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MODELLING OF THERMOELASTIC TRANSIENT CONTACT
INTERACTION FOR BINARY BEARING TAKING INTO ACCOUNT
CONVECTION

Summary. Serviceability of metal-polymeric "dry-friction” sliding bearings depends
on many parameters, including the rotational speed, friction coefficient, thermal and
mechanical properties of the bearing system and, as a result, the value of contact
temperature. The objective of this study is to develop a computational model for the
metallic-polymer bearing, determination on the basis of this model temperature
distribution, equivalent and contact stresses for elements of the bearing arrangement and
selection of the optimal parameters for the bearing system to achieve thermal balance.

Static problem for the combined sliding bearing with the account of heat generation due
to friction has been studied in [1]; the dynamic thermoelastic problem of the shaft
rotation in a single and double layer bronze bearings were investigated in [2, 3].

MOJEJIMPOBAHUE TEPMOVYIIPYI'OI'O HECTAITMIOHAPHOI'O
KOHTAKTHOI'O B3AUMOJIENCTBHUA B BUHAPHOM ITOAILIMWITHUKE
CKOJIBXEHMA C YYETOM KOHBEKTHMBHOI'O TEIINIOOBMEHA

AHHoTanus. PaboTocnocoOHOCTD MOTMMEPHBIX MOIIIAITHUKOB CKOJIBXEHHS «CYXOTO
TPEHUs» 3aBUCHUT OT MHOTHX MapaMeTpOB, BKIIOYAIOMIMX B ce€0S CKOPOCTb BpallCHHS
Bana,  KO3(pQUUUEHT  TpPEeHHs, TEPMO-MEXaHMYECKHE  CBOHCTBa  3JIEMEHTOB
MOJIIIUITHAKOBOM CHUCTEMBI U, KaK CJIEJCTBHE, BEIMYHHBI PE3yIbTUPYIONINX KOHTAKTHBIX
teMriepatyp. Llenpio JaHHOTO HMCCIEHOBAHMS SIBISICTCS pa3pabOTKa pacu€THOW MOIEIH
paboTbl OMHApPHOTO NOAIIMITHUKA CKONBXEHHS «CYXOTO TPEHHs» C IOJIMMEPHBIMHU
MWIAHAPUYECKUMHI BCTaBKaMH, OTIPEIETICHHS Ha €e OCHOBE paclpeaesieHus TeMIIeparyp,
OKBHUBAJICHTHBIX U KOHTAKTHBIX HaHpH)KeHI/Iﬁ B DJICMEHTAax HOJIIHHHHI/IKOBOﬁ CHUCTEMBI U
nog00p ONTHMAIBHBIX MapaMeTpPOB IOALIMIIHUKOBOM CHCTEMBI, MpPHU KOTOPBIX
JOCTUraeTcs TeIIOBOW OaaHc.

CraTtuueckas 3agadya ajid KOM6HHHpOBaHHOFO IIOAIINITHUKA CKOJIBXKCHUS C y‘IéTOM
TEIUIOBBIICTIEHUSI OT TpeHHs Obula HccienoBaHa B pabore [1], auHamuyeckas
TepMOyNpyras 3a7ada o0 BPaIeHUH Bajla B OJHOCIOMHOM IMOALIUITHUKE U3 OpOH3BI Oblia
uccrnenoBana B pabote [2], ABYXCIOWMHOTO ¢ aHTUPPUKITHOHHBIM ITOKPHITHEM B [3].
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1. INTRODUCTION

Clarification for the behavior of surface layers in metal-polymeric thermoelastic tribocontact — one
of the central problems in tribotechnology. Therefore, for a deeper knowledge of the processes on the
contact surface, it is necessary to develop not only the experimental methods of diagnosis but adequate
theoretical models. At present, there is a single point of view that the determining factor in the
operational mode of the metal-polymer interface is a thermal stress at friction node.

In recent years, in domestic and foreign scientific literature much attention is paid to the theoretical
(numerical, analytical) and experimental studies of the bearing performance of polymeric "dry
friction™ bearings [4-12]. The widely used polymer in the manufacture of bearing is PTFE-4. The main
reason that caused the interest to this material is the fact that during "dry friction" of metals and PTFE-
4 at low sliding speed the friction coefficient is very small and does not usually exceed normal
coefficients of friction in metal bearings in the presence of lubricants. Pure PTFE has good chemical
resistance, low friction and a wide operating temperature range, but it is subject to deformation under
load and heavy wear. Fillers introduced into PTFE improve wear resistance about a thousand times,
the resistance of the load pressure 2-5 times, and thermal expansion is reduced by 2-3 times. The
investigation of the influence of sliding speed, bearing pressure and temperature on the friction and
wear in sliding bearings made of PTFE with fillers is subject of [13].

In contrast to the above-mentioned works, the present article examines metallic-polymer plain
bearing with PTFE inclusions in unsteady interaction of bearing components, taking into account the
heat generation from friction and convective heat transfer, based on a 3D model.

Bearing type with anti-friction PTFE-4 inclusions is shown in Fig. 1.

Fig. 1. The view of studying bearing
Puc. 1. Uccnemyemplit OIIMIAITHAK

2. THE MATHEMATICAL FORMULATION OF THE PROBLEM

Let us describe the nonstationary dynamic coupled contact problem of thermoelastic interaction of
elastic homogeneous cylinder (hereinafter - the shaft) with the inner surface of the cylindrical layer of
finite length with inserts (hereinafter - the bearing). The geometry of bearing is in a cylindrical
coordinate system and O,r¢z a cylindrical layer (R, <r <R,, 0<¢ <27, —1/2<z<1/2) (Fig. 2a)
shows a three-dimensional examined object (Figure 1b) - statement of the problem in a front plane.
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Fig. 2. Statement of the problem
Puc. 2. [TocranoBska 3agaun

The outer surface of the bearing S™ (r=R,, 0< <27, —1/2<2<1/2) is fixed in all
directions except the rotational. The surface r =R, is under pressure of shaft with the radius
R, =R, —A (A>0,A<1), taking the volume (—1/2-d <z <1/2+d ) with the center in O, and
shaft axis is parallel to bearing axis, with the line of initial contact (r =R, ¢ =0, —1/2<2<1/2).

In local cylindrical coordinate system O,r,¢z (Fig.2 (), this system corresponds to the shaft) on
the surfaces S, =(r, =R,, 059 <27, -1/2-d<z<-l/2)and S, =(r,=R,, 05 <21,
1/2<z<1/2+d) of the shaft, there are applied loads, and each is P/2 and acts vertically down.

Bearing rotates counterclockwise with an angular velocity @ (rad/sec) during T™ seconds. Between

the shaft and the bearing, there are Coulomb friction forces with the coefficient k . The corresponding
values of friction coefficients for stainless steel/PTFE (Teflon) bearings could be found in [14]. Let

S:™" be surfaces of shaft ends, lying in planes z = £1/2+d respectively.

It is assumed that at the shaft and bearing surfaces that make contact with the environment there is
defined convective heat exchange with a convective heat transfer coefficienta. Let the initial state of

the shaft temperature and the bearing be the same as the environment and equal to 0 °C.

As a result, we come to the solution of non-stationary coupled contact thermoelastic problem with
the classical equations of motion for the thermoelastic medium [15] (index i =1 refers to the shaft,
the index 1 = 2 relates to a bearing):

(A +2u)VV-u® —(A + 1)VxVxu® —y.ve® — pii™ =0,

AiV'VH(i) _Cig'(i) _tOiyiﬁv‘u(i) —0;
ot n
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Constitutive relations for coupled thermoelasticity have the form:

on = @u +A)el) + A4 (e +ed) =70V 05 =2uef),
o = @u +4)2 + A4 (e +62) - 7,09, 09 =218, @
o3 = Qu +4)ey) + A (e +e) =100 05 =2uey) i=12

here y, = (34, +2u,)a;, ;- thermal expansion coefficient, A; - coefficient of thermal conductivity,
C, - heat capacity, t,; - the absolute temperature of the initial state of the body, p; - density, 4;, ; -

Lame coefficients, u® - displacements vector, " - temperature, o), &{) - components of the

stresses and strain tensors.
The boundary and initial conditions have the form:

u® =ul? =0, xeS*™,
[ods =P, xes, uUS,
$US,

cont __ cont cont
T, =ko,", xeS™",

Ueone = kcom (9(1) - 9(3)) . Xe g cont ,

q“ =a(d,, —-0%), xe S, uS, UST USI, 3)
q(z) — a(eenv _(9(2))' X € Ssxlgyer U Sext,
q(3) = a(genv - 9(3)) » XE Sf;(atyer !

@ _
Uy ()=, te[0,T™],

09(0)=0, =123,

cont cont

here Tep +On - contact stresses, S®™ _ js the contact surface between the shaft and the bearing,

- contact thermal conductivity coefficient, S;° ={

U - heat flow in the contact region, K 2layer =

cont
0<@<2r, R <r<R,, z==l/2} - lateral bearing surfaces, 6,,, - ambient temperature, q® -
heat flows.

3. PROBLEM STUDY

To solve this problem the finite element method and the special software ABAQUS were used. To
improve the convergence of the algorithm for solving the problem and reducing calculation time, the
solution was carried out in two stages. The first stage is static contact problem of elasticity for the
shaft pressing on the surface of the bearing, the second is coupled transient thermoelastic contact
problem of the shaft rotation.

The finite element mesh is built using 8-node coupled thermoelastic C3D8T element. The resulting
finite element model of the bearing system is shown in Figure 2. For the simulation of contact
interaction between the inner surface of the bearing and the outer surface of the shaft, both were
covered by the contact pairs of elements. To solve the non-stationary problem, minimal and maximal
time steps are set, and the settings that allow the package to choose the optimal time step during the
calculations are defined.
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4. RESULTS

In the numerical experiments, the following values of the geometrical and material parameters were
setas in Tab. 1.

Table 1
Geometrical parameters for problem
Parameter Inner  radius | Outer radius | Clearance Bearing length | Shaft
for bearing | for bearing | between the | | =0.03 m protrusion
R, m R,,m shaft and the d, m
bearing A, m
Value 0.023 0.03 9.10° 0.03 0.005

The bearing is assumed to be made of bronze and the inserts contacting with the shaft of PTFE-4.
During the calculations shaft is assumed to be made of steel. Corresponding material properties for the
materials mentioned could be found in Tabs. 1-2.

Table 2
Material properties for components of system
Parameter | Density Lame Lame Thermal Thermal Specific  heat
p,kg/m? | coefficient | coefficient | conductivity expansion | coefficient
1,GPa u, GPa AW /(m-K) | coefficient | C,J/(kg-K).
a, K* ’
Value for | 8800 63 42 76 1,8-10° | 435
bronze
Value for | 2200 230 154 0.25 See Tab. 3 | 1040
PTFE-4
Value for | 7800 121 810 50.2 1.1-10°° 460
steel
Table 3
The dependence of the thermal expansion coefficient for PTFE on temperature
t,c -10 20 50 110 120 200 210 280
a,(t)-10* K* | 0.8 2.5 11 11 15 15 2.1 2.1

The convective heat transfer coefficient for the metal-air pair on the surface of the shaft and
bearing bordering with surroundings is indicated as a. It was chosen to be in the calculations equal to

20W /m?
The influence of different values of the coefficient of friction k and the load P on the maximum
temperature t,... of the bearing (marked with index bear) and shaft (marked index shaft) for the

problem after the rotation for T™ =5 seconds was studied.
Figs. 3-4 show the distribution of temperature and contact pressure for the value of pressing force

equals to 2 -10* N and rotation speed of 107 rad/sec after 5 seconds. For all other stated cases, the
picture of distribution for the temperature field and contact stresses are typically the same, the
difference is only in numerical values. Taking this into account, the presentation of corresponding
figures is not sufficient and only plots for contact stresses and temperatures with time will be given.

As expected, in the zones of PTFE inserts, the temperatures are less than those for other zones.
It should be mentioned that temperature distribution is unsymmetrical.
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Elements of a bearing system are significantly heated during rotation of the shaft, and the increase
in the speed or rotation time leads to a rise in temperature. Figure 5 shows the character of the
temperature change of the maximum values for the shaft and the bearing. Here and after all results

correspond to point of shaft with coordinates (r, =R,, ¢ =—x /2, z=0). Clearance between the

shaft and the bearing A =9-107°m, the value of pressing force P equals to 3-10* N, the coefficient
of friction k =0.04, rotation speed @ =107 rad/sec. The period of rotation is T = 0.2 sec. It can be

seen that the bearing temperature is considerably lower than the temperature of the shaft, due to the
greater heat transfer surface area. Ramp character for bearing temperature is due to the presence of the
gap between the contacting bodies. Bearing point, entering the contact zone, receives a certain amount
of heat due to friction, then moving in the area of the gap between the shaft and the bearing, some part
of the heat is redistributed inside the bearing volume and is emitted into the environment, which leads
to a small decrease in temperature for the corresponding point.

+3.71Be+01
+3.432e+01
+3.146e+01

+5.360e-03

Fig. 3. Temperature distribution for bearing system
Puc. 3. Pacnipesienenue remneparypbl B HOALIMITHUKE

+3.046e+08
+1.523e4+0d
4+0.000e400

Fig. 4. Contact pressure distribution for bearing system
Puc. 4. Pactipenenenne KOHTaKTHOTO AABJICHHUS B TOIIIUITHUKE
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Fig. 5. Character of maximum temperature value change for the shaft and the bearing
Puc. 5. XapaKTep HU3MCHCHHNS MAaKCUMAJIBHOI'O 3HAYCHHUA TEMIIEPATYPhI Ul BaJla U TOAIIUITHAKA

Two series of simulations were performed for the temperature distribution in the system at values
of shaft speed @ =107z rad / sec, the convective heat transfer coefficient a =20W /m?, and the
coefficient of friction k = 0.04 [14] for various values of the pressing force P =10%;2-10*;3-10* N.

Maximum temperature and contact pressure values for shaft are shown in Figs. 6-7. The results
demonstrate a proportional increase in the degree of warming for the system by increasing the pressing
force.
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Fig. 6. The character of the maximum temperature change for the various pressing force values
Puc. 6. XapaKTep HU3MCHCHHA MAaKCUMAJIbHOI'O 3HAYCHUS TEMIICPATYpPbl JId Pa3IMYHBbIX 3HAYECHUH CHIIBI
BJ1aBJIMBAaHUs
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Fig. 7. The character of the maximum contact pressure change for the various pressing force values
Puc. 7. Xapaktep M3MEHEHHS MaKCHUMAJIbHOTO 3HAYEHHS KOHTAKTHOTO JABJICHUS [JIs Pa3IMYHBIX 3HAYCHHUM
CHJIbI BAABJINBAHUA

5. CONCLUSIONS

Studies have shown that of great significance in achieving thermal balance for the demonstrated
system is the value of convection for the shaft and bearing free surfaces, while increasing parameters
such as load value, the coefficient of friction, the achieving of thermal balance in the bearing system is
slowed down. It has been observed that during some initial period of time the temperature rises
significantly, then the growth pattern shape becomes flatter. Note that the finite element method using
Abaqus package for this problem turned out to be quite effective and allows one to explore the
effectiveness of such problems for different values of the input geometrical and mechanical
parameters.

Statement of the problem, experimental characterization of PTFE-4 polymer and investigation of
the influence of parameters of thermoelastic contact interaction in binary bearing on its stress-
deformed state and temperature fields are made by LV. Kolesnikov and S.A. Danilchenko and
supported by the Russian Science Foundation under grant 14-29-00116 and performed in Rostov State
Transport University. Mathematical formulation of the problem, CAD geometry preparation and finite
element modeling are made by M.I. Chebakov, A.A. Lyapin and E.M. Kolosova and supported by the
Ministry of Education and Science of the Russian Federation under project no. 213.01 11/2014 28, the
Russian Foundation for Basic Research under project no. 16-08-00852 and performed at the Southern
Federal University.
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