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Abstract—For optimization of geometrical parameters of the  ones are generalized. Therefore the most objective indicators
seal of movable joints of machines, a corresponding of work of both the seals and HC are given in general [1-3].

mathematical model is developed. For the computer . . L .
implementation of the model, «Programme for simulation of According to the theory of tightness, reliability of DCS is
piston seal" in Object Pascal in integrated programming determined by the flow rate of leakage of the power fluid and

environment Borland Delphi 7 is developed. To verify the associated with the formation of lubricant film between contact
adequacy of the estimated model, we conducted computer Surfaces during their mutual displacement. Numerous factors
experiments on the bending of the sealing ring. Results of the affecting the tightness and friction of DCS in the process of
analysis show that using new DCS design provides guaranteed operation are subjected to significant change due to the ageing of
increased efficiency of hydraulic drives of machines by reducing the material and dependence of its mechanical properties on
fluid leakage and response time of HC actuation, as well as temperature, fatigue and wear of the destruction of the contacting
improving the efficiency of hydraulic drives, especially in the surfaces, influence of vibrations and micro-deformations,
conditions of operation of machines at lower temperatures of alternating loads, contamination of the liquid, release of the wear
environment in spring and autumn periods. products in a contact zone and dissolution of gases in the power
fluid, etc [4-7]. Therefore, in analytical studies and engineering
calculations of DCS, traditional empirical relationships are used
with subsequent binding of experimental verification and
correction of the obtained results [8].

Keywords— cars; exploitation; hydrauli; seal; simulati;
efficiency; design.

. INTRODUCTION . o .
For the generalized criterion of DCS tightness, we take

For the performanqe cri.teria of the dynamic connectionspeciﬁc linear leakag®,, expressed in #fm-cs and specific
seals (DCS) of hydraulic cylinders (HC) and other elements ‘vnear leakage determined by the formula:
the hydraulic drive of machines, we will accept tightness o

seal and overall coefficient of performance (COP) of HC. FKQa/B=Qe/B )
Appropriateness of the selected criteria is justified as the latter | .- — Q./ Q. — correction factor of leakage val@
= e a )
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received analytically; Q. - leakage flow, found MPa (atvsg< 15 cSt,a = 0.002; atvsg > 15 cSta = 0.003).

experimentally;5 — DCS perimeter. During estimated calculations on expression (2), the

For the foregoing reasons, the exact analytical determinatiqgroductp,:l. can be replaced by contact presgyrdefined for
of Q, leakage is extremely difficult. For this reason, theelastic DCS with the empirical expressions:
corresponding dependences, suggested by the number of _
researchers for the recognition of authors themselves, allow ? ~P:+ kAP,
only a qualitative assessment of the flow rate of the leakage. In wherep, — contact pressure, made during mounting=<(
this regard, known empirical dependences in the direction @02-0.04 MPa- for sealing ringsp, = 0.2-0.5 MPa — for round
more consideration of the design and operation of DCS witBection rings);x — influence coefficient of DCS typex & 0.6-
respect to HC were updated. The resulting expression can be7 —for sealing ringsy = 0.8-0.9— for round section rings).

itten in the f 9l:
written in the form [9] Overall efficiency 5, HC DM will be defined from

expression:
Qa:nX% ﬂDyLy(\/ﬂllepl_\/luzvaPzJ P
(2)

No=Hm " Vo /Vt, (3)

_ _ wheren, — coefficient of mechanical efficiency HE; and
wheren, — double-stroke number of pistdD; — diameter of v, — real and theoretical velocities of piston movement.
sealed surfacer-D, = B— perimeter of sealing;, — piston strike;

Pia Piz lka

1.~ dynamic-viscosity coefficient of power fluid:- piston speed; Coefficient 5, for HC qf single action in the general case is
AP — differential pressureP{ — P,) in cylinder P, and pistonP, cdculated by the formula:

cavities; p. — specific contact force in the sealing— contact 41F

width of sealing element with a counterbody. n 9

m 2 2 2 !

In the formula (2), the first radical expression in the 7T|_ DV" R (Dy dp)PpJ
brackets defines the thickness of the film of lubricant when \yhere F, — measured value of force made by Hi;—
running, and the second one — during idle run of the HC p'StOﬁ‘iston diameter.
or accumulator piston. The difference between the values of
the thicknesses of these films determines the presence As far as HC hasP, = 0, the final expression for
(absence) and the continuity of the film of lubricant. For thigdeterminingsm will be:
reason, between the contacted surfaces of the DCS there are ALE
the following types of friction: dry, boundary-dry, boundary, = 9
boundary-liquid and that of liquid. In the first three cases ™ aD2p.
during the work of DCS HC of unilateral action, there is a yoe
"pumping” effect in varying degrees, leading to air excess in Thus, for more objective quantification of new DCS
the system and power fluid saturation with it, which ultimatelyaccording to expressions (1) ... (4), it is necessary to determine
worsens the operation of the hydraulic drive of PM. At theexperimentally the amou, of fluid leakage flow, the actual
same time during the liquid friction, a significant amount ofvalues of speed;,, piston movements and effolfes for each
leakage of the power liquid is possible, also reducing thef the investigated DSC.
efficiency of the hydraulic drive. Therefore, the most

(4)

appropriate type of friction that should be assigned during II. RESULTS
DCS design is boundary-liquid one, which has a combination L )
of minimal friction and little leakage of the power fluid. For optimization of geometrical parameters of the seal of

movable joints of machines, the corresponding mathematical
The analysis of influence of constructive and operatingnodel is developed. The model is based on the method of
parameters of DCS on the leakage shows that the value of tparticle dynamics. We decided to use a two-dimensional
latter one is proportional {@ AP, v and inversely proportional version of the model (longitudinal cross-section of the
to pc, lc. It is obvious that in DCS design, only independentcylinder), since the problem has axial symmetry. Thus the
parameters, p. andl; are variable, of which the first one must radial distortion of this approximation is negligible, since the
be accepted as the lowest and two others — the highest onetdfckness of the sealing ring is significantly smaller than the
the possible values. It is also important to note that théhner diameter of the cylinder. In the framework of the sealing
dependence of the viscosjtyof the pressure will be different ring design, the metal parts of the hydraulic cylinder and the
for different temperatures and types of fluid in the generabower fluid are represented by many elements-circles of a

case; it is expressed by an exponential function. However, faimall diameter of 0.2 mm order (hereinafter elements) (Fig.
practical calculations according to the expression (2) in the),

pressure range of 0-40 MPa, we can assume that the viscosity
of the fluid linearly depends on the pressure. This assumption
allows us to use the empirical formula:

#=uo (1+aAp),

where iy — dynamic-viscosity coefficient at atmospheric
pressurep — coefficient depending on the type of power fluid
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L, c,
Xp5:2_?—C+Cd+C +C +C
Yos = _Ly %
2 27
LX Ca
Xps = T T G 7 Gy mC 7 Cr ~Cy,
Fig. 1. Sealing ring of metal parts of hydraulic cylinder and power fluid as
aggregate of sets of elements of round form Ly Cb
Yes =— 7
Main mechanical characteristics of the elements in the 2 2
framework of particle dynamics (mass, stiffness coefficient,
viscous friction, constraints of interactions) are based on the N h + Ca +c -c
table values of parameters of the respective environments — “P7 — 2 2 d
density, elastic modulus, friction coefficient and strength
tensile limit. The movement of the elements is described by _ Ly Cy, .
the differential equations of the second order in Newtonian Yp7 = 7_?’
form, which are solved by Runge-Kutta numerical method of
the second order. L
. . . . = X ¥ Ca + .
The sealing ring has complex cross-sectional shape and is Xpg = 7 ? Cc:
characterized by eight geometric parametgrk, I, lg, le, It
lg In (Fig. 2) B Ly C, .
A A Yes 2 2’
P1 PZ
! X —i—c——c +C4 +C,;
h P9 2 2 c d e’
P Py Py P,
’ by — Ly Cy .
Ypo = 7 t— ~Cun
Pyjssd Py (
Zd'le Zf b |Ps P Pr By XPlO:i__a_Cc+Cd+Ce+Cf’
2 2
Fig. 2. A calculation scheme for the task in the model of the geometric area, L
representing a sealing ring section _ Yy Cb _
Yp10 = 2 + ? Chs
The geometric area, giving a cross section of the
investigated sealing ring, is limited by broken line L
PlEzP8P7P12P11P6P5|?10P9P4P3. Calculat|0n. of coordinates of Xpyy = X 4 Za 4 C.—Cy—C,—C,;
points in the model is made by the following formulas: 2
L, _¢ y _Ly Lo
Xpy =———Yp = +— Yp11 = t——C;
2 2 2 2 2
L C Ly LX Ca
XP2=2X+?ay2:7+? Xp1a = 2+7+CC_Cd_Cer
L, ¢
Lx Ca Ly Cb = y + b
— _ — _ . =—+—=>--¢,,
Xp3 Y ? Cei Yps Ty o Yoz 2 2 "
whereXxp; andyp; — Cartesian ordinates oth of reference
_ LX _C, + point P;; L, andL, — dimensions of rectangular model space,
Xpa = 7 ? Cc +Cq in which elements can move.
Before the computer model experiment is conducted,
L c . )
Vou = Y _b; filling of the geometrical area that corresponds to the plane of
P4 2 sealing ring is made with elastic material elements (Fig. 3). To
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do this, the first random close packing of 6800 elements (Fig<Programme for simulation of piston seal" in Object Pascal in
3, a) is formed, covering the geometric area. Forming thentegrated programming environment Borland Delphi 7 is

random close packing is made by the same method of partiaieveloped. To verify the adequacy of the estimated model, we
dynamics: initially, elements are distributed randomly on aonducted computer experiments on the bending of the sealing
rectangular area (using the random number generator witing. The sealing ring was applied with external force from

software implementation). After that, the integration of thethree indentures of circular cross-section, moving at a low
equations of motion elements is made within 0.5 s with thepeed in the direction of the sealing ring. As a result, the
result; those elements, seeking to sit in such way that theealing ring is gradually curved.

distances between adjacent items were roughly the same. It was discovered that when using traditional materials for

rubber used in sealing technology in the model, the sealing ring
in the model is not destroyed even with significant bends and
returns to its original state after removing external force effects
(after removal of indenture to their original positions) [10].

@&

The dveloped simulation model of the movable joints seals
of forest machine hydraulic drives of new design allows you
to explore various modes of the seal and optimize the
construction parameters of the sealing ring and the snap ring
of the hydraulic cylinder piston.

a — initial rectangular area, with a random close packing elements of an elastic

material; I1l. DISCUSSION
b-initial state of the Cum_?nedn:ng‘;wﬂ as a result of round-shaped Analysis of the results of the simulation also showed that
Fig. 3. Mechanical testing of the cuff in order to verify the elasticity anddlff(:"rentlal pressure of worklng fluid on the left and on the rlght

strongly influences the shape of the sealing ring and,
consequently, the effectiveness of seal. At equal pressures on

Then the sealing ring is "cut" from a rectangular area: alPoth sides of the sealing ring, it is basically in symmetric
the elements that do not fall within the region bounded by theondition (Fig. 4). At low differential pressure (less than 1
thin line in Figure 2 are removed. Elements with coordinate}!Pa), the sealing ring is pressed against the inner surface of HC

(Xiv yl) are considered as not be|0nging to the Sea”ng ring, ﬂlnd prevents power fluid infiltration. Although the degree of
the following condition is created (5): resistance is low, the pressure of the power fluid is also small

enough to cause significant chocking in remaining clearance. In

case of large pressure difference (10-20 MPa), the sealing ring

not only stronger comes to the inner surface of HC, but at the

same time it is pressed against the beveled piston wall, which

causes wedging of the middle part of the sealing ring and a
. reliable seal at both top and bottom parts of the sealing ring
' [11].

. At very high pressures in the hydraulic drive (40 to 60
' MPa), elasticity of compression of the sealing ring, made from

strength

Yi > Yeui
Yi < Ypas

X< X3t (XPl_ XP3) %= Yes

Yi = Ye3

X> X5~ (XPl - XP3)

traditional materials, can lead to its srumple and(or)
> +c Y.~ Yps . destruction (Fig. 4,d). Therefore, sgaling ri_ngs o_f high_
X P4 " e _ 1 pressure HC must be made of elastic materials with a high
Yo ™ Yes (5) modulus of elasticity and protect them from destruction with
< X.. —C Yi ™ Yes the help of additional elements of highly durable polymer
X PS5 9 Voo =V ’ materials. In addition, to eliminate the crushing by changing
. P9 P3 geometric parameters of the sealing ring (a more massive
Yi < Ypos sealing ring as a whole, or a smaller size of the clearance
Y = Yps between the thrust metal ring and the inner surface of HC).
X > Xpg + Cy =
Ypo = Yps3
Yi = Yps
X<Xpp =Ce— s
Ypo = Yps3
Yi < Ypo»
where symbol «[» means what at least one of the listed
symbol conditions should be done; symbol «{» — that all of

these under the symbol conditions must simultaneously run.

For

the computer

implementation of

the model,
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compared with the standard rubber sealing ring, the efficiency
of new DCS has increased twice on average (Fig). 5,

Qr10°, : £10° [ o 1 ;
3 — e ,
oh—g| | A=, | ||z
\ \ 7| 45N O e
W &‘-. - ;L ~ FEide
3 A / TR
NG A 4 —
NS b o,sof T
| TP g A
1 : V f
1 15 1 025
0 0 0
400 20 4 TC 100 20 40 TC 00 20 40 TC
a b ¢

1 and 2 — curves of new and standard DCS, respectively

Fig. 5. Dependences of specific line leakage of power fluid QI on speed
response tr of hydraulic cylinder actuation; overall efficieneyof hydraulic
cylinder onT; temperature of power fluid for researched seal elements

V. CONCLUSION

Thus, the results of the analysis show that using new DCS
d design provides guaranteed increased efficiency of hydraulic
drives of forest machines by reducing fluid leakage and response

a— basic condition of sealing ring in case of equal pressure from both sides §mMe Of_ HC _aCtuation- as W?" as imprO\_/i_ng the emCienCy of
piston; condition of sealing ring in measuring pressure in piston area; b — 1thydraulic drives, especially in the conditions of operation of
MPa; ¢ — start of deformation of sealing ring at pressure of 10 MPa; d — machines at lower temperatures of environment in spring and

crumple of sealing ring at pressure of 50 MPa

Fig. 4. Sealing ring condition at different pressures of power fluid

Simulation results and laboratory and field experiments ofy;
investigated DCS, obtained for their three basic parameters —
linear leakage), of power fluid, response tinte of actuation
ard overall efficiencyy, of HC, are represented in Figure 5.
Analysis of obtained data indicates the following. 2l

Values of all three fixed parameters largely depend on
changes in the ambient temperature and especially in the field
of negative 0 ... —10 and low O ... P40 temperatures. The
intensity of a decrease of parameters values in the direction Bt
deterioration of HC operation is about 1.5-2.0 times higher
than atT > 1& C. This disadvantage is hard to handle in both;
DCSs and it is common to all types of DCS, especially in
spring and autumn periods, which should be considered by
machine operators in the operation of FM on forest sites at loi]
ambient temperatures.

LeakageQ, of power fluid at new DCS does not exceed the
leakage of any standard seal (Figah,which evidences about [6]
its good integrity in the entire range of possible ambient
temperatures

Response time, of HC actuation with new DCS is on [7]
average by 1.6 lowers than with standard DCS (Figb)5,
Thanks to this, both hydraulic and working bodies of forest
machines are considerably less exposed to dynamic IoajgI
Consequently, response time of HC actuation, as well as
through the use of the sealing ring, made of polyurethane in
DCS with a significantly lower friction coefficient, is reduced

autumn periods.
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