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Abstract

This study presents the influence of different kinds of damping on transverse and longitudinal vibrations of
hydraulic cylinder in a mining prop. The dissipation of vibration energy in the model is caused by
simultaneous internal damping of viscoelastic material of beams that model the system, external viscous
damping and constructional damping. Constructional damping (modelled by the rotational viscous dampers)
occurs as a result of movement resistance in the cylinder supports. The eigenvalues of the system with respect
to changes in system geometry with two values of load and for a selected and variable damping coefficient
values were calculated.
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1. Introduction

A hydraulic cylinder as an object of research studies on dynamics of mechanical systems
has been extensively investigated in the number of studies. Most of the published studies
focused on the interactions between the cylinder tube and piston rod. Results of the
investigations of the dynamic response of the model of a cylinder to axial impulse were
presented in paper [1]. The work [2] presents an analysis of the effect of initial
inaccuracy of connection between the piston and cylinder tube on critical loading force
in the cylinder. Many authors analysed the effect of sealing or the medium on the
cylinder's dynamics and dynamic stability of cylinder. In study [3] calculations of free
vibration frequencies were extended with the investigations of the dynamic stability of
the cylinder by means of determination of geometrical parameters and load at the time of
losing the stability were presented. In paper [4] the problem of the stability and free
vibrations of a slender system in the form of a hydraulic cylinder subjected to Euler's
load was carried out. The studies [5] and [6] present the effect of internal damping on
vibrations of a support beam with a mass attached to a free end of the beam and on
stability of a support column loaded with a follower force, respectively. The influence of
small internal and external damping on stability of non-conservative beam systems is
described in paper [7]. Equally interesting publication concerning the effect of external
damping on vibration of beams with stepped cross-section is the study [8]. The effect of
structural damping of fixations on free vibration of the linear Bernoulli-Euler beam was
presented in the study [9].
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In study [10] dissipation of vibration energy in the model of hydraulic cylinder —
boom crane system occurs as a result of simultaneous internal damping of the
viscoelastic material of the beam used in the model and the constructional damping in
the supports of the cylinder and crane boom. The constructional damping of supports
was modelled using rotational viscous dampers. The problem to be considered in the
study [11] is the natural vibration of the system consisting of two clamped-free rods
carrying tip masses to which several double spring-mass systems are attached across the
span. The study is concerned with longitudinal vibrations of this mechanical system and
the major contribution of this study is to derive a general formulation for the exact
solution of the system described by using the Green's function method.

This study analyses the simultaneous effect of the constructional damping, internal
damping, external damping and the influence of changes in system geometry on the
transverse and longitudinal vibrations of hydraulic cylinder in a mining prop. The results
obtained in the study were presented in 2D figures and spatial presentations.

2. Mathematical Model

A scheme of the considered system is presented in Fig. 1. The model of a hydraulic
cylinder is composed of four beams. Two of them model a cylinder tube (/;;, /;2) and two
- piston rod (/2;, I22) in the cylinder. The liquid in the cylinder was adopted as the
medium of load transfer between the piston and the cylinder along the length filled with
liquid. The liquid rigidity in the cylinder was modelled by the translational spring.
Stiffness coefficient of spring was denoted by £s.

In adopted model dissipation of vibration energy was caused by simultaneous
internal damping, external damping and constructional damping. Internal damping of the
viscoelastic material for individual parts of hydraulic cylinder was characterized by
Young's modulus E,, and viscosity coefficients E*,,. External damping of medium
surrounding the system were denoted by coefficient c.. Constructional damping occurs
as a result of movement resistance in the piston and the cylinder supports and it was
modelled by the rotational viscous dampers. Damping coefficients of rotational viscous
dampers were denoted by cx.

The boundary problem connected to the free vibrations of the considered non-
conservative (due to damping) system was formulated on the basis of Hamilton’s
principle in the following form:

&) 15}
SI(T-V)dt+ [Wydt=0 (1)
t t
where: T — kinetic energy, V' — potential energy, oWy — virtual work of non-
conservative forces originating from damping.
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Figure 1. Diagram and beam model of a hydraulic cylinder with damping

The vibration equations for individual beams are known and have the following form:

4
Jmn Emn +E::m g 5 W (x"ln’ ) a W (x"ln’ )+
o) Py
W (2)
+pmnAmn mn xm}’l’ )+ e mn (xmn’ ) :0
or? a
where:

2 2

—Amn(Em,, +Ep, 2 j—ﬁ Y o8 1 gy &) _ 3)
ot a, or

where: m,n=1,2 (cc=0form=2andn=1)

W (Xmn, £) — transverse displacement of beams that model cylinder and piston rod
Unn (Xmn, ) — longitudinal displacement of beams that model cylinder and piston rod
E,n — Young's modulus for individual beams,

E",,, — material viscosity coefficient,

Jnn — moment of inertia in beam cross-sections,

Amn — cross-sectional areas of the beams,
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Pmn — beam material density,
c. — viscous damping coefficient,
P — cylinder loading force (at the length /1> of the cylinder tube coverage with the piston
rod in the cylinder P=0)
Xmn — spatial coordinates, ¢ — time
Solutions of equations (2) and (3) are in the form:

Wmn (xmn > t) = Wmn (xmn )elw ! (4)
Un’ll’l (xmn 4 t) = umn (xmn )elw ' (5)

where: @" — the complex eigenvalue of the system, i =+/—1
Substitution of (4) and (5) into (2) and (3) leads to, respectively:

WVIth (xmn) + ﬂr?m err{n (xmn) =Y mnWimn (xmn ) =0 (6)
i CX) + Copt (3,) = O @)
where:
A %2 *
Vom = Pmn mn* —|o - Ce iw ,
Jmn (Emn + Emnla) ) pmnAmn
2 > (®)
Pun®@
amn: *,*’ﬂmn: ok *
(Emn + Emnla) ) (Emn + lEmna) )Jmn

Boundary conditions:
w11(0) = Wiz (hz) = w5 0) = wya(l5) = 0, iy () = wi(0),
wo1 () = w2a(0), vy (1) = wi(0) = w3, (0),

Wi (ha) = wy (L) = wy5(0), EyyJy wi1(0) = CRiQ)*WIIL(O)’

(Eyy+ Enieo)J ,wih(0) = (By + Ef e )Jy wit (),

(Egy+ Engiit0")J 1,w55(0) = (Eyy + Eqji@ )Ty w3y (L)),
EypJyywi(lyy) = —CRiW*Wzlz(lzz)a (Epy + El*liw*)Jl i () +
+ Pwiy(hy) = (Epy + Epyi)Jypwfs (0)+
—(Ey + Exji@ )Ty w3y (0) = Pwy,(0) =0,
(Epy+ Epgi@ ),y () + (Eyy + Exji0 )y whi (1) +
—(Egy + Exgi@ ) 3w (0) = 0, 1y (Ly1) = upy(0), t,(Jy 1) = 14,(0),
1 (0) =14y, (1y)) = 0, (Eyy+ Eqji@ ) Ay ity (1)) = (Eny + Expi @) Ay (0),
(Eyy + Eji@0 ) Ay u31(0) = kgt (0), (Eyy + Eqpi@0) Ayt (1) = P,
(Eps+ Epyi@ ) Al 5(0) = (B + Ey i ) A i ()

(€))
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The solution of equations (6) and (7) are expressed in the form of functions:

Winn (X) = Clmnel”’”x + szneiﬂ”‘”x —+ C3mne[ﬂ”‘”x + C4mne’i’1m"x (10)
Uyn (x) = Dlmneigmnx + Dzmne—ié'mnx (1 1)
where:
2 4 ) 7
ﬂmn :\/_ ﬂ;ﬂ + ﬁzm_+7/mn 5 Imn :\/ﬂ;n + ﬂ;nn + Vo > gm’1: 'amn (11)

The boundary problem is solved numerically for the eigenvalues o". Depending on the
solution adopted, the roots " are complex numbers (that represent the damped vibration
frequencies Re(w") and damping Im(w”) in the considered system) and they may accept
positive or negative value. In this paper, presentation of the results was based on positive
values of the real and imaginary parts of solutions.

3. Numerical Calculation Results

Calculations were carried out for a cylinder used in a mining prop. Computations were
carried out for the data contained in Table 1. Dimensionless damping parameters: # for
internal damping, u for constructional damping, and v for external damping were placed
below the table.

Table 1. Geometrical and material data adopted in the study

Quantity Symbol Unit Value
Cylinder tube - external diameter Dy, =D, mm 290
Cylinder tube - internal diameter d=d, mm 250
Piston rod - external diameter D, =D,, mm 160
Piston rod - internal diameter dy =dy, mm 120
Cylinder tube and piston rod density Pon kg/m? 7.86e3
Young's modulus E,., Pa 2lell

Damping parameters:

*

E,, ¢, L’ C P
ﬂ:hE , V= dc 3#27R5 PZP_s
mn C
2
zpmnAmn 2 an
h* = LC4 m,;—l— ,d=L¢ menAmnEanmn >
zEanmn ol

m,n=1

where: Pc — the critical load of the cylinder extended to Lc=4mand L, =/, +1, +15,.
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The results of the calculations are presented in Figures 2 to 5. The system was loaded
with the longitudinal force P (p=0 and p=0.3). The dependency of the eigenvalues (real
parts Re(w;") and imaginary parts Im(w;")) on coefficients of constructional damping u,
external damping v, internal damping # and total length of cylinder that ranged from
Lc=2.6m to Lc=4m was also determined. The relationships between the first eigenvalue
of cylinder and changes its total length L¢and coefficient of constructional damping u at
p=0.3 without internal and external damping in the system are presented in the form of
spatial diagrams in Figure 2.

Figure 2. The dependency of the first eigenvalue (Re(w”) and Im(w")) for the cylinder on
total length Lc¢ and constructional damping u at #=0, v =0 and p=0.3

As can be seen in the figure above, the higher value of Im(w,") then the more the
amplitudes of a particular (n) mode of vibration are damped. Figure 3 presents the
maximum values of Im(w ") for the first mode of vibration in the examined system
depending on the hydraulic cylinder length L¢ for two values of loading.
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Figure 3. The relationships between the maximum values of Im (") for the first mode
of vibration in the cylinder and the extension total length L¢ (for #=0 and v=0)

Next investigations focused on consideration of effect of different kind of damping on
cylinder vibration. The dependency of real and imaginary parts of the first eigenvalue of
the hydraulic cylinder on extension total length L for selected values of damping
(#=0.02, v=0.5, 4=0.5) and for two values of loading are presented in Figure 4.
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Figure 4. The dependency of the first eigenvalue (Re(w”) and Im(w”)) for the cylinder on
extension total length L¢

The next figure (Figure 5) presents the change in the first eigenvalue of the hydraulic
cylinder depending on the external damping v and internal damping # without loading
and loaded with the force p=0.3 for selected length of cylinder Lc~=3m. The
investigations were carried out for optimal constructional damping value u=0.5.

Figure 5. The dependency of the first eigenvalue (Re(w”) and Im(w”)) for the cylinder on
internal damping # and external damping v at ©=0.5 and L¢ =3

4. Conclusions

This study presents a beam model of a hydraulic cylinder based on the system used in
mining props. The computations for the model of transverse and longitudinal vibrations
in a hydraulic cylinder with damping were carried out. The model of damping took into
consideration the internal damping of the beams that modelled a cylinder tube and a
piston rod, external damping and constructional damping that modelled motion
resistance in the supports. Substantial changes can be observed in the damped
frequencies Re(w;") and in degree of amplitude decay Im(w;") in the case of changes the
length of hydraulic cylinder L¢ and coefficient of constructional damping u (Figure 2).
An increase in constructional damping causes the increase in the values of degree of
amplitude decay Im(w;") to maximum values, followed by Im(w;")—0 where yu—oo.
These substantial changes in both Re(w*) and Im(w*) are caused by considerable
intervention in the conditions of system fixation (in extreme cases, the fixation points are
changed from joint mountings into rigid mountings). The length of hydraulic cylinder
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extension for which the degree of vibration amplitude decay is the highest allows for
determination of optimum lengths of the hydraulic cylinder with respect to minimum
vibration amplitudes in the system (Figure 3). It can be concluded based on the
calculations that introduction of the internal and external damping causes only
insignificant changes in the first eigenvalue (Figure 5). The results presented in the study
help determine the geometric parameters and values of the coefficients that characterize
damping of the system for which the maximum degree of amplitude decay is maintained.
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