of the hydraulic
piston in the sleeve is expressed through resistance
to movement of liquid through the described gaps
between the sleeve and the two-point rod with the
hydraulic piston:

a) if the amplitude of oscillations is less than the
distance /, liquid flows through the gap between the
sleeve and the rod

2 2
prxvp* by
b=

_2><g><,uz><Sr2S' (13)

b) if the amplitude of oscillations is more than the
distance /, liquid flows through the gap between the
sleeve and the piston
’ Py X v?, X Fj
2 2><g><,u2><Sf,S’ (14)
where p;— liquid density; F —area of the hydraulic
piston; S, and § — area of the gap between the two-
point rod and the sleeve; area between the hydraulic
piston and the sleeve; v, — hydraulic piston velocity;
u — leakage coefficient that depends on the liquid
viscosity and the size of the gaps (0.65-0.75).

The relationships between the effective area of
the hydraulic piston and the gap area are as follows:

a) at downwards movement

F =7r><d§/4. (15)

2 2
_ﬂ(ds —-dy)
ps 4

(16)

b) at upwards movement
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Figure 5. Hydraulic shock absorber characteristic:
v... — rod velocity when entering the resonance mode; v,,
— rod velocity in the VTTM working mode (when the axis of
oscillation is crossed)

Fp=n(dy-d2) /4 (17)

_di—dp)

ps y (18)

Figure 5 shows the shock absorber characteristic
simulated in Mathcad.

As seen from the diagram of the hydraulic shock
absorber characteristic, the resonant velocity is
limited to the resistance of the hydraulic shock
absorber. It is clearly seen in the P, curve. When
the hydraulic shock absorber enters the internal
space of the sleeve, a sharp increase in the force
P, occurs. The hydraulic shock absorber slows
down the oscillatory process and, thus, limits the
amplitude of oscillations.

Figure 6 shows a combination of the operating
characteristics of a vibration transport and
technological machine (Fig. 3) and the developed
hydraulic shock absorber. This makes it possible
to choose not only the required values of the
shock absorber resistance coefficient in two
modes (working and resonance modes) but also
the required design characteristics of the hydraulic
shock absorber such as: the size of the hydraulic
pistons, the two-point rod, and the sleeve, as well as
pressure in the gas chamber.

Discussion

Thus, through the theoretical study of the

k, N-s/m ;
kres < I" ,i
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Figure 6. Dependence between the shock absorber resistance
coefficient and the VTTM amplitude of oscillations:
A, — resonant amplitude;

A, — working amplitude of oscillations

operation of the proposed shock absorber, we have
shown that such devices can be applied in vibration
transport and technological machines. Being able
to operate in two modes (with a small and high
resistance coefficient), the shock absorber virtually
does not impede the oscillatory process in the
steady-state mode of operation and, also, actively
dampens resonant oscillations in transient modes.

Conclusion

In the course of the study, we performed the
mathematical simulation of the oscillatory process
in a vibration transport and technological machine
with the installed damping device. We derived the
mathematical expression for the damping coefficient,
which ensures damping of resonant oscillations.

The new design of the VTTM hydraulic shock
absorber was described. This design offers the
minimum resistance in the operating mode and the
required resistance upon the occurrence of resonant
oscillations.

We also developed the mathematical model for
the joint operation of the hydraulic shock absorber
and a VTTM. The model was implemented in the
Mathcad environment. The combination of the
operating characteristics of the hydraulic shock
absorber and a VTTM makes it possible to select the
required parameters ofthe shock absorberresistance
coefficient in the working and resonance modes.
Besides, using this combination, we can choose
the values of design characteristics for the hydraulic
shockabsorberinordertodampresonantoscillations.
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AHHOTauunA

MHorvne BMOpaLMOHHbIE TPaHCMOPTHO-TEXHONOrMYeckme mawuHel (BTTM) — TpaHcnopTepsbl, rpoxoThl, APOOUIKN 1
apyrue, paboTaloT B BbICOKOYACTOTHOM pexumMe, Ha3biBaeMOM 3ape30HaHCHbIM. FBNeHWe pe3oHaHca BO3HMKaeT B
nepuoAbl 3anycka n TOPMOXEHNST MaLUMHbI, YTO Bbl3biBAeT Pe3Ko-BO3pacTaLlme 3HaYeHns amnnnTyabl 1 CKOpoCTH
konebaHuin. Ha pabote BTTM siBneHue pe3oHaHca cka3biBaeTCs KpanHe HeraTuBHO, BBMAY MOBbILLEHWUS SUHAMUYECKUX
Harpy3okK, KOTOpble CHMXalT PeCcypc 1 HaAeXHOCTb MallUuHbI, Bbi3bliBaloT WwWyM. Llenb nccnepoBanusn: Teopetnyeckoe
060CHOBaHNE BO3MOXHOCTU NPUMEHEHNS aMOpTM3aTOPOB aBTOMOBUNBHOIO TMNa ANns ynpaBneHuns konebaTenbHbIM
npoueccom BTTM wu paspabotka npumepa npakTudeckon peanusauyum Takoro yctpoucTtea. Meton: Meton
ynpasneHus konebartenbHbiMu npoueccamu B BTTM 3aknioyaeTcs B UCNONb30BaHUM ABYXPEXUMHbBIX aMOPTM3aTOPOB.
B paboyem pexunme amopTusatopbl CO34aOT MUHMMANbHOE COMPOTUBMNEHWE OBWXKEHMIO. B pe3oHaHCHOM pexume
COMPOTUBNEHNE YBENUYMBAETCH, MOITOMY amnnuTyga CHWXaeTcs [0 3adaHHOro 3HayeHus. Pesynbtatbhi: B
cTaTbe BbINONMHEHO MofenupoBaHue konebatenbHoro npouecca BTTM ¢ uensio onpefeneHus xapakTepucTuk
AemndupyloLLero ycTponcTaa, obecneynBatoLlero raleHme pe3oHaHCHbIX KonebaHun u, B TO Xe BPeMS, He BNUSIOLLLEro
Ha pabouuin BMOpaUMOHHBIA npouecc. [peanoXxeHo HOBOE TEXHUYecKoe YCTPOMCTBO, peanuayiulee Tpebyembie
XapakTepuctukm konebaHuin. YCTPOMCTBO BbINOMHEHO B BUAE MMOPOMHEBMAaTMYECKOro amopTudaTtopa, nogobHoro
MO KOHCTPYKUMM aBTOMOOUMbHbIM amopTudatopam. OCoB6EeHHOCTb KOHCTPyKUMM pa3paboTaHHOro amopTtu3aTtopa
nossonsetr obecnevynTb He3HauuTenbHOe COMpPOTUBMEHME nonesHon (pabouen) BuGpauum MalIMHbI, HO B TO Xe
BPEMsi COMPOTUBMEHME aMOpTU3aTopa 3HAYMTENbHO YBENUYMBAETCH MPU BO3HMKHOBEHMN PE3OHAHCHbLIX aMMuTyA.
OpurmHanbHOCTb AAaHHOIO UCCeA0BaHNS 3akiovaeTcs B pa3paboTke HOBOro BMAa rugpasnnyeckoro amoptusaropa,
Ha KOHCTPYKLMIO KOTOPOro NOMYyYeH NaTteHT Ha NonesHyo mogens. HayyHast HOBU3Ha 3aknioyaeTcsd B MaTeMaTu4eckom
onucaHuu npouecca geMmndupoBaHuns konebaHni HOBbIM aMmopPTU3aTOPOM, B pa3paboTke KOMMNbLIOTEPHON NPOrpamMmmbl
pacueta konebaTtenbHOro npouecca no pas3paboTaHHOM MaTeMaTMYECKOM MOAEenu, B pesynbTaTax KOMMbTEPHOro
mopenmpoBaHmsa paboTel amopTusartopa.

KnioueBble cnoBa
Bunbpaums, pesoHaHc, amopTumsaTop, BUOGpaLOHHbIE TPaHCMOPTHO-TEXHONOIMMYECKNE MaLLNHBbI.
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