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Abstract. The paper deals with friction problems of unlubricated or boundary lubricated journal
bearings. The aim of the paper is to analyse the misalignment and axial shape effects of rubbing
surfaces encountered with unlubricated or boundary lubricated bearings of precise devices. On the
one hand, the study is based on the joint analysis of the isothermal contact task of a journal and a
bearing bush and journal equilibrium conditions, and on the other hand, on the deformation-
adhesion friction model. The results give evidence of minimum friction dissipation energy in a
journal bearing characterized by certain surface roughness as well as by characteristic axial shape
and position of the surfaces. This enabled us to propose the design concepts by axial profiling of the
journal surface to guarantee lower friction losses and higher reliability of the bearing.
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1. INTRODUCTION

Journal bearings are commonly used several at a time to support a shaft.
Based on several practical examples, it is evident that the sum of the
friction torque calculated by single bearings differs considerably from the
measured value of the integral friction torque of the whole bearing
system[ ]. Geometrical deviations, load asymmetry, and deformations
will cause misalignment and local shape defects of rubbing surfaces in the
real system. According to the earlier studies, this effect has been regarded
as undesirable in the case of unlubricated and boundary lubricated
bearings and as removable by the increasing design and manufacturing
accuracy. The specificity of the real bearing is in its operation under
geometrical constraint determined by the bearing clearance inside which
the journal is moving under the effect of a varying frictional equilibrium
system [1’ 2].
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The apphcatlon of computmg methods to analyse journal bearing
friction is discussed in [>*4]. In the earlier approaches, the conformity of
rubbing surfaces and parallelism of the body’s axes within bearings were
mainly assumed in unlubricated and boundary lubricated cases. The
bearing behaviour analysis was based mainly upon the assumptlon of
cenam pressure distribution independent of shear stress [ 4] It is shown
in [> 6] that more realistic solution for bearings to study friction processes
in the dry or boundary case is based on evaluating the friction region by
the elastorheology theory.

The experimental studies show that actual rubbing surfaces do not
commonly exceed 30 per cent of the calculated ones even in a symmetrical
loading case [ ]. On the other hand, both an increase and a decrease of
power loss caused by the change of friction torque tend to have a common
trend to a ragxd growth up to three times with journal tilting angles
3x 107 rad [> 8], Surface roughness will change the pressure
dxstrlbutlon and determine key factors in interactin § surfaces deformation-
adhesion friction model [ ]. Iterative algorithms [”] to consider the effect
of asperities on the contact pressure redistribution are applicable to
practical approaches. On the other hand, the two layer surface model has
proved sultable to mmphfy solution procedures of complicated contact
problems [*]. The idea is related to the deformations of the surface
roughness layer within the concentrated contacts as local effects affect
only the change of the whole friction region area and therefore the
pressure and shear stress distribution. The models presented to study
journal and bearing misalignment and shape effects are intended for high
S%i()diPIg speed in circumstances prevailing hydrodynamic lubrication effect
Sl

The aim of the paper is to analyse the effects of misalignment and axial
shape of rubbing surfaces encountered when using unlubricated or
boundary lubricated bearings of precise devices.

2. THEORETICAL MODEL

Figure 1 shows the equilibrium of a journal in the bearing system which
may be described by the following expressions:
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Fig. 1. Misaligned journal bearing, / — journal, 2 - bearing bush.
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where v, Y,y AB ~ general, nominal (without deformations), and actual
(average within the contact region) tilting angles of the journal, respectively;
0 — elastic approach of the contacting bodies; 4 p — indexes marking respective
contact regions in the bearing; l}: — bearing tgsal length; M|, — dimensionless
reduced load moment, MO = M0 (lezr ) ; F) —dimensionless normal
load, Fy = F, (E2r2) ; Fo — reduced normal load; B — journal rolling
angle; z — axial co-ordinate; ¢, @' angular co-ordinates corresponding to
the bearing and the journal centre, respectively; p; — contact pressure;
r, r” — nominal and actual (deformed) journal radii; E, — bearing elasticity
module; My — friction torque; T — tangential contact stress. This approach
does not assume any distribution of contact pressures or deformations in
advance and is based on the general formula [5]:
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Boundary conditions of contact cases

Contact scheme
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8,~8, = 8 -8 +dh-dh, (©)
where &, and 82 — displacements of the surfaces of the contacting bodies;
80 and %g — displacements of the contacting bodies; dh and dhg —thickness
ofl rheological substance between surfaces of the bodies at initial state and
at the moment ¢, respectively. The jloint solution of the formulas (5) and (6)
by the finite difference method [ 6] gives contact pressure distribution
within each separate ideally smooth contact region. The situation is treated
as an isothermal contact case dealing with temperature rise as a factor
changing the elasticity parameters of the bodies within the contact region
globally. Figure 2 shows the rebalancing effect of the journal. To take into
account the role of surface asperities, the spherical roughness model [*is
applied to each contact element between the nodes. The pressure is
assumed constant and known from the first smooth finite difference
solution. The aim of the iterative process is to determine additional
interference of the contacting bodies caused by linear deformations of the
layer. The change of the contact region, considered to be obtained from the
interference, allows us to calculate the new pressure distribution between
the bodies in the next step. Further calculations produce adjustments to
roughness layer deformation and to pressure distribution in each step by
turns. In spite of assuming elastic contact of the bodies, the deformation of
the asperities can be both elastic or plastic with the model used. Relatively
few iterations are needed for the difference of the solutions converging up
to 1...2 per cent. As the main result, the numerical solution enabled us to
derive approximating expressions to estimate the boundaries of external
friction and elastic—plastic transition stage. The Table illustrates the
corresponding formulas for a misaligned cylindrical and a barrel journal.
In this case, n and C — the parameters of contacting bodies given in [4];
y —relative clearance; f — friction coefficient; K; — coefficient of
geometrical deviation [°], Kg; = (2x 107+ ) and Kg4 5= (5x 107+
+ Ry l,2); HB — Brinell hardness of softer material; T, 3 s{’he_alr stress;
A — parameter of surface microgeometry, A=R__ (r b~ ") ;band
v — surface profile parameters; R;,,, — maximum )fleight of asperities;
r,— average top radius of asperities; R — axial curvature radius of journal
surface along the axis, Ry = RTr_l. Taking into consideration surface
roughness, the friction model N depending on deformation and adhesion
friction components is expressed as

1/v -1 05

f= 1t + B+ K (3,80 R )T, (13)

where T, and Bk — the friction parameters; p;. — apparent contact

pressure; K, — parameter of asperity deformation Cl; SR — linear
deformation of asperities.
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Fig. 2. Effect of load on journal tilting angle, continuous lines — steel - bronze, short dashes — steel -
polymer (PA6).

3. DISCUSSION

To test misaligned journal bearings without adding any measuring
forces that could cause inadequacy of }oumal behaviour, special test
methods and devices were elaborated [ ] A satisfying correlation is
observed between experimentally examined bearing seizure situations and
numerically calculated limits of external friction changing into internal
one (Fig. 3). Bearings made from polymers are less sensitive to position
deviations than bearings made from metallic materials. It is typical of vy
have little influence on bearing behaviour if / is shorter than the potential
contact region length. The change of apparent contact area A, caused by
pressure radial redistribution in the case of friction variation is relatively
small (if f changes from 0.05 to 0.5, the area A, alters 40 per cent in the
case of steel journal and bronze bearing bush). The pressures and
deformations change from 0 to maximum value along the contact arc.
Because 60 per cent of the contact area supports more than 90 per cent of
the radial load, it is reasonable to proceed from the mentioned area to
evaluate deformation transition stages. For each contact element between
the nodes, we applied the model (13) and calculated the apparent friction
coefficient all over the contact area. Then, the theoretical dependence of
the resulting friction coefficient on journal tilting angle was estlmated The
experlmental results indicate that at a certain journal tilting angle [ 5.5, 8 ],a
minimum of friction coefficient occurs. In many cases, friction losses are
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Fig. 3. The critical tilting angle of journal and the critical barrel segment curvature radius of journal
vs. relative shear stress, A — contact region is shorter than the bearing bush length, B — contact
region length is equal to bearing bush length, C — journal with barrel segments, continuous lines —
steel - bronzg., short dashes — steel - polymer (PA6) (experiments with bronze bearing bushes,
Fp =5x 107).

increasing with the decrease of the misalignment angle that are
characteristic of the elastic deformation stage of asperities although main
deformation of the bodies could be plastic or elastic. Experimentally
determined friction coefficients are generally higher than calculated
quantities though the minimum of the curvature locates nearly at the same
value as the numerically calculated ones (Fig. 4). The plastic deformation
stage of the asperities is characterised only by the steady state growth of
the friction coefficient with the increasing journal tilting angle and with no
reduction of the friction coefficient. Numerical solution of the expression
dfldy =0, regarding journal tilting angle, gives the angle 7Ynin
corresponding to the minimum of friction losses. In the case of the elastic
contact of asperities:

3.5-13.5
(697 —3.8) x 107y 3790m K ( 3
Ymin = i -
(2.1-8.0n) £0.69 5 03
CO Fk TO ( 'y uz)
-2x10°% (14)

the elastic—plastic transition stage of asperities
oM TR L 2.6 k102 TAOmpi AT B

Yiin T
(2.1-8.0m) 7.0.69 25 2.2

-2 x1074, (15)
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Fig. 4. The effect of journal tilting angle effect on friction coefficient, A - calculated
characteristics; B and C — experimental results; B — steel journal - porous bronze bearing bush; C -
steel journal - bronze bearing bush (boundary lubrication, lubricant viscosity 0.02 Paxs, velocity
12.6 rad/s, r = 1.25 mm, A =0.001, y = 0.01).

where |, — Poisson number of bearing material. It is evident from the
analysis and experimental results that conical shape of bodies (taper) has
the same effect on the friction as tilting angle [2]. The tilting angle Y must
be replaced with half cone angle of the respective surface in (7)...(12) and
(14), (15) (resulting deviation is less than 10 per cent) to evaluate the taper
effect. In accordance with the experimentally studied higher friction
(Fig. 4) we can suppose action of some additional process in the friction
region. The process leads to an increase of friction both for an aligned
journal and for a high value of the tilting angle. Scrape traces of the wear
particles on the surfaces of an aligned bearing were generally parallel to
sliding direction with some chaotic character as the studies of the friction
surfaces after some working-in period show. There was a tendency to
accumulate wear particles in the friction region. On the other hand, with a
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misaligned journal the scrape traces had regular tendency to incline toward
both sides where pressures were lower. Wear debris removed actively the
friction region and accumulated next to the region along the axis thus
extending the contact length. The studies of the electrical contact
resistance monitored by the voltage drop (an alternative voltage 9 mV,
9 kHz applied across the contacting surfaces) showed a tendency to
increase the contact resistance up to 1000 times (10..40 MQ) in a
misaligned journal bearing with bronze bearing bushes at certain tilting
angles having strong correlation with friction losses minimum. The studies
showed that accumulation in the friction region wear debris is able to
break the layer between the bodies formed during the friction process
leading to an increase of the friction losses.

4. DESIGN CONCEPTS

Therefore a certain journal misalignment angle must be guaranteed in a
bearing system for minimising friction losses. It was also proved that
enlargement of the length of the bearing bushes with a misaligned journal
does not always lead to an effective solution in the boundary lubrication
case [6]. To ensure a certain and extremely small (from 10 to 30 angular
minutes) journal misalignment in the bearings is a relatively complicated
task because of the tolerances of the bearing elements and variability of
journal equilibrium conditions.

Reasonable handling of the axial profile of the rubbing surfaces could
give more effective results. Model (13) application for each contact
element between the nodes shows that if the normal load does not exceed
the value determined by the formulas (9) and (12), the friction coefficient
in a bearing with a journal having barrel segments, which constitute
specific axial undulation (Fig. 5), is lower than in the case of cylindrical
journal when the expression (16) is satisfied. The elastic deformation of
asperities is assumed:

(4.3-22.7n)

0.67
B (9.0n-5.0) x 107\|’(5.8—15.ln) KxA E

G4 #
Cé2.7 12.8n)

K z

=20 0.3
Fy T (1- ui)
(16)

The test results of the axially profiled bearing in which the boundary
conditions (9) and (12) are taken into consideration confirm the assumptions
(Fig. 6). Therefore the optimum axial profile radius can be determined from
the formula (16). In the case of relative high loads, the number of barrel
segments could be increased to a reduced single segment load. Proceeding
from the numerical model, the friction coefficient of the axially undulated
journal bearing could be evaluated by the approximation expression:
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Fig. 5. Axially profiled bearing (with barrel segments), A — scheme; B — axial section, 1 — journal,
2 — bearing bush, 3 — arched segments, 4 — lubrication zones, 5 — grooves for accumulating wear
products.
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Fig. 6. Friction torque vs. journal velocity, 1 — journal with two barrel segments, 2 — misaligned
cylindrical journal, steel journal - bronze bearing bush (Ryy = 750 mm, Fyy =39 N, F;p =23 N,
r=3.65mm, /=22 mm, y =0.001, Ra=0.1 pm).
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The experimental results demonstrate that removal of wear particles from the
friction region serves as the secondary effect which strengthens the reduction
of the friction coefficient if barrel segments are on the journal surface.

5. CONCLUSIONS

As a result of the analysis of the behaviour of a bearing system from the
point of the tilting journal, the following conclusions can be made. Journal
misalignment has a considerable role on the friction process in the case of
boundary lubrication. Depending on the journal tilting angle, the
characteristic of the friction coefficient has a low point. The reason of this
dependence is the effect of deformation-adhesion components of friction.
The existence of the low point of friction is related to the elastic
deformation of the surface asperities. Friction reduction could be achieved
by the axial profiling of the bearing friction surface in the case of
boundary lubrication.
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KALDTELJEGA LIUGELAAGERDUSED
Mart TAMRE

On kisitletud méddrimata voi piirméddrimisreziimil tootavate liugelaa-
gerduste hodrdeprobleeme. Artikli eesmérk on analiilisida tdppisseadmete
méddrimata vOi piirmédédrimisel tootavates laagerdustes esinevaid hdodrdu-
vate pindade kaldasendi ja aksiaalprofiili efekte.

T66 pdhineb iihest kiiljest laagerduse tapi ja laagripuksi isotermilise
elastse kontaktiilesande ning tapi tasakaaluiilesande koosanaliiiisil ja tei-
sest kiiljest hoordeprotsessi molekulaarmehaanilisel mudelil. Saadud tule-
mused nditavad laagerduses toimuva hddrdeprotsessi minimaalset
dissipatsioonienergiat hodrduvate pindade kindla pinnakareduse, samuti
iseloomuliku pindade aksiaalgeomeetria ja pindade asendi korral. See
asjaolu vdimaldab vilja tuua soovitused hodrdekadude vihenemist taga-
vate ja pikema tooeaga laagerduste loomiseks.

OIIOPBI C HAKJIOHHOM OCBHIO
Mapr TAMPE

PaccMoTpeHbl mpo0ieMsl, CBS3aHHbIE C TPEHHEM OIOp CKOJbXEHHUS,
paboratomux B pexume 6e3 CMa3Ku WIM OrpaHM4YeHHO# cMasku. Llensb
CTaThby — MPOAHATM3MPOBaTh 3((EKTHl HAKIOHA U aKCHATLHOIO MpOGHIIL
TPYLIMXCS ITOBEPXHOCTEH, KOTOpPBIE IPOSBISIOTCS NPH 3KCIUTyaTalliK OIOp
TOYHBIX IPUOOPOB.

Pabora OCHOBbIBaeTCs, C ONHOHl CTOPOHBI, HA COBMECTHOM aHaIu3e
W30TEPMUYECKOrO KOHTAKTa Hardbl U MOMIIMITHAKA, a TAKXE PaBHOBECHS
nandsl, a ¢ Apyroil — Ha MOJEKY/IIPHO-MEXaHMYECKOi MOJEIU IpoLecca
TpPEHUSI.

Pesynbratel  paGoOTBI  MOKa3aqH, YTO BEIWYMHA MHHHMAIBHOM
JMCCHUITALIHOHHOI Heprud (PPUKIIMOHHOIO MpoIiecca B OMOpEe 3aBHCHUT He
TONIBKO OT IIEPOXOBATOCTH IOBEPXHOCTEH TPEHHSA, HO M OT MX OCEBOH
TEOMETPHU U pacrooxeHus. [103ToMy aBTOpPOM INpeyIoXeHa KOHLIEILUs
MPOEKTUPOBAHUS OINOP C AKCHAIBHBIM MPOGIINPOBAHUEM ITOBEPXHOCTH
narndpl, YTO TapaHTUPYET YMEHBIICHHE BHEPreTHYECKMX IOTeph IpU
TPEHUH OIOP M MOBBIIIAET UX paboTOCTIOCOOHOCTb.
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