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Abstract

The lateral loads carried by hydrodynamic bearings, and also their uneven
distribution, introduce an additional axial misalignment between the shaft and
sleeve. The machining and mounting errors also result in improper initial
alignment of bearing shaft or sleeve. Furthermore, due to vibrations,
misalignment of shaft fluctuates during the operation of the bearing. This has
an impact on the operating parameters of the bearing, and, in extreme cases,
where the maximum allowable value of the misalignment is exceeded, the
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bearing can be damaged. The aim of this work is to investigate the effect of
misalignment on the hydrodynamic pressure distribution in the conical sliding
bearing lubrication gap and on the bearing load carrying capacity and friction
force values.

This paper shows the result of a CFD simulation of hydrodynamic conical
bearings lubrication with the assumption that the bearings are misaligned,
i.e. where the rotation axis of bearing shaft is not parallel to the axis of the cone
of the bearing sleeve. The commercial CFD software ANSYS Fluent was used
in this research. It was assumed that the flow of lubricating oil is laminar,
without slipping on bearing surfaces, and that the oil has non-Newtonian
properties.

INTRODUCTION

When designing hydrodynamic slide bearings, it is usually assumed in
calculations that the rotation axis of the bearing shaft is parallel to the axis of
the bearing sleeve. However, during the operation of the bearing, these axes are
not parallel. Such misalignment can result from the inaccuracy of the production
or the assembly of the bearing; furthermore, the load carried by the bearing
increases the difference in the position of the shaft axis in relation
to the predetermined nominal axis. This causes significant changes in the
height # of the oil gap of bearing and thus the hydrodynamic pressure
distribution of lubricating oil in the bearing oil gap, and the lift forces and the
frictional forces are also changing. Li ef al. (2012) in research [L. 1] show the
results of simulations obtained using the CFD and FSI (fluid-structure
interactions) methods for the bearing, where the position of the journal axis
varies during its operation. He et al. (2012) in paper [L. 2] present an analysis
of the flexible journal misalignment of slide journal bearing based on the
“simple step shaft” model. Abass & Kadhim (2013) in work [L. 3] made
a thermo-hydrodynamic analysis for the misaligned hydrodynamic journal
bearing, also taking into account the influence of the roughness of operating
bearing surfaces and non-Newtonian effects, which occur during lubrication.
Elsharkawy (2007) in research [L. 4] studied the effects of oil additives on the
hydrodynamic lubrication of slide bearings with the misaligned journal in the
conical sleeve. Koprowski (2007) in article [L. 5] analysed asymmetrical
lubrication gaps of a conical slide bearing, i.e. taking into account the
misalignment between axes of bearing shaft and sleeve and including the effect
of the difference between opening angles of the cones of bearing shaft and
sleeve, but assuming that the lubricating oil has the Newtonian properties.
Nowak & Wierzcholski (1984) in work [L. 6] was theoretically concerned with
the hydrodynamic conical bearing lubricated with Non-Newtonian oil, in which
the dependence of stress on shear rate is described by the Ostwald-de Waele
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power law model. Paper [L. 7] presented a CFD analysis of non-isothermal
hydrodynamic lubrication of slide conical bearing assuming that the oil has
properties of a Ostwald-de Waele fluid.

This paper shows the results of the simulation of the hydrodynamic
lubrication of the slide conical bearing (conical shaft and conical sleeve), taking
into account the misalignment between the axes of the bearing shaft and sleeve,
i.e. the rotation axis of the bearing shaft is not parallel to the axis of the sleeve.
The study was carried out using commercial CFD software Ansys Fluent from
the Ansys Workbench platform, which was also used to prepare the geometric
model of the bearing, create the mesh, and to analyse the results.

In general, the axes of the bearing shaft and sleeve are not on the same
plane. In this study, only a special case is examined, i.e. in which the rotation
axis of the bearing shaft is in one plane with the axis of the sleeve and which is
also the plane of the so-called /line of centres (i.e. the line in the plane of the
cross-section of the bearing and intersecting the shaft axis and the axis of the
sleeve).

MODEL OF OIL FLOW

The geometry of the concerned conical bearing is shown in Fig. 1. The
misalignment of the shaft axis is defined as the angle { between this axis
and the nominal axis of shaft (or equivalently, between the axis of the shaft
and the axis of the sleeve), indicated in Fig. 1.

bearing gap —

/

Fig. 1. Geometry of the investigated bearing
Rys. 1. Geometria modelowanego tozyska

It was assumed that the change in the angle { value is made by rotating
the bearing shaft at a point Po. This is the point at which the axis of the bearing
shaft pierces the plane of lowest cross-section of the sleeve. In the context of
explanation, why the angle { was determined as described above, and it is
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represented in Fig. 2 showing a loaded cylindrical shaft supported by two
conical bearings.

Fig. 2. Loaded shaft supported by two conical bearings
Rys. 2. Obciazony wat podparty na dwoch tozyskach stozkowych

The resultant load F causes the deflection of the shaft; therefore,
the positions of the conical bearings shafts are changing. In this work, only one
conical bearing (show in Fig. 2 and located in the “a” area) was considered.
How the change of in value of angle { affects the hydrodynamic pressure
distribution and operational parameters of a slide conical bearing is
investigated.

The following conditions and assumptions were adopted in the simulations:

1. The bearing length was of L = 50 [mm] (measured along the axis of the
sleeve).

2. The radius of bearing shaft at its lowest cross section was of
R =50 [mm].

3. The opening angle of the shaft cone was equal to the opening angle
of the sleeve cone — the angle between the shaft rotation axis and the cone
generating line was of 10°, so the indicated in Fig. 1 angle y= 80°.

4. The radial clearance, £ =R’— R = 0.025 [mm)], is where R’ is the radius
of the sleeve at its lowest cross section.

5. The bearing operates in a steady state, i.e. when the value of rotational
speed is constant, there are no vibrations, and the flow of oil is laminar
and incompressible.

6. The flow of lubricating oil was non-isothermal (the parameters of
the lubricating oil: density 850 [kg/m’], specific heat 1006 [J/(kgK)],
heat conduction coefficient 0.025 [W/(m-K)]).

7. The temperature of the shaft surface and also the supplying oil was 90°C.

8. The stationary steel sleeve conducts heat from bearing gap to the
surroundings (the parameters of the sleeve material: density
p =8030 [kg/m’], specific heat ¢, =503 [J/(kg'K)], heat conduction
coefficient x = 16.27 [W/(m'K)], sleeve thickness = 1 [mml].

9. The rotational speed of the shaft is = 1500 [rpm].

10. There was no slip of oil at bearing surfaces.



4-2016 TRIBOLOGIA 45

11.
12.

13.
14.

15.

The bearing surfaces were smooth, rigid, and without deformations.

The pressure on the side surfaces of bearing gap was equal to the ambient
pressure.

The Glimbel boundary condition [L. 8] was imposed.

The calculations were done for the following relative eccentricities:
A1=0.4,0.5, and 0.6,

where

2=29 ()
&

and OO’ [mm] is the absolute value of eccentricity (the nominal distance
between the axis of shaft and axis of sleeve).

The Ostwald-de Waele [L. 6] model was imposed, which describes the
dependence of the stress 7 [Pa] of oil, on shear rate [s™]:

r=K-60", ()

where K = 0.01242 [Pa-s"] is the flow consistency index and n = 0.9792
[-] is the flow behaviour (power-law) index. The coefficients for that
model were determined with the least squares approximation method
(with the Statsoft Statistica software) and fitting the curve described by
this model to the experimental data, as in paper [L. 9]. Similarly to work
[L. 10], it was assumed that the lubricating oil has the same viscosity
properties as Shell Helix Ultra AV-L at a temperature of 90°C, which was
studied in paper [L. 9]. In general, the effects of shear rate and
temperature on the viscosity of the lubricating oil where included
according to the following formula:

n(y,T)=n(y)-H(T), )

where 77, [Pa-s] viscosity is dependent on shear rate due to the Ostwald-de
Waele relationship (2), while

H(T)= exp{aT [; - ;aﬂ (5)

is a factor that introduces the effect of the temperature on the viscosity of
the oil. The parameter a;=FE,/R is the ratio of the activation energy
E,=5096 [J/kmol] to the thermodynamic constant R = 8314 J/(kmol-K)
and 7, [K] is a REFERENCES temperature for which H(7T) = 1.

The number of nodes of the generated mesh was of 1.3-10° and the number

of elements were of 0.9 10°.
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Fig. 3. An example of the generated mesh for the area of lubrication gap
Rys. 3. Przyktad wygenerowanej siatki w obszarze szczeliny smarnej

The Pressure Based Coupled method (Green-Gauss node based, the second
order pressure, the momentum second order upwind, and the energy second
order upwind) was used in the calculations with the Ansys Fluent solver for
solving the equations of motion and determining the values of the pressure and
velocity of lubricating oil.

RESULTS

Figures 4, 5, and 6 show the hydrodynamic pressure distributions (longitu-
dinal sections) in the lubrication gaps of concerned bearings, determined along
a line passing through a position at which there was a maximum value of pres-
sure (the angular coordinate has a constant value). The length / [mm] is the dis-
tance measured from the lowest cross-section of the bearing (front of the bear-
ing) along the axis of the bearing sleeve. The arrow indicates an increase in the
angle of misalignment {. The pressures are in an absolute scale, assuming that
the ambient pressure p,,,, = 1.013- 10° [Pa].

A=04 {=09

Fig. 4. The oil pressure in the lubricating gap along a line passing through the position of
the maximum pressure for bearing with £= 0.4

Rys. 4. Wartosci cisnienia oleju w szczelinie smarnej wzdhuz linii przechodzacej przez potozenie
maksymalnego ci$nienia, dla lozyska o 1=10,4
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Fig. 5. The oil pressure in the lubricating gap along a line passing through the position
of the maximum pressure for bearing with A= 0.5

Rys. 5. Wartosci ci$nienia oleju w szczelinie smarnej wzdtuz linii przechodzacej przez potozenie
maksymalnego ci$nienia, dla tozyska o 1 =0,5

Fig. 6. The oil pressure in the lubricating gap along a line passing through the position of
the maximum pressure for bearing with £= 0.6

Rys. 6. Wartosci cisnienia oleju w szczelinie smarnej wzdhuz linii przechodzacej przez potozenie
maksymalnego ci$nienia, dla lozyska o 1 =10,6

Increase of the { angle resulted in the generation of larger maximum
hydrodynamic pressure p,,. in the lubrication gap and change in its location,
shifting towards the lower gap height. Fig. 7 shows the change in the position of
the maximum value of the pressure in the lubrication gap with respect to
angular coordinate and distance from the front of bearing — the increase of the {
causes the increase of the distance / and increase of the value of angular
coordinate ¢.
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The position of the maximum pressure
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Fig. 7. The position of maximum pressure for varying angle 4
Rys. 7. Potozenie maksymalnej wartosci ci$nienia dla réznych A

The maximum pressure and the average pressure values for bearings with
A=0.4, 0.5, and 0.6 and depending on the value of misalignment are shown in
Figs. 8, 10, and 12. The radial C; (transversal direction) and C; axial (longitudi-
nal direction) components of load carrying capacity and the friction torques M
are shown in Figs. 9, 11, and 13. Figure 14 shows the maximum values of oil
temperature generated in the lubrication gaps of the bearings.

The maximum pressure o and average pressure p_ values for 2 — 04

[—— p—

Wy A kA A-—A ——k-—k--A---A

00
o o001 0002 0003 0.004 .05 D06 0007 0002 0000
[l

Fig. 8. The values of maximum and average pressure for varying (1= 0.4)
Rys. 8. Warto$ci maksymalnego i $redniego ci$nienia dla réznych ¢ (1= 0,4)

The values of transversal , and longitudinal £ load carrying capacities and
the value of friction torque M, for bearing with 2= 0.1

= =
E w L B
B 3
g g
; &0 1558
H z
§ a0 Y Lz
z 2

2ok __‘.--1-"‘ 145
‘.-—‘-—i——-*—'i""_*

a0

o oo .00z ouoo3 0.004 0.00% 000G ooy 0.008 0.009

Fig. 9. The values of axial and radial components of load carrying capacity and value of
friction torque for varying &, for bearing with 4= 0.4

Rys. 9. Wartosci sktadowej osiowej i promieniowej sily nosnej oraz wartoé¢ momentu tarcia dla
roéznych ¢, dla tozyska o A =0,4



4-2016 TRIBOLOGIA 49

The maximum pressure p_ and average pressure p, values for £ — 0.5
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Fig. 10. The values of maximum and average pressure for varying £ (1= 0.5)
Rys. 10. Warto$ci maksymalnego i $redniego ci$nienia dla réznych ¢ (1= 0,5)

The values of transversal €, and longitudinal ¢ load carrying capacities and
the value of friction torque M, for bearing with 2 — 0.5
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Fig. 11. The values of axial and radial components of load carrying capacity and value
of friction torque for varying ¢, for bearing with 4= 0.5

Rys. 11. Wartosci sktadowej osiowej i promieniowej sity nosnej oraz warto§¢ momentu tarcia
dla réznych &, dla tozyska o A =10,5

The maximum pressure p .. and average pressure p, values for 2 = 0.6
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Fig. 12. The values of maximum and average pressure for varying £ (1= 0.6)
Rys. 12. Warto$ci maksymalnego i éredniego ci$nienia dla réznych ¢ (1= 0,6)
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The values of transversal C, and longitudinal C, load carrying capacities and
the value of friction torque M, for bearing with .= 0.6
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Fig. 13. The values of axial and radial components of load carrying capacity and value of
friction torque for varying &, for bearing with 4= 0.6

Rys. 13. Wartosci skladowej osiowej i promieniowej sity nosnej oraz warto$¢ momentu tarcia
dla réznych &, dla tozyska o 4= 0,6
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Fig. 14. The maximum value of oil temperature generated in the lubrication gap
Rys. 14. Maksymalna warto$¢ temperatury oleju w szczelinie smarnej

The maximum value of the angle ¢, for which the simulations were carried
out was dependent on the value of relative eccentricity 4. When increasing the
value of ¢, the minimum height 4, = min (#) of the lubrication gap becomes
lower. For greater A, the contact of surfaces of the shaft and sleeve occurs
at the lower misalignments, i.e. angles = ¢,... The results, however, concern
the £ value in the range from 0.000° to about 80% of ¢, angle at which it
comes into the contact of the surfaces of shaft and sleeve, because, for greater
values of the £, some problems with generating the mesh for the decreasing
height of the lubrication gap occurred (this will be investigated in later work).

DISCUSSION AND CONCLUSIONS

This study carried out a simplified analysis of the impact of misalignment
between the axes of the shaft and sleeve on the operating parameters of the
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hydrodynamic conical bearing. The simulations were made using CFD
software. I was assumed that the total volume of half of lubrication gap was
filled with oil, for which the classical boundary conditions were imposed,
excluding the solid-liquid interaction (without FSI) and considering the
misalignment between axes of bearing shaft and sleeve only in one plane. The
results show how significantly the operating parameters of the simulated
bearing are changed in relation to the planned values, if the misalignment
between the axis of the shaft and the axis of the sleeve is taken into account in
the calculations. For the examined cases the following can be concluded:

1. For a bearing with A= 0.4, when there is an increase of the designated
values when ¢'= 0.009°, in relation to results when = 0.000°:

Apiax =224 %, Ap, =73 %, AC; =170 %, AC, = 177 %, AM,=12.7 %,

2. Correspondingly, for A= 0.5 and {'= 0.007°, in relation to = 0.000°:
Ap o = 167 %, Ap, = 52 %, AC; = 120 %, AC, = 126 %, AM, = 3.9 %,
and

3. Uniformly, for A= 0.6 and {'= 0.006°, comparing to £'= 0.000°:

Apuax =175 %, Ap, =46 %, AC;= 115 %, AC, = 121 %, AM,=4.2 %.

It should be noted that increasing the value of angle { results in a greater
relative increase in the value of C; component than in the value of C; component
of load carrying capacity, and, consequently, the resultant vector of load
carrying capacity generated by the slide conical bearing changes its direction.

The following conclusions were drawn from the studies:
® The simulations demonstrated that the misalignment between the axis of

shaft and the axis of sleeve has a significant impact on the hydrodynamic

lubrication and operating parameters of the slide conical bearing; therefore,
it should be taken into account in calculations.

® Among the benefits of using hydrodynamic slide bearings, the additional
advantage of conical bearings is that they can be used in the case where it is
necessary to simultaneously carry longitudinal and transverse loads.
Unfortunately, this involves a more complicated geometry than in the case of
journal (cylindrical) bearing, and it causes difficulties when modelling its
operation.

o Commercial CFD software is an excellent tool for solving the hydrodynamic
theory of lubrication problems. however, when using such software, which is
created for the overall group of issues related to the flows, while simulating
operation of slide bearings, one can easily make a lot of modelling mistakes,
due to the fact that the height of the layer of lubricating oil of the slide
bearing is several orders of magnitude lower than other dimensions of the
bearing, which creates a lot of problems of a numerical nature. On the other
hand, it allows one to achieve results and values that vary slightly from
actually measured values in bearings.
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In the used method, the geometry of the lubrication gap is defined in advance
and, for that predefined gap, the hydrodynamic pressure distribution and
resultant forces are determined, when in a real case, the gap is formed for
a given load, which is a classic approach in the hydrodynamic theory
of lubrication of slide bearings — a perspective is a combination of the
mechanical and CFD modelling (FSI), which, as write Li et al. in paper [L. 1],
causes further difficulties and the need to generate a dynamic mesh.
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Streszczenie

Nierownomierny rozklad sil obciazajacych lozysko §$lizgowe, a co za tym
idzie — deformacja walu powoduja powstawanie nieréwnoleglosci pomiedzy
osig czopa a osia panewki lozyska. Dodatkowo bledy procesu obrébki lub
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montazu elementow lozyska moga wywolaé¢ wstepna nieroéwnoleglo$é
pomiedzy osig czopa i osig panewki. Polozenie osi czopa nie jest stale
podczas pracy tozyska i zmienia si¢ np. w zwigzku z jego drganiami. Celem
tej pracy jest zbadanie wplywu nieréwnoleglosci osi obrotu czopa
w stosunku do osi panewki na rozklad ciSnienia hydrodynamicznego,
wartos$ci sil noSnych i na warto§¢ momentu tarcia w stozkowym lozysku
slizgowym.

W niniejszej pracy zaprezentowano wyniki symulacji CFD dla
stozkowego lozyska Slizgowego przy zalozeniu, Ze przeplyw oleju
w szczelinie smarnej jest laminarny. Zalozono, ze olej jest plynem
o wlasciwosciach nienewtonowskich, a zalezno$¢ naprezen od szybkosci
Scinania jest opisana relacja Ostwalda de Waele. Symulacje
przeprowadzono dzi¢ki wykorzystaniu komercyjnego oprogramowania
CFD Ansys Fluent.








