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ANALYSIS OF ELASTOHYDRODYNAMIC CIRCULAR AND
NON-CIRCULAR JOURNAL BEARINGS WITH
MICROPOLAR LUBRICANTS

ABSTRACT

The subject of elastohydrodynamic lubrication, during the initial stages of
its development, conventionally included the lubricated point and line contacts.
However, recently the area of elastohydrodynamic lubrication has been widened
to encompass the lubricated surface contact problems such as slider and journal
bearings. Though bearings are generally designed using the data developed with
the assumption that their surfaces are rigid, bearings carrying heavy loads need
analysis and design, which take into account their elastic deformation. The
bearing deformations may quite often have magnitudes of the order of the film
thickness, thus affecting the clearance space geometry of the bearing to an extent
such that the actual performance characteristics may become significantly

different from those computed with rigid bearing assumption.

Modern large capacity turbogenerators running usually at 3000 to 4000
rpm and producing power in the range of 500 MW to 1400 MW require large
hydrodynamic bearings to support heavy rotor loads. In future, these bearings
may even operate at higher speeds. In high speed applications where bearing
stiffness and stability are major considerations, non circular bearing
configurations give better dynamic performance of journal bearing systems and
also reduce the power loss and increase the oil flow as compared to those of plain

journal bearings.

To enhance certain characteristics of the lubricants various additives i.e.
solids or liquids in the form of small particles are added to the lubricant. These
additives along with contaminants form a dilute suspension of solid particles in
the oil. These suspended solid particles produce thickening of lubricating oil,

which in turn affect various performance characteristics of journal bearings. So it
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is felt that there is a need to compute the static and dynamic characteristics of

elastohydrodynamic journal bearings operating with micropolar lubricants.

This thesis is concerned with the analysis of circular and noncircular (two
lobe and three lobe) journal bearings taking deformability of the bearings liner
and variation of viscosity due to the presence of various additives in the lubricant.
A survey of literature shows that a few investigations have been carried out on
circular bearings operating with micropolar lubricants. Literatures are available on
static analysis of such bearings, but literature on dynamic analysis is scarce.
Literature survey also shows that no work has been carried out on EHD analysis
of circular and non circular bearings operating with micropolar lubricants. So it is
felt that there is a need to compute static and dynamic characteristics of

elastohydodynamic journal bearings operating with micropolar lubricants.

In the present analysis a two dimensional modified Reynold’s equation
was derived from Navierstoke’s equation and Fick’s mass transfer equation and
this modified Reynold’s equation and three dimensional elasticity equations were
used to compute the pressure distribution of the flow field and deformation of the
bearing liner respectively. The solutions of the lubricant flow and elasticity
equations were obtained using finite element method and a direct iteration

scheme.

Based on the normalization of the governing equations, a non dimensional
deformation coefficient (i), as a function of runner speed, geometry of the
lubricated contact, viscosity of the lubricant, modulus of elasticity and the
thickness of the bearing linear, giving the measure of the bearing flexibility is
defined. The effects of these variables (in terms of various values of deformation
coefficient) on the pressure distribution, bearing deformation and on the

performance characteristics of the journal bearing are studied.

In the work carried out, the static and dynamic characteristics of rigid or
deformable and circular or non-circular (two lobe or three lobe) bearings have
been studied. The static characteristics in terms of load capacity, attitude angle,

end leakage and frictional force and dynamic characteristics in terms of stiffness
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coefficients, damping coefficients, threshold speed and damped frequency of
whirl have been determined for different values of eccentricity ratios and volume
concentrations of additives for circular bearings, two lobe bearings and three lobe
bearings. In the case of rigid circular and non-circular bearings, static and
dynamic characteristics are obtained for different values of eccentricity ratios and
wide range of volume concentration of additives. These characteristics are also
evaluated for different values of mass transfer rate of additives in the fluid. For
flexible bearings operating with Newtonian and micropolar fluids these
performance characteristics are obtained for various eccentricity ratios and

deformation coefficients.

The results of the study show that the effect of bearing deformation on the
performance characteristics of the hydrodynamic bearings is quite appreciable
when either the deformation coefficient or eccentricity ratio becomes large. The
variation of viscosity with volume concentration and mass transfer rate of

additives also introduces significant changes in the performance characteristics.
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Sukumaran Nair V.P. “Analysis of elastohydrodynamic circular and non-
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Chapter 1

INTRODUCTION

1.1 GENERAL

A bearing is a system of machine elements whose function is to support an
applied load by reducing friction between relatively moving surfaces.
Hydrodynamic journal bearing is a fluid film bearing in which the load applied on
the shaft is supported by the pressure developed in the lubricating film due to
hydrodynamic action, (Fig.1.1).

Modern large capacity machines such as turbogenerators usually run at
high speed and support heavy load. In high speed applications where bearing
stiffness and stability are major considerations, non circular bearings give better

dynamic performance.

When bearing is subjected to heavy loads the bearing shell deforms. The
deformation of the bearing shell modifies the film thickness and this in turn
affects the performance characteristics of the bearing. Therefore
elastohydrodynamic analysis is considered to recompute the performance

characteristics of circular and non circular bearings.

Various additives are added to the lubricant oil to enhance certain
characteristics of the lubricant. These materials commonly known as additives are
used as rust inhibitors (amine phosphates), corrosion inhibitors (sulphurised
olefins), fire resistors (halogenated hydrocarbons), viscosity index improvers
(polymethacrylate), powders of graphite and molybdenum disulphide) etc. The
additives along with the contaminants form a dilute suspension of solid particles
in the oil and it is treated as micropolar fluid. These suspended solid particles in
the lubricating oil produce thickening of the oil affecting various performance
characteristics of the journal bearing. Also there is an increase of viscosity in the
part of the lubricating film, which is in the vicinity of the journal and bearing

surfaces due to adhesion and other surface phenomena. The lubricant becomes




Fig. 1.1 Hydrodynamic Action of a Journal Bearing



non isoviscous. The non uniform distribution of the solid particles builds up
concentration gradient which results in mass transfer of these particles across the

film thickness and this affects bearing performance characteristics.

In the present work the static and dynamic performance characteristics of
circular and non circular journal bearings are determined by considering the effect

of deformation of the bearing liner and micropolar properties of the lubricant.

1.2 LITERATURE SURVEY

To identify the problem a survey of available literature on rigid
hydrodynamic and elastohydrodynamic bearings is carried out. A literature
survey is also carried out in the analysis of hydrodynamic journal bearings using

micropolar lubricants.

1.2.1 Literature on Hydrodynamic Analysis

Conventionally, journal bearings are designed using the performance data
computed on the assumptions that the bearing shell is rigid and viscosity of oil is
constant. Based on these assumptions several investigations [1-8] are available on

hydrodynamic analysis of circular and non circular bearings.

Hydrodynamic analysis of bearings are done by various methods. Singh
et. al [9] determined various performance characteristics of a finite circular
hydrodynamic bearing by solving Navier Stoke’s equation for the flow field in
the clearance space by using finite element method. Heller [10] solved fluid film
equations for externally pressurized bearings for steady state performance and
spring and damping coefficients using finite differences and a variable grid model.
Ettler and Anderson {11] analyzed thrust bearings by using higher order finite
elements for better accuracy in results. Chandrawat and Sinhasan [12] analyzed
plain and two groove bearings by Gauss-Siedel iterative scheme and linear
complementary problem approach. The results for these bearings wre compared

when they operated in the laminar regime.

Goenka [13] presented a finite element formulation for the transient

analysis of a journal bearing, which can be used for a partial or full arc bearing.




The results obtained for different cases of connecting rod bearings were presented.
Chang [14] presented a new pressure starting boundary condition for calculating
the oil film stiffness and damping coefficients of journal bearings using a
perturbation method. Akers et. al [15] proved that in the case of journal bearings
when out of balance load is added, the bearing becomes more stable if friction is
included. Nikolajsen [16] investigated the stability of plain journal bearings and
floating ring journal bearing against fractional frequency of whirl under laminar
fluid film flow conditions. Shelly and Ettlest [17] applied finite element method
for the whirl analysis of plain bearings. He presented several locus paths to show
the separate and combined effects of rotor unbalance and unidirectional loading

over a range of rotational speeds.

Rohde and Ezzat [18] analyzed hybrid journal bearing considering the
compressibility of the lubricant in the bearing. Etsion and Pinkus [19] analyzed
short journal bearings and showed that the bearing performance characteristics are
functions of Sommerfeld number, length over diameter ratio and starting
conditions at the film inlet. Taylor [20] obtained a numerical solution for the
pressure distribution in a porous thrust bearing. He showed that the dynamic
spring force and dynamic damping force vary with displacement for a given

frequency.

Bearings may operate in the turbulent regime at high speeds. Analysis has
been done by considering the variation in viscosity of the lubricating oil due to
turbulence. Hydrodynamic bearings were analyzed by considering turbulence in
oil flow by Wilcock [21]. He proved that in turbulent lubrication greater film
thickness and larger power loss occur than from laminar theory. Venkateswarlu
et.al [22] analyzed journal bearings considering the three dimensional motion in
the lubricant layer operating from laminar to turbulent condition. Velocity and
pressure fields were calculated from the governing differential equations using an
iterative numerical method. Gardner and Ulshmid [23] determined the operating
characteristics of two different types of journal bearings to indicate the effects of

turbulence on these characteristics.



Literatures are available considering the non Newtonian nature of fluids in
lubrication [24-26]. Dien and Elrod [27] analyzed a modified form of Reynold’s
Equation for fluids showing inelastic and non-Newtonian characteristics. The
static and dynamic characteristics of a plane journal bearing were determined by
Malik et. al [28] for non-Newtonian lubricants. He solved Reynold’s Equation and

the steady state pressure distribution was established by an iteration scheme.

Finite element method has been used for the hydrodynamic analysis of non
circular bearings also. Goenka and Booker [29] extended the finite element
formulation of cylindrical bearing to include non cylindrical bearings. In his
analysis he determined the optimum bearing shape to maximize the minimum film
thickness. Ashok Kumar et.al [30] determined the static and dynamic
characteristics of an elliptical bearing by using a variational solution. Kumar
Vaidyanathan et.al [31] analyzed non circular bearings considering the effects of
turbulence and cavitation. Different static characteristics were determined for
circular and two lobe bearings. Malik et.al{32] studied three lobe bearings
assuming the viscosity to be constant. Malik et. al [33] analyzed the performance
characteristics of tilted three lobe bearings. The effect of tilt angle on the dynamic
performance characteristics was studied. Li et. al [34] analyzed the stability of
elliptical, offset elliptical, three lobe and four lobe bearings using a numerical fast

Fourier transform analysis.

1.2.2 Literature on EHD Analysis

Elastohydrodynamic analysis is considered as important because the effect
of elastic deformations of the bearings shell on the performance characteristics of
the journal bearing system is quite significant particularly for heavily loaded
bearings. Flexibility of the bearing shell affects the performance of the bearing
especially at higher values of deformation coefficient. During the last two decades
elastohydrodynamic studies have received considerable attention with the
recognition that large changes in the performance characteristics occur with

flexibility of bearing liner under heavy load.



One of the first attempts on the study of EHD lubrication was made by
Osterle and saibel [35 — 36]. For slider bearings, assuming the bearing pad to be a
semi infinite elastic body, they determined the deformation and pressure field by
neglecting the side leakage. They concluded that due to bearing deformation,
pressure distribution and load capacity are different from those calculated for rigid
bearings. For an infinitely long bearing, Higginson [37] studied the effects of
elastic deformation of bearing shell on the journal bearing performance; these
results were only qualitatively good because of his simplified approach to the
calculation of elastic deformation. The theoretical investigation for elastic
deformation of bearings was prompted by the experimental work of Carl [38]
presented in 1964. He experimentally demonstrated the effect of bearing
deformation on the pressure distribution in the clearance space of the journal
bearing and showed that the distortion of bearing was important at pressures of the
order of 13.8 Mpa. O’ Donoghue et. al [39] studied the effect of elastic
deformation of bearing on the performance of infinitely long journal bearing.
Their studies also indicated that the elastic deformation of bearing introduces
marked changes in bearing performance characteristics and their results confirmed
the findings of Carl’s experiments of maximum pressure and the extent of positive
pressure film. An iterative procedure was used to find the pressure distribution
satisfying both the hydrodynamic and elastic equations. A similar analysis for
short bearings with flexible liners was also described by O’Donaghue et al [40].
Other studies [41-43] also demonstrated significant changes in pressure
distribution in the clearance space of bearings when the deformation of the

bearing shell was considered.

Benjamin and Castelli [44] solved Reynold’s equation and three
dimensional elasticity equations for analyzing journal bearings and they proved
that the load capacity and attitude angle are reduced when deformations of
bearing liner are considered. They showed that the elastohydrodynamic pressure
distribution is significantly different from that obtained by neglecting the elastic
deformation. Oh and Hubner [45] used finite element technique to solve

elastohydrodynamic finite journal bearing problem. Reynold’s equation for fluid



film and three dimensional elasticity equations for the bearing housing were
solved simultaneously using an iteration scheme. The analysis yielded pressure
distribution and displacement distribution. From these distribution s stresses in
the bearing and minimum film thickness in the lubricant were determined. Jain
et. al [46] determined the various static performance characteristics of the bearing.
Reynold’s equation was solved to obtain the pressure distribution by using FEM.
Three dimensional elasticity equations were used to determine the bearing shell

deformations. The final pressure was obtained by using an iteration scheme.

Stafford et. al [47] used simplified equations for studying
elastohydrodynamic lubrication. Elastohydrodynamic analysis of a connecting
rod big end bearing was done by them assuming a two dimensional structural
model. They also assumed half Sommerfeld conditions to simplify calculations.
Frene et. al [48-49] analyzed bearings by using flow field equations and two
dimensional elasticity equations. Labouff and Booker [50] studied the effect of
mesh density and housing flexibility on bearing performances. They also proved
that there is change in the maximum film thickness and maximum film pressure

obtained in the bearing when flexibility is considered.

Conway et. al [51-53] studied the effect of pressure on viscosity of the
lubricating oil in EHD analysis. The oil was first assumed to be isoviscous and
the analysis was then extended to the case of pressure dependent viscosity and
they showed that the performance characteristic depend on both flexibility of the
bearing liner and the dependence of viscosity on pressure. Taylor and Callaghan
[54] determined pressure distribution in elastic isoviscous and elastic viscous
cases. The effect of increasing the effective elastic modulus of the cylinder
material on minimum film thickness also is discussed. Jain et. al [55-56] analyzed
flexible bearings considering the variation of viscosity in pressure and they proved
that piezo viscous lubricants support more loads

Elastohydrodynamic analysis of two axial groove journal bearings
operating in laminar and super laminar regimes was done by Sinhasan and

Chadrawat [57]. Literature is available on the analysis of porous flexible bearings



[58-60]. . Performance characteristics of capillary and orifice compensated
flexible thrust bearings were analyzed by Sinhasan et. al [61]. Fantino et. al [62]
analyzed connecting rod bearing operating with piezo viscous lubricants. In the
analysis, plane elasticity relations were used by them to calculate the bearing
displacement. Partial bearing in different flow regimes were analyzed by Jain et.
al [63]. Kohnos et al [64] analyzed the elastohydrodynamic lubrication
characteristics of journal bearings with combined use of the boundary-element
method and finite-element method. The boundary-element method was used to
calculate the elastic deformation of the bearing housing and the finite-element

method was applied to the solution of the Reynolds equation.

Literatures are available on EHD Analysis of non circular bearings also.
Hamrock and Dowson [65] analyzed elliptical contacts for materials with low
elastic modulus. Tae Jo Park and Kyung — Woom Kim [66] analyzed
clastohydrodynamic lubrications of elliptical contacts and determined pressure
distribution for various film thicknesses. Prabhakaran Nair et. al. [67] determined
various static and dynamic characteristics of elliptical bearings by using finite
element method. Three dimensional Navier Stoke’s equation and continuity
equation governing lubricant flow in the clearance space of the journal bearing
and the three dimensional elasticity equations governing the displacement field in
the bearing shell were solved to get the pressure distribution in the bearing.
Various characteristics of the bearing were presented for a range of deformation
coefficients, which take in to account the flexibility of the bearing liner. Goyal
and Sinhasan [68] presented static and dynamic performance characteristics of
two-lobe journal bearings with non-Newtonian lubricants. The Navier-Stokes and
continuity equations were solved for Newtonian fluids using the finite element
method in the cylindrical coordinates representing the flow field in the clearance
space of a two-lobe journal bearing. The non-Newtonian effect was introduced by
modifying the viscosity term for the model in each iteration. Deformation of the
bearing shell was obtained by solving the three-dimensional elasticity equations.
Chandrawat and Sinhasan [69] studied two-lobe journal bearing and determined

the static performance characteristics of a flexible shell two-lobe bearing




operating in laminar and turbulent (including transitional flow) regimes in the case
of isoviscous and piezoviscous lubricants. Prabhakaran Nair et. al [70] extended
the analysis used for elliptical bearings to include three lobe bearings. Chandrawat
and Sinhasan [71] determined various static performance characteristics of a
flexible shell three lobe bearing operating in the laminar and turbulent regime

using isoviscous and piezoviscous lubricants.

Prabhakaran Nair et. al [72-81] analyzed circular and non circular bearings
with flexible shell placed in a rigid housing considering also the change in

temperature of Newtonian lubricants.

1.2.3 Literature on Micropolar Lubricants

The behaviour of micropolar fluids is explained by the theory of ‘fluid
‘microcontinua’. In this theory the intrinsic motion of molecular or granular
constiluents of the medium is taken into account. The earliest formulation of a
theory considering micromotions and deformations was done by Eringen [82]. He
considered the continuum media as a set of structured micro volume elements
whose kinematics can be independent of the motion of macrovolume. This theory
has been further simplified to the theory of micropolar fluids [83] by ignoring the
deformation of micro elements. Assuming the solid contaminants and additives in
the lubricant oil to be rigid spherical particles, dilute suspensions of the same in

the o1l can be treated as micropolar fluids.

Allen and Kline [84] analyzed two dimensional problem of lubrication
with micropolar fluids to get an approximate solution to the problem of a slider
bearing. Shukla [85] studied the effects of additives on load carrying capacity of a
hydrostatic bearing. He showed that the load carrying capacity increases with
increase in the concentration of additives. Khader and Vachon [86] analysed
laminar flow of micropolar fluids between two circular disks. The analysis
indicated that significantly larger resultant pressures and shear stress occur in the
lubricant due to the presence of the microstructures. They showed that load
carrying capacity increases when compared with the result of a similar analysis

employing nonmicropolar fluids. A one dimensional slider bearing with



micropolar fluid was analyzed by Shukla and Isa [87] by considering a
generalized form of Reynold’s equation including micropolarity. The derivation
of a generalized Reynold’s equation and an analysis for steady state characteristics
of one dimensional journal bearing under the condition of micropolar lubrication
was presented by Zaheeruddin and Isa [88]. Prakash and Sinha [89] studied the
behaviour of micropolar fluids when it passes through narrow passages. The
studies on the squeeze film characteristics of micropolar fluid lubricated journal
bearing for both full and half bearings were also done by Prakash and Sinha. [90].
A practical example of using micropolar model is in the design of journal bearings
in the area of nuclear power where heat transfer agent sodium is used as lubricant
[91]. Albert et. al [92] studied hydrodynamic lubrication of a slider bearing with
oil containing additives. It was shown that the load capacity and the frictional
force of the slider bearing increase with increase in concentration of additives.
The static characteristics of a journal bearing with micropolar lubricants were
determined by Prakash and Prawal Sinha [93] considering the problem as that of a
steady laminar flow of an incompressible micropolar fluid. The steady state
performance of infinitely long journal bearing based on the theory of micropolar
fluids revealed that the prominent feature of a micropolar fluid is an increased
effect of viscosity which in conformity with experimental results. Alber et. al [94]
developed an analytical hydrodynamic model to predict the behaviour of a two
phase lubricant. Analysis showed that the presence of suspended solid particles in
a Newtonian lubricant enhanced the load carrying capacity. The short bearing
performance with micropolar fluids has been analyzed by Nicolae Tipei [95]. The
performance of finite width journal bearings lubricated with micropolar fluids is
analysed by Tsai-Wang HuangCheng-I Weng and Chao-Kuang Chen [96] using
the finite difference method to solve the generalized three-dimensional Reynolds
equation. The characteristics of finite journal bearings with micropolar and
Newtonian fluids are obtained and presented graphically. The analysis reveals that
the prominent feature of increasing load capacity and decreasing friction
coefficient for micropolar fluids is more pronounced at higher eccentricity ratio.

Khonsari and Brewe [97] studied the performance parameters for a journal
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bearing of finite length lubricated with micropolar fluids. They proved that a
significantly higher load-carrying capacity thaﬁ with Newtonian fluids result,
depending on the size of the material characteristic length and the coupling
number. It is also shown that, although the frictional force associated with a
micropolar fluid is in general higher than that of a Newtonian fluid, the friction
coefficient of micropolar fluids tends to be lower than that of Newtonian fluids. A
modified momentum equation and continuity equation were used to analyze the
bearing. Prabhakaran Nair et. al [98] analyzed hydrodynamic circular journal
bearing with micropolar fluids. Prabhakaran Nair et. al [99] also determined the
static and dynamic characteristics of circular rigid bearings operating with
micropolar fluids. Albert E. Yousif and Thamir M. Ibrahim {100] determined the
characteristics of conventional infinitely long thrust bearings by solving
numerically the modified Reynolds equation for the steady laminar flow of an
incompressible micropolar fluid that has an increased effective viscosity,
especially in thin films. They proved that the bearing performance, in general, is
improved by micropolar lubricants. The static and dynamic characteristics of a
hydrostatic circular thrust bearing were studied by Jaw-Ren Lin [101]. Modified
Reynold’s equation and flow continuity equation were used to solve the problem
and results were obtained by using a perturbation technique. The convergence to
the stationary solution for large viscosity flows was analyzed by Lukaszewicz
[102]. He determined long time behaviour of micropolar fluids in two
dimensional flows. Raghunandana et.al [103] studied the effect of non Newtonian
behaviour of lubricants, resulting from addition of polymers, on the performance
of hydrodynamic journal bearings. Das et. al [104] solved a modified Reynold’s
equation based on the theory of micropolar lubricant by using finite difference
method to obtain the film pressure for a hydrodynamic bearing with
misalignment. With the help of this pressure, steady state characteristics of the
bearing were determined. Literature survey shows that the performance
characteristics of hydrodynamic circular bearings considering the effect of
deformation of bearing liner and mass transfer of micropolar lubricant on the

performance have not been investigated. It is also seen that no literature is
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available for static and dynamic analysis of elastohydrodynamic noncircular
bearings operating under micropolar lubricant. So it is felt that there is a need to
compute the performance characteristics of circular and noncircular bearings
considering the effect of deformation of bearing liner and mass transfer of

micropolar lubricants.

1.3 OBJECTIVES OF THE PRESENT WORK

In the present work the static and dynamic characteristics of the rigid or
deformable, circular or non-circular (two lobe or three lobe) bearings operating
under micropolar lubricants have been studied A two dimensional Reynold’s
equation was derived from Navier Stoke’s equation and Fick’s mass transfer
equation and this modified Reynold’s equation and three dimensional elasticity
equations were solved to compute the pressure distribution of the flow field and
deformation of the bearing respectively. The finite element method, which offers
several advantages, when applied to lubrication problems is used to analyze

bearings.

In the case of micropolar fluids the variation of viscosity is governed by

the following relation [85].

1= po (1+Acy) (1.1)

where A is a parameter which specify the shape, size, deformation,

distribution and material properties of the additive particles.

Assuming spherical non deformable additive particles according to

Einstein’s relation [94].

M=o (1+2.5¢,). (1.2)

The static characteristics in terms of load capacity, attitude angle, end
leakage and frictional force and dynamic characteristics in terms of stiffness
coefficients, damping coefficients, threshold speed and damped frequency of
whirl have been determined for rigid and deformable, circular and non circular
bearings operating with Newtonian and micropolar lubricants. Results are

obtained for a wide range of deformation coefficients and volume concentration of
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additives.The effect of mass transfer of additives on the performance

characteristics of bearings are also analysed

The computed results show that the presence of additives in the lubricating
oil affects the performance characteristics. The change in volume concentration of
additives and mass transfer rate produce significant effects in the performance
characteristics of the bearing especially when the bearing operates at higher
eccentricity ratios. The deformation of the bearing liner also affects the

performance characteristics of the bearing.

1.4 THESIS ORGANIZATION

The work carried out is organized into five chapters. The first chapter
Introduction high lights the literature survey and states the objectives and scope of
investigation. The second chapter deals with the theoretical analysis of bearings.
Governing differential equations and finite element formulations for fluid flow
field and displacement field with boundary conditions are discussed in this

chapter.

The static and dynamic performance characteristics of the bearing are

described in Chapter 3.

The fourth chapter contains details of solution schemes. Flow charts for

various segments of solution procedure are also given in this chapter.

The results and discussions are given in Chapter 5. Scope for future

studies of the work also 1s given in this chapter.

The non circular bearing geometries and details of FEM formulations are

given in Appendices A; and A,.
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Chapter 2

THEORETICAL ANALYSIS

2.1 GENERAL

This chapter deals with the generalized formulation of problems
concerning circular (Fig. 2.1) and non circular (Fig. 2.2 - 2.3) bearings with
micropolar lubricants. Elastohydrodynamic (EHD) studies require simultaneous
solutions of the following:

1. Two dimensional modified Reynold’s equation derived from Navier

Stoke’s, continuity and Fick’s second law equations.

2. The three dimensional elasticity equations to determine the deformation of

the bearing liner.

The representative models for the fluid flow field and the displacement
field with boundary conditions to be adopted are described in this chapter. To
achieve the analysis the two dimensional modified Reynold’s equation and the
three dimensional elasticity equations are to be solved to obtain the pressure
distributions in the fluid flow field and the deformation of the bearing liner. In the
present work, it is proposed to use the powerful technique, finite element method,

to obtain the numerical solution of the elastohydrodynamic problem.

2.2 HYDRODYNAMIC ANALYSIS

To obtain the hydrodynamic pressure distribution in the fluid flow field in
the clearance space of journal bearing, Reynold’s equation is used. To consider
micropolar effect in the pressure field, Reynold’s equation is modified by

incorporating Fick’s second law of diffusion in the equation.

2.2.1 Governing Equations

Navier-Stoke’s equation for incompressible fluid is written as

p(%‘j—+q.vq')=pf—vp+v#vq‘ 2.1)
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Bearing

Fig. 2.2 Two Lobe Bearing Geometry
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Continuity equation for steady flow of an incompressible fluid is given by
Vg=0
Fick’s Second law of mass diffusion is written as

oc
—+gVe=K V¢
o q d

For the case of a steady, uniform flow [92] Eq.(2.3) reduces to

0’c 0%¢c oc
Kd '_2‘+‘—2— =Ww—
oy° oz Oz

2 2
Since oc <<1 and 6_2c << gc Eq. (2.4) becomes
0z 0z oy’
2

Eq. (2.5) can be solved for ‘c’ subject to the boundary conditions

c=craty=20and

Thus we get

Eq. (2.7) with Eq. (1.1) gives the relation for viscosity in the following form.

4 K.y
=u,| 1+ Ac, <1+ —=
/u #0[ r{ Kd }}

For getting modified Reynold’s equation from Egs. (2.1), (2.2) and (2.8), the
following assumptions are made.

1. Inertia and body forces are negligible when compared with the

pressure and viscous forces.
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(2.5)
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Q2.7)

(2.8)



. _y . . 0
2. There is no variation of pressure across the fluid film. i.e., P_p

3. There is no slip in the fluid-solid boundaries.

4. Flow is laminar and incompressible.
. . ) ou ow
5. Compared with the two velocity gradients 5 and —éy— , all other

velocity gradients are considered to be negligible.
6. The height of the fluid film is very small. This permits us to ignore the
curvature of the fluid film.

Using the relevant assumptions given, Eq. (2.1) can be written as

15/ 0| Ou
P uE (2.9)
ox oy| oy

and
»_20 ‘u@ (2.10)
oz oyl Oy .

Integrating Eq. (2.9) with respect to y twice we get
u=P ldy+j'—cidy+cz @.11)

ox * u M

From Eq. (2.8) and Eq. (2.11) we get the following relation.

u:__Ii_a_p _%lnﬂ(y)
IUOKS/?'Cr a‘x Ksﬂcr

Cle
+———"—In +C 2.12
K AC, H(»)+C, (2.12)

Similarly integrating Eq.(2.10) and using Eq.(2.8) we obtain

K
w_:_i._a_p _Mfl_iln’u(y)
HoK Ac, 0z K, Ac,
CiK,
+———-2—1In +C 2.13
MoK, AC, HOYHC (249
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The boundary conditions are given below.
u=U, w=0 aty=0
u=0, w=0 aty=h (2.14)

Using Eqgs. (2.14) in Eq. (2.12) we get

uz{—Uln‘u(y)+ K, a—p{{ylnﬂ—(@l]+hln[ﬂ—(y—)]} +lnM (2.15)
ph) K AC, ox #(0) #(0) #(0)

Using bbundary conditions in Eq. (2.13) we have

K, ag[yl,, B ﬂm}
o MK AC, O #(0) 4(0)
1 A"
#(0)
Differentiating Eq. (2.15) with respect to x and Eq. (2.16) with respect to y we get

(2.16)

Ut 4 o Ky
Ox ox In H(h) Ox In H(h) 1(0) 1(0)
#(0) #(0)
» [y.ln&») —hln Ay)}
ow_ K, 2d|é (0) #(0) 2.18)
0z  p,K AC, oz In H(h) '
#(0)
Integrating continuity equation, Eq (2.2) we get
Ou ow
v=—_[ay—jgdy+€5 (2.19)
The boundary conditions are
y=0 atv=V
y=h atv=0 (2.20)

Using Egs. (2.17), (2.18) and boundary conditions given by Eq. (2.20) in
Eq. (2.19) and neglecting higher order terms we get the following relation.
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K
Um0 g, < %P

h h - A A
pOx | g A g x| AP #(0)
#(0) #(0)
o K, op
\ Da P
0 | #, K AC, 0z u(h)
+ | — s L In dyy . 2.21)
Vo)™ S "0 (
#(0)

Simplifying equation (2.21) we get

3 3
e 1-Ac, 1+K—’h @ +2 h 1-Ac, 1+£<i}i g
Ox| 124, 2K, Jl ox | 0z 124, 2K, }| oz

=@ ﬁ I—M'K’h +V (2.22)
ox |2 6K,

Changing in to polar co ordinates and non dimensionalising

. _ _ __
9 h_ 1-Ae, 1+£h— P +_6_ h 1-Aec, 1+K3h
06|12z 2 Je0| |12z 2
=U_‘3B{1-’krfshﬂ+ﬁr7 (2.23)

The following relations are used for the velocity components in the tangential and

RS

o)

radial directions.

T =1+Lsino -2 coso (2.24)
R R
V= lcos@—isin@ (2.25)
R R
ou = —Zcos&+-g£sin0 (2.26)
068 R R

Using Egs. (2.24), (2.25) and (2.26) in Eq. (2.23) we get

— — —, -
o |k 1-Ac, l+—]—<i P +—6: h_ 1-Ac, 1+Ksh
00|12 2 06| oz|12u 2

SRS

|
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T

= 9{1— ’fsh}+ﬁcost9—8§sin0 (2.27)

2.2.2 Finite Element Formulation

The flow field in the clearance space of circular bearing and in each lobe
of non circular bearing has been descretized into four noded isoparametric
elements. The total region has been divided into 14 elements in circumferential
direction and 4 elements in axial direction. It has been descretized by decreasing
the size of the elements in circumferential direction, so that the steep variation of
pressure gradient at the trailing edge of the fluid film is accurately calculated. The
element numbering is done in such a way that the bandwidth is a minimum. The

descretization of the flow field is given in Fig 2.4.

The Langrangian interpolation function for the four nodded isoperimetric

elements are given below.

Ny = 025(1-&)(l-7)
N, = 025(1- & (l+n)
Ny = 025(1+ & (1+n)
Ny = 025(1+ &)(l-n)

Where & and 1 are the local co-ordinates as shown in Fig. 2.5.

Applying the orthogonality condition of Galerkin’s method for Eq(2.27) we have

- A o
el s ER\@l e B, 0 Ko
2 o6\ 12 2 joo| ez12m 2 oz

_ OB AR s sEsind N daE =0 (2.28)
20| 2 6

where N; (i = 1, 2, 3, 4) are the Langrangian interpolation functions. Since

P=N,p,and h =Nk, (j=1,2,3,4).
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Fig. 2.4 Descretization of Flow Field
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Fig. 2.5 Local Coordinate System
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We have on integrating by parts

13
Nih—_{l—lcr[l—f— —— Jai@dgﬂd—
- 124 1# 26 06
3 = 7 =3 [
+ [N, 1-dc,| 142 —52 d0- [[| A d1-ac |1+ KPP oL
Lo 2 jo =712 2 oz oz
= IN,il Kl j N: a0 dz
e 2 06

+1| [N, singdz - H[sine.aNf d@}di
re Q° 59

+ afL[Ni cos&dz —Q'“{cosﬁ.?ge—idﬁzldf:i (2.29)

Single integral terms can be removed since integration is being carried out over a

closed loop.

Simplifying Eq. (2.29) we have
h’ K N, N
J- J- h 1-Ac, K h ON, 6N 5 dodz
121 2 00 69 0z oz

_ ”E oN, (1_/1c,1?ﬁ

. ¢ON, . ¢(ONi
- ]d@di—nd[ J.Eg—smedﬁdf—gf | fa—ecosﬁdﬁdf (2.30)

This can be written in matrix form as:

[Ke® {P}* ={R}* +{R, }* +&{R, }* (2.31)
where R/ = I a—NLE 1- AcKh dodz
ol 00 2 6

A e _ 2 ([ON,
2 =1 Jgg—-smgd&l? R;; =—§;!’J%.cos0d0df

U

SZJ:I{aNi aNj aNi aNj
2

+ p,d0 dz
060 00 & oz }p}
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[Kij]° is the element stiffness matrix. Q° refers to domain of the eth
element and [ refers to the boundary of the ™ element.

Numerical integration is carried out by using Gauss quadrature formula.

In the case of multilobe bearing, each of the lobes can be treated as a

partial bearing with an active film from the leading edge tot the trailing edge.

where QE =0

o0
Then Eq. (2.28) becomes

-3 r 1, -3 r 1
jji h_ 1-Ac, 14 Kk \ P +3_h_ 1-Ac,|1+ o
h¢ 00\ 124 2 Jo0| oz12u 2

0 {E{l_chﬁ

RS

i

ﬂ —1cos (@ + )+ &e&sin (0 + ﬂ)}N,.decr =0 (2.32)

S 80|2 6
where P locates the leading edge of each lobe.

The film variation up to trailing edge of each lobe in non-circular bearing
is given by.

h =1+¢g,cos(d + B;) for first lobe

h =1+ g;3c0s(0 + B2) for second lobe

h =1+ g3cos(0 + B3) for third lobe
2.2.3 Global System Equations

The element fluidity matrices are assembled to get global matrices. The

final global equation for the entire flow field can be written as
[Ke] [P] = {Ri} + {Ra} + {Rs} (2.33)

2.2.4 Boundary Conditions

The boundary conditions for each lobe may be given by
p(Ez)=0 atd=0,0,

pOz7)=0 atz=xl (2.34)

op ,, — ;
—(0,2)=0 at 8 =0,
619( z) 2
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where 6! is the unknown extent of positive pressure fluid for the i lobe.
Solution of Eq. (2.33) after applying boundary conditions (2.34) gives

nodal pressures and nodal flows

2.3 ELASTO HYDRODYNAMIC ANALYSIS

2.3.1 General

The bearing liner is a finite length cylinder subjected to hydrodynamic
loading due to the fluid film pressure on its internal surfaces. The distribution of
the fluid film pressure is such that it causes the bush to deform in all directions,
i.e., radial, axial and circumferential. It is however seen that the bush in a journal

bearing is usually enclosed in a housing which is comparatively rigid.

2.3.2 Finite Element Formulation

The bearing liner is discretized by 8 nodded hexagonal isoparametric
elements. In the case of circular bearing, the bearing liner is discretized into 64
elements (16 elements in the circumferential direction and 4 elements in the axial
direction) (Fig. 2.6), in the case of two lobe journal bearing into112 elements (28
elements in the circumferential direction and four elements in the axial direction)
(Fig 2.7) and in the case of three lobe journal bearing into144 elements (36 in the
circumferential direction and four elements in the axial direction) (Fig 2.8). The
displacement components are considered to vary linearly in the elements. Using
the elasticity theory the expression for the potential energy of an element when

bearing is subjected only to traction forces, Ty is given by
¢ =1/2[[fls} Y DY Y [6T rdo dr az
- [[ir. J'Is] rdo dz (2.35)

The displacement & for the bearing liner is

Vy(r,0,2)
©)=|V,(6,2)
V,(r,0,z)

The element equation can be obtained by minimizing the potential energy

over each element.
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Fig. 2.8 Discretization of Three Lobe Bearing
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The displacement field [8]° in ¢ element can be written as

Vo
61 =|v, |=IvFlaf (2.36)
V

4

where [N]° represent the element shape function matrix.
Ve =ZV0iﬁi’ Vv, = eri]vn V. szziNi
i=1 i=1 i=1

and

[ =V, 7,7, Vo, Vim, V..l (2.37)

2 PN

where m is the number of nodes per element.

Since in the equilibrium position, potential energy of the system is

minimum, we have

orn’
Vs

. & | Om° :

ie., X »=0 (2.38)
; aI/ri

on®

ov.

\ zi )

wheree=1,2,.......n.andi=1, ...... , m

n. = number of elements

Using the above condition, system equations are reduced to

Z‘UH[J]T [DY Y rd6 dr dz- [[IN]T, T rdo dz} =0 (2.39)
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where

hoejp 1

r|{ o6 r

g 92
or

0 0 &z

Io]-

000D, 0
0000 D, 0
0000 0 D

and
D =E(1-y)d+y)(1-2y)
D,=Ey/(1+y)(1-2y)

D,=E/2 (1+y)
the above element equation may be written in the matrix form as
[K]° [d]° = [FT°

where [K]® is the element stiffness matrix and is given by

k] = j j [V [DF VT rd6 dr dz
[FI = [[IvF7Ir, ] rde dz

[7,} =[0[Tu]* 0]
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By non dimensionalising, using
r=rt,,z=1t,5[D]=E[D],d =C[d] and p=um (R,/C)’pand by using the
general assembly procedure, the following global system equations are obtained
k]{a] = w[F] (2.44)
where
_ o (R IOy,

- E R;
(K] Stiffness Matrix
[d] Displacement Matrix

[F] Force matrix

2.3.3 Boundary Conditions for The Deformations
Here it is assumed that the bearing liner is contained in a comparatively rigid
housing. So the outer surface of the housing does not deform, implying that the

nodes in contact with the rigid surface are restrained from moving.

v,
Hence V.r =1{0} (2.45)
Va
where ‘1’ is the number of nodes on the bearing liner of rigid housing
interface.

2.3.4 Modification of Film Thickness
For the flexible journal bearing system, the non-dimensional fluid film

thickness is expressed as
h=1+&cos@+V, (2.46)

where 7, is the non-dimensional deformation of the bearing bush in the

radial direction.
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Chapter 3

PERFORMANCE CHARACTERISTICS

3.1 GENERAL

The static and dynamic performance characteristics of both rigid and
flexible bearings are calculated from the computed nodal pressures. The
expressions for static and dynamic performance characteristics are derived as the
functions of the nodal pressures, and the shape functions. The static
characteristics include the load capacity, attitude angle, power loss and end
leakage. The dynamic performance characteristics are studied in terms of fluid
film stiffness and damping coefficients, threshold speed and damped frequency of
whirl. The expressions for the static and dynamic performance characteristics of
journal bearings are given in the following sections. Using the linearized
equations of disturbed motion of the journal centre and Routh’s criteria, the

expressions for the critical mass and the threshold speed are derived.

3.2 FLUID FILM REACTIONS

For a general dynamic situation, the hydrodynamic pressure ‘p’ depends
on the journal bearing spin velocity and the velocity components (£,7). The

components of fluid film reactions (forces and moments) along & and 7

directions are given by the following relations.

Gr 1
W, = j jpcos& rd@dz 3.1

0 -1

w, =6]i ]psine rd@dz (3.2)

n
[

3.3 LOAD CAPACITY AND ATTITUDE ANGLE
The fluid film reaction components along and perpendicular to the line of
centers for an element in the bearing lobe are determined by integrating the

components of pressure force.
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Wy = [[p° coso7do dz (3.3)

wg = [[p° sinordoaz (3.4)
These reactive forces are recalculated along x and y axes for each element
in each lobe. The total fluid film reaction components along x and y axes for each
lobe of the non-circular bearing are obtained by summing the contributions of all
the elements of the flow field on the bearing lobe.

Wy = ¢ Wy =S s (3.5)

e=l e=1
where 7, is the number of the elements and L represents the L™ lobe. From the

above fluid film reaction components, load components of the multi-lobe journal

bearing can be obtained as:
Wy =YWy and  7,=37,
L=1 L=l
where n,; represents the number of the lobes of the journal bearing.
7 =2 +wp]" (3.6)
The angle between the line of the centers and the load line is known as
attitude angle and is given by

W,
=tan™' -~ 3.7
¢ W (3.7)

X
Attitude angle is an important parameter. Although it is considered as a static

characteristic, it has implications on the stability of the bearing system.

3.4 BEARING OIL FLOW

Using the nodal velocity components obtained from the solution vector of
the flow-field equations, the end leakage for each bearing is computed from the
following relation.

R+h 6, R+h B,
0; = | [w,_raddr+ | [w,.raodr (3.8)
R 0 0

R
In the case of bearings, end leakage is kept small so that only small

amount of lubricant need be supplied. But when thermal effects are significant, a
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large end leakage is desirable to take away heat generated due to viscous

dissipation.

3.5 FRICTIONAL FORCE
Frictional power loss for each lobe of the nearing is obtained by the

following expression
— |1 ROp|
F = =+——1{rdf dz 39
”‘{h 260} : 39)

It is important to keep power loss a minimum.

Friction parameter is defined by the following relation.

f=

S

3.6 FLUID FILM STIFFNESS COEFFICIENTS

The non-dimensional fluid film stiffness coefficients are defined as

ow, oW,
Sy Sy F Oy
Z = = = 3.10
{ Sye Sy ] ow, oW, ( )
&x

where W, and W, the film force components in the x and y directions
respectively.

The first subscript of the stiffness coefficient denotes the direction of force
and the second, the direction of displacement. The resultant stiffness coefficients

for non-circular bearings will be obtained by adding the contribution of all lobes.

3.7 FLUID FILM DAMPING COEFFICIENTS

The damping coefficients are defined as

oW, oW,
By By ox oy
_ I ET e A 3.11
{Byx B, j‘ ow, GWy (3.11)
o% oy
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where x and y are the journal centre velocities in x and y directions respectively.
The first subscript of the damping coefficients denotes the direction of force and
the second, the direction of velocity.

The resultant damping coefficients will be obtained by adding the

contributions of each lobe.

3.8 EQUATION MOTION

The equations of disturbed motion of the journal can be expressed as

[i7] [§]=(vF(s,50 (3.12)

where [H ] is a diagonal mass matrix and {V F(5,5)} represents the out of
balance hydrodynamic film force components which depend on the instantaneous

position and velocity of the journal centre. These force components are usually

non-linear functions of {5} and {s}. However, within a small neighbourhood of

the equilibrium position of the journal, the fluid film force components may be

assumed to be linear functions of the components of vectors {5} and {s5}.

Equation (3.14) can be written as

7] [5]+ [8][s]+ [s][s]=0 (3.13)

B HE R HE

The characteristic equation of the linearized equation of lateral motion is written

in the following form.
G'+AG + A5 +A45+4,=0 (3.14)
where & of a complex variable and Ai i=1,....... 4) are functions of the journal

mass M ; and the dynamic coefficients. The real part of the roots of the

characteristic equation indicates damping in the system and the imaginary part the

frequency of oscillations of the journal.
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4, :Fj( w+B,) (3.15)
4, = M_ij {B,B,+M,S,+5,)-B,B,) (3.16)
4, = M%Z {5,8.+B,5.-(B,S, +5,B,)) (3.17)
Z4=—_1_—(§ S, =5,8,) (3.18)

2 Wy T Py
M;
From Routh’s criteria, the necessary and the sufficient conditions for the

linearized system to be stable are

4>0 (i=1,..4) (3.19)
AA,—A,>0 (3.20)
AA A - A - A4, =>0 (3.21)

By satisfying these conditions, equations (3.19-3.21) the stability margin

in terms of critical mass is obtained

3.9 THRESHOLD SPEED
The journal speed at which the journal bearing system become unstable is

given by

= e (3.22)

3.10 THE DAMPED FREQUENCY OF WHIRL
The damped frequency of whirl id defined by the following expression

2l (3.23)

a = =
BxxByy—BxyByx
where
K =Sxx yy+Syy§cx—‘Exy yx—Syx xy
: S.+B,

A negative of w, implies an absence of whirl.
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Chapter 4

SOLUTION PROCEDURE

4.1 GENERAL
The solution procedure to be adopted for determining the static and
dynamic performance characteristics of elastohydrodynamic circular and
noncircular bearing problems with Newtonian and micropolar lubricants is
presented in the chapter. The procedure comprises the coupled solution of
1) The two dimensional modified Reynold’s equation

2) The three dimensional elasticity equation to obtain the displacement field.

The simultaneous solutions of all these equations have to be obtained by
using finite element method and a direct iterative procedure. Additional iterations
are required to establish the Reynold’s boundary conditions at the trailing edge of
fluid film in circular bearing and each lobe of the non-circular bearing and to
establish the equilibrium journal centre for the vertical load support in the case of

non circular bearings.

4.2 SOLUTION SCHEME

The solution scheme used for solving elastohydrodynamic lubrication
involves the determination of various quantities. The flow charts for determining
these quantities with various iterative segments and convergence criteria are

presented here.

4.2.1 Solution of Nodal Pressures
The Reynold’s equation representing the flow field in the clearance space
of the journal bearing is solved to obtain the pressure and velocity components in

the flow field.

After discretizing the flow field as explained in Chapter 2 the element
fluidity matrix is formed for each element. The boundary conditions are applied
at the element equation stage and the element fluidity matrices are assembled to

form the global fluidity matrix. The global system of equations (2.33) thus
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formed are solved to get nodal pressure components. The flow chart of the

scheme for obtaining nodal pressures is given in Fig 4.1.

-4.2.2 Computation of Reynold’s Boundary

Reynold’s boundary condition is established based on that the pressure

gradient 2—’; =0 at the boundary (8 = 6;) of positive pressure fluid film.

Initially a value of 6, is assumed for the film extent. The pressure gradient

(%) at its trailing edge is computed and depending on whether the pressure

gradient is negative or positive, a respectively positive or negative correction on
the first trial value of O, is made. The pressure gradient at the trailing edge is
calculated again for the modified value of the film extent. In subsequent
iterations, the new trial value 6, is selected by linear interpolation or extrapolation
using the two closest values from the previous iterations. The iteration is
terminated when the magnitude of the pressure gradient becomes smaller than an

arbitrarily assigned small value, 0.01.

In noncircular bearings, for a given journal centre position (g, ¢), each lobe
has its own positive pressure fluid film, the extent of which has to be determined.
For circular and noncircular flexible bearings, the film extent of deformable
bearing at any eccentricity ratio, is obtained using the same iterative procedure
starting with the value of 0, for the corresponding rigid bearing, as the first trial
value. The flow diagram for determining Reynold’s boundary is shown in

Fig. 4.2.
4.2.3 Determination of Attitude Angle for Non-Circular Bearings

In the case of non circular bearings, the direction of load when specified
with reference to the lobe geometry, requires a unique unknown attitude angle.
The attitude angle for a given operating eccentricity is determined by using the

iteration scheme described below.
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Fig. 4.1 Flow Diagram for Determining Nodal Pressure
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INPUT DATA FROM THE MAIN PROGRAM
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Fig. 4.2 Flow Diagram for Reynolds Boundary
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INPUT DATA FROM THE MAIN PROGRAM
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Fig.4.3 Flow Diagram for Attitude Angle for Non-Circular Bearings
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INPUT DATA FROM THE MAIN PROGRAM
€50, W st,/R;, LI D,¢,

BLOCK - A4

KL =0 FOR
NEWTONIAN FLUID
KVAR =0 FOR
CIRCULAR BEARING

BLOCK
A2

BLOCK
A3

A4 v

PRINT PRINT

Fig. 4.4 Flow Diagram for Determining Nodal Pressure for Circular and
Noncircular Bearing with Newtonian and Micropolar Lubricants
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First a trial value of ¢ is chosen for which the horizontal component of
load capacity is obtained from Eq. (3.5) for each lobe of a bearing with given
eccentricity ratio €. Depending on whether the horizontal component of the load
capacity is positive or negative, a respective positive or negative correction is
made in the first trial value of ¢. For the correctéd value of ¢, the component of
load is again calculated. The next value of ¢ is obtained using linear interpolation
or extrapolation considering the two closest values of ¢ obtained from the
previous iterations. These iteration are terminated when the horizontal component

of the load carrying capacity achieves a value less than a pre assigned arbitrarily

small value (0.01).

For flexible noncircular bearings, the attitude angle is computed using the
procedure explained above after modifying the film thickness by taking into
account the elastic deformation of the bearing liner in the radial direction. The

flow diagram for determining attitude angle is given in Fig 4.3.

4.2.4 Computation of Nodal Pressures for Circular and non Circular

Bearings with Newtonian and Micropolar Lubricants

The flow diagram for calculating the nodal pressures for circular and
noncircular bearing with Newtonian and micropolar lubricants is given in Fig 4.4.
The viscosity for micropolar fluid is determined from Eq. (1.1) in the case of

computing nodal pressures for bearing with micropolar fluids.
4.2.5 Computation of Nodal Displacements

For computing nodal displacements, the stiffness matrix for each element
is generated by the Subroutine STIFF, using Eq. (2.41). The right hand side of
Eq. (2.40) is formed in the subroutine LOAD for each element using the nodal
pressures obtained from the solution of lubricant flow-field. The global system
equations are then obtained by assembling the stiffness matrices and RHS
(Subroutine FRONT). The global stiffness matrix and column vector of the nodal
forces are also modified by the subroutine FRONT, for the specified boundary

conditions and the global system equations are solved to obtain nodal
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Fig. 4.5 Flow Diagram for Determination of Nodal Displacements
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Fig. 4.6 Solution Scheme for Journal Bearings with Newtonian
and Micropolar Lubricants
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INPUT DATA FROM THE MAIN PROGRAM
NODAL PRESSURE, p;
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Fig. 4.7 Flow Diagram for Computing the Journal Performance Characteristics
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displacements (v,,v,and v,) by the same subroutine. The flow diagram for

determination of nodal displacements is given in Fig. 4.5.

4.2.6 Results for Journal Bearings with Newtonian and Micropolar

Lubricants

Fig 4.6 shows the solution scheme for obtaining the results of circular and
noncircular journal bearings taking the bearing liner deformation in to account.
The iterative scheme for EHD analysis of flexible circular and noncircular
bearings involve the following steps, (i) assuming the bearing to be rigid, the film
extent in the circular bearing or in each lobe of the non circular bearing and the
nodal pressures are computed as the first trail value for EHD iteration, and (ii)
considering the bearing liner to be flexible with a deformation coefficient, i , and
using the nodal pressures calculated in step (i), the nodal displacements are
determined. Using these nodal displacements, the film thickness is modified. The
pressure distribution is then recomputed for the modified film geometry.
Iterations are repeated by solving the governing equations of flow and elastic

fields till convergence is satisfied.

4.2.7 Performance Characteristics

The performance characteristics of the bearing are calculated from the
computed pressures. The static characteristics in terms of load capacity, attitude
angle, end leakage and frictional force are obtained from equations given in
Chapter 3.

The stiffness coefficients are determined using Eq. (3.10). A linear
perturbation method considering the perturbations of the journal centre in the
radial and circumferential directions are considered to evaluate the stiffness
coefficients.

For determining the damping coefficients using Eq. (3.11), the fluid force

components in § and m directions are calculated separately for the cases

£ = 0,7 = 0 by giving values of £and 7.
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Threshold speed and damped frequency of whirl are obtained, using the
stiffness and the damping coefficients and Routh’s criteria from expressions given
in Chapter 3. The flow chart for computing the bearing performance

characteristics is given in Fig 4.7.

4.3 REMARKS

A large number of iterations were required to obtain the pressure and
elastic fields at higher eccentricity ratios and large values of deformation
coefficients. The iterations required for the solution were considerably reduced
when the weighted averages of nodal pressures were used to calculate the

effective nodal pressures.
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Chapter 5

RESULT DISCUSSIONS AND CONCLUSIONS

This chapter contains the results obtained from the analysis used to
compute the performance characteristics of bearings and discussions there on.
The static characteristics in terms of load carrying capacity, end leakage, attitude
angle and frictional force and dynamic characteristics in terms of stiffness
coefficients, damping coefficients, threshold speed and damped frequency of
whirl are computed for rigid and flexible circular and non circular (two lobe and
three lobe) journal bearings for the following cases.

(1) Newtonian lubricant

(i)  Micropolar lubricant.

The modification in fluid film thickness due to bearing deformation and
consequently in the pressure distribution depends on the bearing geometric and
operating parameters and the elastic properties of the material of the bearing liner.
In the present study, a non dimensional deformation coefficient (y ), which is a
measure of the flexibility of bearing liner, is defined in terms of parameters uo, @,
R;, C, E and . The effects of these parameters on the performance characteristics
of circular and non circular journal bearings are studied for Newtonian and

micropolar lubricants.

In the first part of this chapter the static and dynamic performance
characteristics are presented for rigid (¥ = 0) and deformable circular bearings
lubricated with (i) Newtonian fluid and (ii) Micropolar fluid. The various
performance characteristics for rigid and deformable two lobe bearings operating
with Newtonian and micropolar lubricants are presented in the second part. The
results obtained from the analysis of rigid and flexible three lobe bearings
lubricated with Newtonian and micropolar fluids are discussed in the final part of

this chapter.
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Table 5.1 shows the summary of the cases studied. In all the cases of

bearings studied, the aspect ratio (L/D) is taken as unity, ratio of bearing liner

thickness to journal bearing radius ('RLJ is taken as 0.1 and the ratio of journal
j
. . R\ . .
radius to the radial clearance (—C’—] is taken as 625. In the case of non circular

bearings ellipticity is taken as 0.5.

To provide a physical feel of the results obtained, a set of dimensional
values of bearing performance characteristics are calculated using the following
geometry and operating conditions. These values are presented for rigid (7 =0)
and flexible bearings.

Bearing geometry and operating conditions.

Journal radius, R; =25 mm

Speed, N = 2500 rpm

Viscosity of the lubricant, p = 0.04 Pa.s

Table 5.2 shows different materials and their deformation coefficients.

The following sections contain the results of (and discussion on) the static
and dynamic characteristics obtained for circular and noncircular rigid and

flexible bearings operating with Newtonian and micropolar lubricants.

5.1 CIRCULAR BEARINGS

The static and dynamic characteristics are obtained for rigid and
deformable circular bearings considering lubricant as (1) Newtonian and (2)
micropolar and in both cases the results are obtained for different values of

eccentricity ratios and deformation coefficients.

5.1.1 Circular Rigid Bearings

The effect of volume concentration of additives (Ac;) and mass transfer
rate (K;) on the performance characteristics of rigid circular journal bearings are
presented in Figs. 5.1-5.14. To authenticate the solution algorithm and computer

program developed the results obtained in the case of circular bearing are
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compared with published results [99] in Fig.5.1. It is seen that the results are in

full agreement with the published results.

Fig. 5.1 shows the variation of load carrying capacity with respect to the
volume concentration of additives for circular bearings. It is observed that load
carrying capacity increases with increase in volume concentration of additives,
mass transfer rate and eccentricity ratio. The increase in volume concentration of
additives (Acr) increases the viscosity of the lubricant and in tumn increases the
load carrying capacity. When the mass transfer rate of additives (K;) increases,
the load carrying capacity increases for any value of volume concentration of

additives and eccentricity ratio.

The change of end leakage with increase in volume concentration of
additives is shown in Fig. 5.2. From this Figure it is observed that end leakage
increases with increase in volume concentration of additives and mass transfer
rate. It is also observed that end leakage does not depend on the volume
concentration of additives when mass transfer rate is zero. This can be explained
as follows. When the volume concentration of additives increases, viscosity of
lubricant and pressure increase. Increase in lubricant viscosity reduces end
leakage, but increase in pressure will increase the end leakage. The combined
effect may produce the end leakage to be almost constant at any value of volume
concentration of additives when there is no mass transfer. When there is mass
transfer (K), the end leakage increases at any value of volume concentration of

additives and eccentricity ratio.

The variation of attitude angle with volume concentration of additives is
shown in Fig. 5.3. From this Figure it is seen that the attitude angle decreases with
increase in eccentricity ratio for any value of volume concentration of additives;
but at any value of eccentricity ratio, attitude angle increases with increase in Ac;.
It may also be noted that at low values of eccentricity ratio (¢ = 0.2) and volume
concentration of additives, increase in mass transfer rate may not produce

significant change in attitude angle.
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The change in frictional force with increase in volume concentration of
additives in the case of circular bearings is shown in Fig. 5.4. From this Figure it
is observed that the frictional force increases with increase in eccentricity ratio,
volume concentration of additives and mass transfer rate. It is also noted from
this graph that the effect of volume concentration and mass transfer rate on

frictional force is significant when the eccentricity ratio is high.

Figs. 5.5-5.11 show the variation of stiffness and damping coefficients
81181,»84,,8,, and B, , B,, ~ B,,,B,, tespectively with increase in volume
concentration of additives and mass transfer rate for circular bearings. All
stiffness coefficients (Figs. 5.5-5.8) except S,, increase with increase in volume
concentration of additives for any value of eccentricity ratio. When the mass
transfer rate increases, these values. of stiffness coefficients decrease at any value
of Ac; and €. In the case of 512, its value decrease with increase in volume
concentration of additives for any value of eccentricity ratio. It is also seen from
Figs. 5.9-5.11, that all the damping coefficients B,,,B,, ~ B,,,B,, increase with
increase in volume concentration of additives. At any value of A¢; and low values

of € when mass transfer rate increases the damping coefficients

B,,B, ~ B, ,B,, increases with increase in Ac,. At high values of eccentricity

ratio, when mass transfer rate increases, all the damping coefficients increase with

increase in Ac; up to a certain value and after that only E,I decreases.

The variations of threshold speed with increase in volume concentration of
additives (Ac;) are shown in Fig. 5.12 for Newtonian and micropolar lubricants
when the bearing operates at different eccentricity ratios (¢ = 0.2 and € = 0.6) and
aspect ratio (L/D) equal to 1. It may be noted that when there is no mass transfer
of additives (K = 0), threshold speed does not change with increase in A, for any
value of eccentricity ratio. At this juncture, it may also be noted that the same
observation was made in the case of attitude angle (Fig. 5.3), which is a measure
of stability. But when the mass transfer rate of additives increases, threshold

speed decreases at any value of Ac,. This indicates that the presence of additives
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lowers the stability of bearing. At the value of Ac; = 0.6, € =0.6 and K;=0.4
there is 14.83 percent decrease in the value of threshold speed compared with that

value obtained for Newtonian lubricant (A, =0,K;=0).

Fig.5.13 shows the variation of damped frequency of whirl with increase
in A, for eccentricity ratios € = 0.2 and € = 0.6. It is seen that damped frequency
of whirl is independent of volume concentration of additive when there is no mass
transfer of additives. When there is mass transfer of additives damped frequency
of whirl increases at any value of € and volume concentration of additives. It is
also observed that the damped frequency of whirl decreases with increase in
eccentricity ratio. A decrease in damped frequency of whirl indicates that there is
increase in the stability of bearing system. In a nutshell, the effect of micropolar

fluid is to reduce the stability of bearing system.

The computed pressure fields for circular rigid bearing € = 0.4 is shown in
Fig. 5.14 for different values of volume concentration of additives and mass

transfer rate.

To have »a physical feel, the dimensional values of the static and dynamic
performance characteristics are computed for the bearing geometry and operating
conditions mentioned at the beginning of the section. These dimensional values
are given in Table 5.3. From this table it is seen that at € = 0.8, load carrying
capacity increases form 34.3 to 55.58 when the volume concentration of additives
increases from zero to 0.4 and mass transfer rate increases from zero to 0.4. It
may also be noted that at high values of eccentricity ratio, bearing system is

always stable for both Newtonian and micropolar lubricant.

5.1.2 Elastic Circular Bearings
EHD analysis of bearings takes into consideration the deformation of the

bearing liner while analyzing various types of elastic bearings.

Results obtained from EHD analysis of circular bearings using Newtonian
and micropolar fluids are shown in Figs. 5.15-5.28. Various performance

characteristics for elastic circular bearings are presented for different values of
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eccentricity ratios, mass transfer rates and deformation coefficients in these

figures.

Fig.5.15shows the variations of load capacity with increase in deformation
coefficient for Newtonian (Ac,= 0, K= 0) and micropolar lubricants (Ac,=0.2/0.4,
K= 0.4) for circular bearings. For micropolar lubricants the load carrying
capacity obtained at any deformation coefficient () is greater than that obtained
with Newtonian lubricant when bearing operates at any eccentricity ratio. It is
noted that the load carrying capacity decreases with the increase in deformation
coefficient for any value €. It is also observed that in the case of micropolar
lubricants, for a fixed value of mass transfer rate (K;), when the volume
concentration of additives increases, the load capacity increases for any
deformation coefficient and eccentricity ratio. At low values of deformation
coefficient and higher eccentricity ratio, the variation of load capacity with
increase in deformation coefficient is more significant than the values obtained at

lower eccentricity ratio, for any value of volume concentration of additives.

The change of end leakage with the variation of deformation coefficient is
shown in Figs.5.16 for circular bearings. From this Figure it is observed that the
end leakage decreases with increase in deformation coefficient. It is also seen that
variation of end leakage with increase in deformation coefficient is appreciable
when the bearing operates at higher eccentricity ratio compared to the values
obtained at lower eccentricity ratios. When deformation coefficient is high the
bearing is more flexible. This leads to the development of small pressures and
small pressure gradients leading to a lower end leakage. In the case of small
eccentricity ratios the load and hence the pressure are less leading to smaller
pressure gradients and smaller end leakage. For any value of deformation
coefficient and eccentricity ratio, when mass transfer rate of additives increases,
the value of end leakage obtained increases. The increase in the value of volume
concentration of additives also increases the value of end leakage at any value of

mass transfer rate (K;).
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In Fig. 5.17 the variations in the values of attitude angle with the change in
deformation coefficient for circular bearings are shown. It is observed that the
change in volume concentration and mass transfer rate do not affect the values of
attitude angles obtained for Newtonian lubricant significantly when the bearing
operates at lower eccentricity ratio for any value of deformation coefficient () .It
is also observed that the attitude angle decreases with increase in deformation
coefficient. For micropolar lubricant the value of attitude angle obtained is more
than that obtained for Newtonian lubricant. These curves indicate that from the

designers point of view micropolar fluids show less stability than Newtonian
fluids.

Fig. 5.18 shows the variation of frictional force with the change in
deformation coefficient for circular bearings. From Fig. 5.18 it is noted that at
higher eccentricity ratio, a large reduction in frictional force is obtained with
increase in deformation coefficient for circular bearings. For a fixed value of
mass transfer rate the frictional force increase with increase in volume
concentration of additives for any value of eccentricity ratio and deformation

coefficient, but it decreases with increase in deformation coefficient.

The variations of stiffness coefficients S,,,S,,,S, andS,, with increase
in deformation coefficient are shown in Figs. 5.19-5.22. All these stiffness
coefficients decrease with increase in ¥, but all the values of stiffness

coefficients except that of S;, increase with increase in Ac;.

The changes in damping coefficients with the increase in deformation
coefficient are shown in Figs. 5.23-5.25. From these Figures it is observed that all
the damping coefficients except B;; decrease with increase in deformation

coefficient.

The variations of threshold speed with respect to deformation coefficient
are shown in Fig. 5.26 for circular bearings. It is observed that threshold speed

increases with increase in deformation coefficient at € = 0.4. But at high values of

eccentricity ratio (g = 0.8) threshold speed decreases with increase in deformation
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coefficient up to a certain value and after that it increases with increase in
deformation coefficient. At any value of deformation coefficient and mass
transfer rate the values of threshold speed obtained are less than those obtained for
flexible bearings with Newtonian lubricant (K = 0, Ac, = 0). It is also observed
from the graph that at low value of deformation coefficient and high eccentricity
ratio the values of threshold speed tends to infinity which means that the system is

always stable under the above conditions.

The changes of damped frequencies of whirl with respect to the
deformation coefficient are shown in Fig. 5.27 for circular bearings. The damped
frequency of whirl decreases with increase in deformation coefficient when
eccentricity ratio is small (¢ = 0.4). But at high eccentricity ratios (¢ = 0.8), the
damped frequency of whirl first increases, attains a maximum value and then
decreases. It can be noted that at low values of deformation coefficient the
damped frequency of whirl tends to become negative which indicates that the
system will always be stable. It is also observed that at any value of deformation
coefficients the increase in volume concentration of additives increases the value
of damped frequency of whirl obtained for micropolar lubricants. The increase in
mass transfer rate also affects the damped frequency of whirl.  From all these
curves it may noted that the flexibility of the bearing liner, volume concentration
of additives and mass transfer rate affect both static and dynamic performance

characteristics.

Fig.5.28 shows the pressure and deformation fields in the case of circular

bearings.

The dimensional values of performance characteristics obtained from EHD
analysis of circular bearings in some typical cases are given in Tables 5.4 and 5.5.
From these Tables it is seen that the static characteristics #,0,and ¢ and
dynamic characteristics S,,,8,,,8,,,5,, andB,,,B,, = B,,,B,,, @, and @, are
affected by the flexibility of bearing liner and volume concentration of additives

of the lubricant. For eg., at € = 0.8 and ¥ =0.1 the load carrying capacity
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decreases from 34.33 to 16.08 KN which indicates that there is 53.16 percent
reduction in the load carrying capacity due to the presence of flexibility of bearing
liner for Newtonian lubricants (Tables 5.3 and 5.4). The presence of volume
concentration of additives (Ac, = 0.4) increases load carrying capacity at flexibility
¥ =0.1 from 16.08 to 26.02 there by reducing the load carrying capacity of
bearing only by 24 percent. From this it is observed that the assumption of
Newtonian lubricant will not be valid especially when the bearing operates at high
eccentricity ratio because significant changes in the values of performance

characteristics are obtained for micropolar lubricants.

The percentage deviations in all the performance characteristics of circular

bearings are obtained and presented in Tables 5.6 and 5.7.

5.2 TWO LOBE BEARINGS

The various performance characteristics are obtained for two lobe bearings
considering them as rigid and deformable when operating with Newtonian and
micropolar lubricants. These characteristics are determined for different values of
eccentricity ratios, volume concentration of additives, mass transfer rate and

deformation coefficients.

5.2.1 Two Lobe Rigid Bearings

The results obtained from the analysis of rigid two lobe bearings operating

with Newtonian and micropolar lubricants are presented in Figs. 5.29-5.42.

The changes in load carrying capacity with the change in volume
concentration of additives for two lobe bearings operating at eccentricity ratios
e = 0.25 and € = 0.45 are shown in Fig. 5.29. It is observed that the load carrying
capacity increases significantly with increase in volume concentration of additives
and mass transfer rate especially when the bearing operates at high eccentricity
ratio( € = 0.45 ).Effect of mass transfer of additives on the load carrying capacity

becomes significant at high values of volume concentration of additives.
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Fig. 5.32 Friction Parameter( f ) vs Volume Concentration of
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Fig. 5.35 Stiffness Coefficient( Sz;) vs Volume Concentration of
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Fig. 5.36 Stiffness Coefficient( 522) vs Volume Concentration of
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Fig. 5.38 Damping Coefficient( Bp,= B1) vs Volume Concentration of
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The variations of end leakage and attitude angle with increase in volume
concentration of additives are shown in Fig. 5.30 and 5.31 respectively. It is
noted that these characteristics do not change with volume concentration when
there is no mass transfer rate (K; = 0). The same trend has been obtained in the
circular bearings also. However when there is mass transfer rate, end leakage and
attitude angle increase with increase in volume concentration of additives. They

also increase with increase in mass transfer rate.

Fig. 5.32 shows the variation of friction parameter with the change in
volume concentration of additives. From this Figure it is observed that the
friction parameter decreases with increase in volume concentration of additives.
This is because the increase in frictional force is less than the increase in load
carrying capacity due to increase in volume concentration of additives. It is also

noted that friction parameter decreases with increase in mass transfer rate.

The vanations of stiffness and damping coefficients with the change in
volume concentration of additives for two lobe bearings are shown in Figs. 5.33-
5.39. All the coefficients except stiffness coefficients S|, increase with increase

in volume concentration of additives.

The variations of threshold speed and damped frequency of whirl are
shown in Fig. 5.40 and Fig. 5.41 respectively. It is observed that threshold speed
and damped frequency of whirl are not affected by volume concentration of
additives when there is no mass transfer rate as in the case of circular bearings.
The threshold speed decreases with increase in volume concentration of additives,
but damped frequency of whirl increases with increase in volume concentration.
Threshold speed and damped frequency of whirl are affected by mass transfer of

additives.

The pressure fields computed for two lobe rigid bearings with Newtonian
and micropolar lubricants when the bearing operates at eccentricity ratio € = 0.25

are shown in Fig. 5.42.
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The dimensional values of the performance characteristics of two lobe
rigid bearings operating at different eccentricity ratios are given in Table 5.8. The
effect of volume concentration of additives and mass transfer rate on the various
performance characteristics of rigid two lobe bearing is given in this Table. It
shows that appreciable changes in the performance characteristics are obtained for
micropolar lubricants when they are compared with the performance

characteristics for Newtonian lubricants.

5.2.2 Elastic Two Lobe Bearings
Various performance characteristics for two lobe bearings considering the
effect of deformation of bearing liner when the bearing operates with Newtonian

and micropolar lubricants are obtained.

To authenticate solution algorithm and computer program developed the
load carrying capacity obtained for flexible two lobe bearing with Newtonian
lubricant is compared with published results [67] in Fig. 5.43. From this Figure it

1s seen that the results are in good agreement.

The effect of deformation coefficient on the load carrying capacity of two
lobe bearings for both Newtonian and micropolar lubricants is shown in Fig. 5.44.
Significant reductions in load carrying capacity are observed for both Newtonian
and micropolar lubricants when bearing operates at high €. It is also noted that at
low values of eccentricity ratio ( € = 0.25 ) due to the presence of additives
(micropolar fluids) the load carrying capacity obtained at any value of
deformation coefficient is more than that obtained for lubricants without additives

( Newtonian lubricants ).

The variation of end leakage with increase in deformation coefficient for
two lobe bearings is shown in Fig. 5.45. It is seen that an appreciable change in
the end leakage is obtained at higher values of deformation coefficient for any
eccentricity ratio when it is compared with rigid bearings. When mass transfer rate
increases, values of end leakage obtained increases for any values of eccentricity

ratio and volume concentration of additives.
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The change of attitude angle with increase in deformation coefficient for a
two lobe bearing is shown in Fig. 5.46. From this Figure it is observed that
attitude angle decreases with increases in deformation coefficient and eccentricity
ratio, but increases with volume concentration of additives when there is mass
transfer. It is also noted that attitude angle is reduced considerably even at low
values of deformation coefficient when the bearing operates at high eccentricity
ratios for both Newtonian and micropolar fluids. The increase in attitude angle
indicates that the stability of two lobe bearing system will be reduced for

micropolar lubricants.

The variation of friction parameter with the increase in deformation
coefficient is shown in Fig. 5.47. It is observed from this Figure that the friction
parameter is reduced significantly with the increase in deformation coefficient

when the bearing operates at high eccentricity ratio.

Changes in stiffness and damping coefficients due to the change in

deformation coefficients are shown in Figs. 5.48-5.54. From these figures it can

be noted that all the stiffness coefficient except S,, decrease with increase in

deformation coefficient for any value of eccentricity ratio.

The variation of threshold speed with deformation coefficient is shown in
Fig. 5.55. It is observed that threshold speed for bearings with micropolar
lubricants is less than that for bearing with Newtonian lubricants for a given value
of deformation coefficient and eccentricity ratio. In the case of two lobe bearings
it is also noted that threshold speed increases with deformation coefficient for any

value of eccentricity ratio.

The variation of damped frequency of whirl with increase in deformation
coefficient is shown in Fig. 5.56. It is observed that the damped frequency of
whirl decreases with increase in eccentricity ratio but increases with volume
concentration of additives. It is also noted that damped frequency of whirl

decreases with increase in deformation coefficient.
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The pressure and deformation fields in the case of two lobe bearings are

shown in Fig. 5.57.

The dimensional values of various performance characteristics of elastic
two lobe bearings are given in Tables 5.9 and 5.10. The percentage variations in
the performance characteristics of two lobe bearings compared to the
corresponding values of rigid bearings operating with lubricants without additives
are presented in Tables 5.11 and 5.12. At € = 0.45 and ¥ =0.1, for Newtonian
lubricant there is 45.31 percent reduction in load carrying capacity when
compared to that of rigid bearing. When micropolar effect is considered (Ac, =
0.4, K; = 0.4) only 3.24 percent reduction in load carrying capacity was observed.
At the same time when the bearing operates at €¢ = 0.25 and & =0.1 an increase of
68.71 percent increase in load carrying capacity was observed in the case of
micropolar fluids (Ac, = 0.4, K; = 0.4) when compared to that of rigid bearing
operating with Newtonian fluids. These indicate that micropolar characteristics of
lubricant produce significant effect on the performance characteristics of the
bearing. Therefore the effect of volume concentration of additives and mass
transfer rate on the performance characteristics of the bearing must be considered

in the analysis and design of bearings.

5.3 THREE LOBE BEARINGS

The result obtained in the case of three lobe bearings operating under

Newtonian and micropolar lubricants are presented in Figs. 5.58-5.86.
5.3.1 Three Lobe Rigid Bearings

The static performance characteristics in terms of load carrying capacity,
end leakage, attitude angle, friction parameter and dynamic characteristics in
terms of stiffness and damping coefficients, threshold speed and damped
frequency of whirl are computed for three lobe bearing when the bearing operates

at eccentricity ratios € = 0.2 and € = 0.4. These results are obtained for both

Newtonian and micropolar Iubricants.  The variations of W,0,,4,f,
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Fig. 5.62 Stiffness Coefficient(S,,) vs Volume Concentration of
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Additives (Ac,) in Three Lobe Bearing
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811815585585, andB,,,B,, ~ B,,,B,,, ®, and @, with increase in volume
concentration of additives are presented in Figs. 5.58 - 5.70. The variations in
these performance characteristics are found to show a similar tend as in the case

of two lobe bearings. The computed pressure field for three lobe rigid bearing is

given in Fig. 5.71.

The dimensional values of various performance characteristics of three
lobe bearings operating at € = 0.2 and € = 0.4 assuming them to the rigid are given
in Table 5.13. From the table it is observed that at € = 0.2 load carrying capacity
changes from 8.11 kN to 14.18 kN when the micropolar effect of the lubricant
(Ac; = 0.4 and K = 0.4) is considered.

5.3.2 Elastic Three Lobe Bearings

To authenticate the solution algorithm and computer program developed
the load carrying capacity of three lobe bearing obtained from EHD analysis for
Newtonian lubricants is compared with published results [70] in Fig. 5.72. The
comparison is quite satisfactory. The results obtained from the EHD analysis of

three lobe bearings are presented in Figs. 5.72 to 5.86.

The variations of static performance characteristics of three lobe bearings
with increase in deformation coefficient are similar to the variations obtained in

the case of two lobe bearings.

The variations of dynamic performance characteristics S,,,5,,,5, 55,

and B,,B,~B,,,B,,, @, and @, obtained with increase in deformation
coefficient are shown in Figs. 5.77 - 5.85 for both Newtonian and micropolar
lubricants. As observed in the case of two lobe bearings values of all stiffness
coefficients except S,, decrease with increase in deformation coefficient for any
value of eccentricity ratio. At any value of deformation coefficient, values of
these coefficients except for S,, increase with increase in volume concentration of

additives. It is observed that the damping coefficients are significantly affected

due to the variations in the deformation coefficients at any value of eccentricity
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Fig. 5.72 Load carrying Capacity (W ) vs Deformation
Coefficient () in Three Lobe Bearing with Newtonian Lubricants
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Fig. 5.73 — Load carrying Capacity ( W ) vs Deformation
Coefficient () in Three Lobe Bearing
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Stiffness Coefficient( Si;)
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Fig. 5.77 — Stiffness Coefficient( §11 ) vs Deformation
Coefficient (¥ ) in Three Lobe Bearing
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Fig. 5.78 — Stiffness Coefficient( §12 ) vs Deformation
Coefficient (i ) in Three Lobe Bearing
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ratio. These variations are appreciable especially when bearing operates at high
values of deformation coefficients. The mass transfer of additives also changes

the values of dynamic characteristics.

The changes in the values of threshold speed and damped frequency of
whirl with increase in ¥ for both micropolar and Newtonian fluids are shown in
Fig. 5.84 and Fig. 5.85 respectively. These Figures show the effect of bearing
deformation on the threshold speed and damped frequency of whirl. At high
values of €, the nature of variations of threshold speed and damped frequency of
whirl with increase in i for three lobe bearings are different from those for

circular and two lobe bearings. The threshold speed increases with increase in i

at very low values of # . When deformation coefficient is more than 0.048, the
bearing system is stable at any speed of the journal. The damped frequency of
whirl decreases with increase in # when the deformation coefficient is in the
range 0 — 0.048. When deformation coefficient exceeds 0.048, if journal centre is
disturbed from its equilibrium position, the journal does not oscillate. The above
trend is obtained in the case of micropolar fluids also. But at low values of
eccentricity ratios the trend of variation of threshold speed and damped frequency
of whirl is entirely different from those obtained at high eccentricity ratios. At
low values of eccentricity ratios for both micropolar and Newtonian lubricants,
threshold speed increases with increase in deformation coefficient. When volume
concentration of additives increases threshold speed decreases, but damped
frequency of whirl increases. The pressure and deformation fields in the case of

three lobe bearings are shown in Fig. 5.86.

Table | 514 and 5.15 gives dimensional values of performance
characteristics of three lobe bearings operating at various eccentricity ratios
(e = 0.2 and € = 0.4) for deformation coefficients  =0.05 and ¥ =0.1. For an
eccentricity ratio € = 0.2 and deformation coefficient ¥ = 0.05 the load carrying

capacity is found to increase form 7.19 kN to 12.57 kN when micropolar lubricant

with Ac, = 0.4 and K = 0.4 is considered instead of Newtonian lubricant. The
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percentage deviations in the performance characteristics of three lobe bearings

compared to rigid bearings operating with Newtonian lubricants are given in

Tables 5.16 and 5.17.

5.4 CONCLUSIONS

Based on the results presented in the preceding sections, the following

conclusions are drawn for rigid and flexible circular and non circular journal

bearing with Newtonian and micropolar lubricants.

i)

iii)

vi)

vii)

For any &, the peak pressure developed in the fluid film of rigid and circular
bearing and in each lobe of non circular bearing, load carrying capacity and
frictional force increase with increase in volume concentration of additives
(Acr).

For both rigid circular and non circular bearings the end leakage and attitude
angle are independent of volume concentration of additives for any value of
€ when mass transfer rate of additives (Ks) equal to zero.

When the mass transfer rate of additives (K;) is present, the peak pressure,
load carrying capacity end leakage, and frictional force increase with
increase in volume concentration of additives at any value of €.

For all the three types of bearing studied the dynamic coefficients (stiffness
and damping) change appreciably with increase in Ac; especially when ¢ is
large.

The threshold speed and damped frequency of whirl are independent of
volume concentration of additives when the mass transfer rate is zero, for all
the three types of bearings studied.

For micropolar lubricants, the value of threshold speed obtained are less
than that obtained for Newtonian lubricant at any value of €.

For all the three rigid bearing configuration, the damped frequency of whirl
increases with increase in Ac, for any value of € when mass transfer of

additives is present.
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viii) The stability of rigid circular and non circular (two lobe and three lobe)

xi)

Xi1)

xiii)

Xiv)

XV)

bearings obtained for micropolar lubricants is less than that obtained for
Newtonian lubricant at any value of €.

At any value of Ac, and &, the threshold speed decreases but damped
frequency of whirl increases when mass transfer rate of additives increases.
For any ¢, the peak pressure developed in the fluid film of circular bearing
and each lobe of non-circular bearings, the load capacity, attitude angle, end
leakage and frictional force decrease with increase in 7 and significant
reduction occurs when i is large. Reduction in the end leakage with
increase in i is a favourable design condition.

For micropolar lubricant, at any {7, the values of load carrying capacity,
end leakage, attitude angle and frictional force are more than those obtained
with Newtonian lubricants for all the three bearing configurations studied.
For all the bearings studied, appreciable changes in all the dynamic
coefficients are obtained with increase in i especially when i is high for
both Newtonian and micropolar lubricants.

For both Newtonian and micropolar lubricants at small €, the threshold
speed increase with increase in 7 for all the three bearing configurations.
For large € and if 7 is small the circular bearing system is always stable
whereas the three lobe bearing system remains stable when the value of i
exceeds 0.048 in the case of Newtonian lubricant and 0.049 in the case of
micropolar lubricant (Ac,= 0.4, K; = 0.4).

For micropolar lubricant the value of threshold speed obtained is less than
that obtained for Newtonian lubricant at any € and i for all the bearings.
For all the bearing configurations and lubricants studied, the damped
frequency of whirl decreases with increase in i at small €. For large ¢, at
small values of i in the case of circular bearing and at any value of &

greater than 0.049 in the case of three lobe bearing, the journal when it is

disturbed, returns to its equilibrium position without whirl.

152



xvi) At any € and i/, the values of damped frequency of whirl obtained for

micropolar lubricant are more than those obtained for Newtonian lubricant

in all the case of bearings studied.
xvil) At any € and i, threshold speed decreases when mass transfer rate

increases but damped frequency of whirl increases for all the bearing

configurations.

5.5 SCOPE FOR FUTURE WORK

The work carried out can be extended to obtain performance
characteristics of rigid and deformable circular and non circular journal bearings
including the effect of variation of viscosity with increase in temperature on the
performance. For this purpose thermohydrodynamic analysis should be carried
out along with EHD analysis. These performance characteristics (static and
dynamic) can be obtained for elastohydrodynamic circular and non circular
bearings with micropolar lubricants. In high speed applications the bearing may
operate in the turbulent regime. The viscosity will be varied due to turbulence.
The effect of turbulence on the performance characteristics of
elastothermohydrodynamic bearing operating under micropolar lubricants can also

be studied by extending the work.
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Table 5.1 Cases studied

T ¢ E tricit Volume Mass t P Deformation
Bypqs ° Cases Studied ccl:ztﬂ’m y Concentration of arl::e r(aléls; er Coefficient
carings additives (Ac;) s 73
.. 0.1,0.2,0.3, 0.4,
Rigid 0.2,.0.6 0.5, 0.6. 02,04 0.0
Circular
) 0.1,0.2,0.3, 0.4, 0.1,0.2,0.3,
Flexible 0.4,0.8 0.5. 0.6, 0.2,0.4 04, 0.5,
Two lobe
.. 0.1,0.2,0.3, 0.4,
Rigid 0.25, 045 0.5, 0.6, 02,04 0.0
Flexible 0.25,0.45 0.1,0.2,03, 04, 0.2,0.4 0.05, 0.1, 0.15
0.5, 0.6.
.. 0.1,0.2,0.3,0.4,
Rigid 0.2,0.4 0.5. 0.6, 0.2,0.4 0.0
Three lobe
Flexible 0.2,0.4 0.1,02,03,04, 02,04 |005,01,0.15

0.5, 0.6.
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Table 5.2 Deformation coefficient for different bearing liner materials

Liner Material Modulusl\zlf):llasticity Poisson’s Ratio Cfei,ff?;rzzzi(o;)
Steel 2.0x 10° 0.3 0.0012
Brass 0.98 x 10° 0.33 0.0025
Cast Iron 0.9 x 10° 0.27 0.0028
Bronze 0.76 x 10° 0.35 0.0033
Babbit (Tin Base) 0.52x 10° - 0.0048
Babbit (Lead s
Base) 0.29x 10 - 0.0088
Texolite 48x10° 0.4 0.053
Nylon 2x 10° - 0.127
Teflon 0.4x10° 0.5 0.635
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Table 5.3. Dimensional values of performance characteristics of rigid circular bearing for € = 0.4 and € = 0.8

e=04 €=0.8
Characteristics | 3 — 0.0 | he;=02 | he;=02 | Aer=04 | Ae;=0.0 | e, =0.2 | he, =02 | he = 0.4
Ks=0.0 | K, =0.0 | K, =04 | K, =04 | K,=0.0 K, =0.0 | K, =0.4 | K, =0.4
Wx10-3 N | 6.01 7.65 7.98 971 | 3433 | 4282 | 4292 | 55.58
Q,x106 md/s | 3.94 3.94 4.18 4.58 7.84 7.84 8.25 8.63
0 6259 | 6259 | 6327 | 665 | 3637 | 3637 | 37.18 | 37.26
S1x10°8 Nm | 281 3.79 3.81 439 | 1575 | 19.68 | 2001 | 26.49
S12x10°° Nim | 225 | 265 | -349 | -4.91 8.84 6.02 4.49 2.55
S1x1078 Nm | 5.12 6.41 6.43 824 | 3253 | 4065 | 40.66 | 53.06
522x10°8 Nim | 2.55 3.18 2.85 340 | 4368 | 545 | 5325 | 67.75
BixioS wims | 2.13 2.66 321 5.02 5.12 6.05 6.20 8.22
Boxi6S wm | 110 1.38 1.59 1.97 6.57 8.22 853 | 11.49
B0 Nim | 3-84 4.79 4.81 553 | 2288 | 2860 | 29.10 | 36.13
Do %107 mas | 1.26 1.26 1.32 1.40 - - ] ]

Wy X107 raas 63.09 63.09 61.52 56.54 - - - -
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Table 5.4. Dimensional values of performance characteristics of flexible (% = 0.1) circular bearing for € = 0.4 and £ = 0.8

€e=04 €=0.8

Characteristics | 30— 0.0 | Ae;=0.2 | Acr=02 | Aer=04 | Aer=0.0 | A =02 | Aer= 02 | Ao, = 0.4

K=00 | K,=00 | K,=04 | K,=04 | K,=0.0 | K.=00 | K.=04 | K.=04
Trl03 N s62 | 703 | 725 | 912 | 1608 | 2004 | 2009 | 26.02
G, %105 m3/s 367 | 367 | 392 | 398 | 706 | 706 | 746 | 7.85
o 59 59 | 5964 | 6216 | 3422 | 3422 | 3498 | 35.06
S0 N/m 231 | 313 | 327 | 368 | 1037 | 1297 | 1318 | 1668
S0 xm | 257 | -3.06 | 386 | -578 | 3502 | 1278 | 0319 | -L15
S21x10°8 N/m 442 | 554 | 519 | 712 | 1223 | 1528 | 1530 | 19.95
$22x10°8 N/m 198 | 248 | 226 | 265 | 1017 | 1265 | 1237 | 1636
B0 N 233 | 291 | 353 | 546 | 557 | 697 | 714 | 946
Bpa0® Nm | 0986 | 123 | 142 | 177 | 426 | 532 | 552 | 725
B22x10® Nim 333 | 417 | 423 | 481 | 1254 | 1550 | 1595 | 19.82
B %10™ s 122 | 122 | 120 | 133 | 095 | 0956 | 103 | 1.09
Do x107ms | 6639 | 6639 | 6466 | 6034 | 89.03 | 8642 | 8429 | 80.11
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Table 5.5 Dimensional values of performance characteristics of flexible (7 =0.2) circular bearing for ¢ = 0.4 and € = 0.8

€e=04 £=0.8

Characteristics | 50 0.0 | he;=02 | Ae;=02 | Aer=0.4 | Ae;=0.0 | Ac,=02 | he, =02 | Ac, = 0.4

K=00 | K;=0.0 | Ks=04 | K;=04 | K;=00 | K, =00 | K.=04 | K, =04
W10 N 519 | 652 | 671 818 | 1066 | 13.09 | 1329 | 17.25
5, %106 m3/s 3.53 | 3.53 373 | 386 | 654 | 654 | 687 | 7.07
o 573 | 573 | 5792 | 605 | 3332 | 3332 | 3407 | 3415
S11x10-8 N/ 199 | 268 | 27 287 | 706 | 882 | 897 | 1124
a0 nmo | 274 | 331 | 414 | 618 | 0338 | -133 | 209 | -3.17
S110-% Num 371 | 463 436 | 601 766 | 958 | 959 | 1251
S210-° Nm 167 | 2.09 194 | 223 | 435 | 543 | 528 | 7.03
I 239 | 299 | 36l 5.61 610 | 763 | 781 | 1034
BI2x10° Nim 0.923 1.16 1.34 1.65 3.27 4.09 4.25 5.37
Boax10° Nim 300 | 376 | 38 | 433 | 844 | 1059 | 1073 | 1333
By X10" mas 120 | 120 1.26 131 | 0791 | 0791 | 0837 | 0942
B, %107 s | 6806 | 68.06 | 6631 | 6178 | 9555 | 9320 | 9084 | 86.13
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Table 5.6 Percentage deviation in the performance characteristics of circular bearing compared to
corresponding values of rigid bearing without additives for € = 0.4

7 =0.1 7 =02
Characteristics | 5 .- 00 | A =02 | Aer=02 | Ae=0.4 | A=0 | Aer=02 | hey=02 | Ae=0.4
K=0.0 Ki=0 | Ki=04 | Ki=04 | K;=0 Ki=0 | Ks=04 | Ki=04
|77 -6.28 17.20 17.83 51.1 -13.55 8.32 8.93 38.06
éz -6.64 -6.64 -0.13 -0.33 -10.20 -10.20 -4.05 -1.92
) -5.73 -5.73 -4.71 -0.687 -8.45 -8.45 -7.46 -3.33
F -5.49 -4.82 -4.78 -4.05 -10.27 -10.12 -9.55 -8.82
Su -17.42 11.46 9.19 31.25 -29.25 -4.45 -6.50 13.73
Si -14.65 -36.3 -72.1 -108.01 -60.81 -85.52 -96.32 -113.06
So1 -13.59 7.96 -0.561 39.02 -27.68 -9.60 -16.67 17.20
S -21.87 -2.51 -19.64 4.01 -34.23 -18.04 -31.82 -12.28
Bu 9.88 37.29 65.88 157.12 12.50 40.62 69.90 164.02
B -10.46 11.72 29.21 60.23 -15.78 5.27 21.67 49.60
Bx -13.03 8.64 3.75 25.23 -21.67 -2.09 -6.54 12.84
@a -3.11 -3.11 1.67 5.59 -4.76 -4.76 -0.207 3.72
D 221 2.21 -0.443 -7.09 4.79 4.79 2.09 -4.87
(parameter |, —parameter |, ) x 100

Percentage deviation =

parameter |

rigid
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Table 5.7 Percentage deviation in the performance characteristics of circular bearing compared to
corresponding values of rigid bearing without additives for € = 0.8

7 =0.1 7 =02
Characteristics | 00 | ac;=0.2 | A =02 | A,=04 | Ac,=0 | Ae,=02 | Ac,=0.2 | he,=0.4
K=00 | Ki=0 | K.=04 | K.=04 | Ki=0 | K,=0 | K,=04 | K, =04
= 53.19 | 4149 | 4123 | 2424 | 6896 | 6131 | 6121 | -49.76
0. 918 | 918 | -434 | 0584 | -1652 | -1652 | -11.85 | -9.68
s 591 | 591 | 382 | 357 | -838 | -838 | 632 | 613
= 2713 | 2661 | 2643 | 257 | -3859 | -37.00 | 3691 | -36.82
S 3411 | -17.65 | -1631 | 587 | -5521 | -4401 | 43.08 | -286
5, 1465 | 3621 | -721 | -12872 | 9612 | -11512 | -123.61 | -135.81
5. 6223 | 5299 | -5291 | -3865 | -764 | -7052 | 7050 | -61.52
5.0 77671 | 7088 | -71.93 | 62.54 | 9004 | -87.56 | -87.91 | -89.75
2 15.11 | 4391 | 4758 | 95.13 | 2592 | 5741 | 6113 | 11L13
B 3528 | -19.11 | -1604 | 4207 | -5024 | 3781 | 3547 | -18.36
% 4517 | 3225 | 3028 | -1337 | -63.14 | -53.71 | 5312 | -4L.75
(parameter |, —parameter |, }x100

Percentage deviation =

parameter |

rigid
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Table 5.8 Dimensional values of performance characteristics of rigid two lobe bearing for € = 0.25 and € =0.45

£=0.25 £€=0.45

Characteristics | 5000 | Ac,=02 | Ac;=0.2 | Ae;=0.4 | Ac:=0.0 | Ac;=0.2 | Acy=0.2 | A, =0.4

K=0.0 | Ks=0.0 | K;=0.4 | K,=04 | K,=0.0 | K,=0.0 | K;=0.4 | K,=0.4
Wx10-3 N | 923 | 1155 | 1168 | 1606 | 3699 | 4627 | 4678 | 64.23
Q<105 my/s | 316 | 316 | 322 | 326 | 387 | 387 | 393 | 398
o 8485 | 8501 | 8535 | 8631 | 6531 | 6543 | 6586 | 66.42
S0 wm | 225 | 303 | 304 | 38 | 1371 | 1714 | 1743 | 23.06
S2x1078 Nim | 739 | 924 | -11.68 | -1872 | -0.15 | -0.19 | -022 | -0.32
o0 wm | 960 | 1199 | 1104 | 1572 | 3663 | 4597 | 4588 | 59.78
108 wm | 1408 | 17.60 | 1482 | 1912 | 5681 | 7101 | 69.07 | 88.42
S N | 360 | 449 | 544 | 851 | 584 | 730 | 7.58 | 1021
Bip10® m | 460 | 574 | -664 | 824 | 320 | 401 | 416 | 561
a0 Nm | 1147 | 1438 | 1404 | 1708 | 3013 | 3766 | 37.03 | 476
Bux107ms | 121 | 121 128 | 134 | 098 | 098 | 105 | 110
Dux10”ms | 819 | 819 | 778 | 750 | 1040 | 1040 | 976 | 927
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Table 5.9 Dimensional values of performance characteristics of flexible (¥ = 0.05) two lobe bearing for € = 0.25 and € = 0.45

£=0.25 £=0.45

Characteristics | 3 00 | ae;=02 | A, =02 | A, =04 | Ac,=0.0 | Ae, =02 | her=02 | e, = 0.4

K=00 | Ks=00 [ Ks=04 | K;=04 | K;=00 | K,=00 | Ks=04 | K;=04

Wx10—3 N 9.101 11.377 11.516 15.821 26.623 33.28 33.67 46.22

Q,x10% m3/s 3.121 3.124 3.162 3.203 3.848 3.848 3.900 3.946

o 84.032 | 84.031 | 84375 | 85.045 | 62.015 | 62.015 | 62.449 | 62.780

§11x10°8 N/m 2314 3.124 3.074 3.613 10.827 13.535 13.761 18.209

§12x10°8 N/m -7.152 -8.943 | -11.293 | -18.102 | -0.136 -0.171 -0.195 -0.281

8

$21x10"8 N/m 9.431 11.802 10.856 15.178 | 26.064 32.575 32.609 | 42.536
§22x1078 N/m 11.374 17.161 14.277 18.326 | 35.729 | 44.658 43.44 55.606

Bi1x10® N/ms 3.662 4.583 5.535 8.655 6.614 7.707 7.998 10.773

B12x10® N/m 4461 | -5574 | -6.434 | -7.975 | 3437 | 4294 | 4458 | 6.005

Boax10 Nim 11382 | 14223 | 13.583 | 16.394 | 22268 | 27.834 | 27370 | 35.19

By X102 nas 1213 | 1216 | 1276 | 1312 | 0971 | 0971 | 1.031 | 1.089

Do X107 mas 8324 | 8325 | 7983 | 7.983 | 10.731 | 10731 | 10272 | 9.785
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Table 5.10 Dimensional values of performance characteristics of flexible (7 = 0.1) two lobe bearing for € = 0.25 and & = 0.45

€=0.25 €=0.45

Characteristics | 5.~ 0.0 | Aer=02 | Ae;=02 | Acr=04 | A, =0.0 | A =02 | he,= 0.2 | Ae.= 0.4

K=0.0 | Ks=00 | Ks=04 | K;=04 | Ks=0.0 | K;=0.0 | K,=04 | K,=04

Wx103 N 9.001 11.255 11.383 15.591 202.22 253.10 25591 357.92

Q,x100 m3/s 3.023 3.025 3.062 3.113 3.782 3.782 3.835 3.881

) 82.102 82.106 82.436 83.156 59 59 593 59.7
§11x1078 N/m 2.234 3.002 2.957 3.454 8.929 | 10.801 11.351 15.021
$12x10°8 N/m -7.015 -8.763 | -10.073 | -17.263 | -0.102 -0.128 -0.146 -0.211
$21x10"8 N/m 9.106 11.385 10.472 1.445 19.583 24.607 24.298 31.957

§22x107% N/m 12.783 15.984 13.281 18.322 26.697 32.597 32.456 | 41.545

B11x10™° N/ms 3.714 4.642 5.604 8.911 6.357 7.934 8.244 11.108

BI2x10° Nim -4.066 -5.083 -5.875 -7.383 3.618 4.541 4.693 6.323

B22x10° Nim 11.158 13.944 13.316 16.138 18.940 | 27.832 23.281 29.93

@ X10" s 1.197 1.19 1.255 1.307 0.955 0.955 1.015 1.075

@ X107~ s 8.483 8.482 8.135 7.726 11.047 11.047 10.366 9.895
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Table 5.11 Percentage deviation in the performance characteristics of two lobe bearing compared to
corresponding values of rigid bearing without additives for € =0.25

7 =0.05 7 =0.1
Characteristics | 300 | ae;=02 | A,=0.2 | A, =04 | Ae,=0 | her=02 | Ac,=02 | A, = 0.4
K=00 | K,=0 | Ki=04 | K,=04 | K,=0 | K.=0 | K,=04 | K, =04
= 149 | 2313 | 2506 | 7125 | 262 | 2174 | 2318 | 68.71
0. 124 | -124 | o001 124 | -431 | 431 | -310 | -1.86
b 116 | -1.16 | -0.765 | -0.021 | 324 | 324 | 285 | -2.00
7 326 | 222 | 231 | 4352 | -691 | -25.14 | -26.00 | -45.15
5. 2584 | 3831 | 3932 | 5902 | -112 | 3348 | 3092 | 35336
5, 321 | 2081 | 5272 | -14471 | 523 | -1832 | 4951 | -138.52
5, 101 | 2369 | 1389 | 592 | 442 | 1946 | 993 | 5i01
3 142 | 2316 | 238 | 3146 | 825 | 1468 | 468 | 2238
B 175 | 27.18 | 5364 | 14033 | 311 | 2888 | 5567 | 147.59
B 318 | 209 | -39.06 | 733 | 1162 | -1040 | -27.60 | 603
2 0808 | 239 | 1838 | 4285 | 281 | 2148 | 1600 | 40.63
o 20646 | -0.646 | 431 818 | -151 | -151 | 323 7.32
o 134 134 | 258 | 728 | 358 358 | 0671 | -5.69
(parameter |, —parameter [, )*100

Percentage deviation =

parameter |

rigid
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Table 5.12 Percentage deviation in the performance characteristics of two lobe bearing compared to
corresponding values of rigid bearing without additives for & = 0.45

v =0.05 v =0.1
Ac=00 | Ac;=02 | Ac;=02 | Ac,=04 | Ae;=0 | Ac;=02 | Ac:=02 | ke, =04
K=00 | Ki=0 | K;=04 | K;=04 | K;=0 Ki=0 | K=04 | K,=04
w -28.03 -9.96 -8.95 2492 -45.31 -31.57 -30.80 -3.24
0. -0.759 -0.759 0.591 1.772 -2.44 -2.44 -1.09 0.084
o -5.19 -5.19 -4.52 -4.00 -9.82 -9.82 -9.36 -8.75
7 -16.67 -32.71 -33.42 -50.61 -26.41 -40.56 -41.2 -55.66
Su -21.06 -1.35 0.326 323 -34.91 -21.25 -17.24 9.49
Stz 14.92 -8.18 -23.91 -78.6 35.12 -18.96 -7.2 -34.11
Sa1 28.8 -11.09 -10.99 16.01 -46.54 -32.82 -10.98 -12.76
S, -37.1 -21.39 -23.53 -21.2 -53.00 -42.62 -42.8 -26.8
Bui 5.46 36.83 31.81 84.32 8.76 35.74 41.49 90.12
Bn 7.15 33.86 38.96 87.2 12.68 41.53 46.24 97.02
B -26.09 -7.61 -9.15 16.79 -37.13 -22.12 -22.72 -0.656
.y -1.32 -1.32 4.78 10.63 -2.92 -2.92 4.73 9.31
O 3.17 3.17 -1.35 -6.13 6.19 6.19 -0.352 -4.88
(parameter |,,,.;. —parameter | ;) x100

Percentage deviation =

parameter |

rigid
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Table 5.13 Dimensional values of performance characteristics of rigid three lobe bearing for e =0.2 and € = 0.4

€=0.2 e=04
Characteristics | 30— 0.0 | he;=02 | =02 | Ac=04 | A6 =0.0 | Ae,=02 | Ae,=0.2 | Ac,= 0.4
K=00 | K;=0.0 | K;=0.4 | K;=04 | K,=00 | K,=0.0 | K, =04 | K,=0.4
Wxi0=3 N 8.11 10.12 | 1027 | 1418 | 3622 | 4525 | 4586 | 63.20
Q,x106 m3/s 1.56 1.56 1.57 1.59 2.38 2.38 2.41 2.44
o 645 | 5645 | 5654 | 5672 | 49.86 | 4986 | 4993 | 50.03
§11x10~% N/m 6.31 8.51 8.62 986 | 1693 | 21.17 | 21.53 | 28.49
Siax10°8 Nim | -1139 | -1424 | -18.00 | 2885 | -732 | 915 | -1046 | -15.07
So1x10-8 N/m 1048 | 1311 | 1403 | 1688 | 37.79 | 4724 | 4729 | 61.68
§22x10°8 N/m 1096 | 1371 | 1139 | 1463 | 6271 | 7841 | 7628 | 97.64
BLX105 N/ms 5.98 7.48 9.03 1414 | 7.68 9.60 9.96 13.42
Biox10 N/m 0602 | 0752 | 0869 | 1.076 | 5.79 7.24 7.52 10.13
B2 N/m 1065 | 1331 | 1269 | 1534 | 31.85 | 3983 | 3996 | 5029
By X10™ i 1.13 1.13 1.19 1.24 1.06 1.06 1.14 1.19

@, X10™ s 1018 | 10.18 9.76 9.29 12.14 | 1214 | 11.38 10.81
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Table 5.14 Dimensional values of performance characteristics of flexible (i = 0.05) three lobe bearing for € = 0.2 and & = 0.4

£=02 £=04
Characteristies | pce=0.0 | Acr=02 | Aci=02 | Ae;=0.4 | Ae,=0.0 | Aey =02 | Acr=02 | Ac, =04
K=0.0 | K;=00 | K,=04 | K,=04 | K,=00 | K,=00 | K, =04 | K, =04
Wxi03 N | 719 | 897 | 910 | 1257 | 2055 | 3653 | 3663 | 5159
Q108 mds | 145 | 145 | 146 | 148 | 208 | 2008 | 211 | 214
¢ 5556 | 5556 | 5565 | 5583 | 47.66 | 47.66 | 4773 | 47.82
SicaoS wm | 546 | 737 | 743 | 855 | 1155 | 1443 | 1467 | 19.57
S0t wm | 1041 | -13.00 | -1643 | 2633 | -632 | 791 | 904 | -13.02
S0 wm | 1004 | 1267 | 1167 | 1632 | 2756 | 3443 | 3447 | 4497
S0 wm | 943 | 1177 | 997 | 1257 | 5494 | 6867 | 6679 | 8551
B0 nime | 605 | 756 | 914 | 1429 | 973 | 1216 | 1662 | 1643
Bowo wms | 105 | 131 | 152 | 188 | 727 | 909 | 944 | 1271
Brcto® wme | 1041 | 1301 | 1242 | 1500 | 2775 | 3469 | 3411 | 4385
Bex100 e | 103 | 103 | 108 | 112 - - : _
Gax107nes | 1272 | 1272 | 1222 | 1162 | - : : :
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Table 5.15 Dimensional values of performance characteristics of flexible ( = 0.1) three lobe bearing for € = 0.2 and ¢ = 0.4

£=02 £=0.4
Characteristics | 5. 0.0 | he;=02 | Aoy =02 | Ace=04 | Ae;=0.0 | A =02 | Ae,=02 | hc, = 0.4
K=00 | K,=00 | K;=04 | K;=04 | K;=00 | K.=00 | K.=04 | K,=0.4
Wx10-3 N 6.34 7.92 802 | 1119 | 2556 | 31.95 | 3236 | 44.74
Q9,105 m3/s 1.36 136 137 139 1.85 1.85 1.87 1.90
¢ 53.9 539 | 5398 | 541 | 4515 | 4515 | 4521 | 453
S11x10~8 N/m 4.73 6.39 5.43 7.28 921 | 1151 | 1169 | 15.72
S0x10-8 nm | 936 | -1169 | -1478 | 2358 | 542 | -678 | -7.75 | -11.16
Sp1x10-8 N/m 9.97 | 1246 | 1147 | 1578 | 2192 | 2812 | 2743 | 35.79
$22%10°8 N/m 843 | 1054 | 889 | 1125 | 4887 | 6867 | 5942 | 7606
511100 N/ms 6.34 7.93 958 | 1499 | 1044 | 13.06 | 1354 | 17.72
20100 N/ms 1.17 1.45 1.69 2.11 7.91 995 | 1026 | 13.81
B0 wims | 1016 | 1269 | 1212 | 1452 | 2392 | 3003 | 2943 | 37.84
B, X107 mas | 0958 | 0958 | 1.00 1.04 i ] ] i
B,x10 7 ms | 1418 | 1418 | 1361 | 13.01 - - ] .




691

Table 5.16 Percentage deviation in the performance characteristics of three lobe bearing

compared to corresponding values of rigid bearing without additives for £ =0.2

Percentage deviation =

parameter |

rigid

7 =0.05 7 =01
Characteristics | 060 | ac,=02 | =02 | Aer=04 | Acr=0 | Acr=02 | Ac.=02 | e, =0.4
K00 | Ki=0 | K,=04 | K,=04 | K.=0 | K.=0 | K.=04 | K,=0.4

= 13 | 1087 | 1245 | 5522 | 2181 | -226 | 088 | 38.08

0. 672 | 672 | 588 | 756 | -12.60 | -12.60 | -12.18 | -1092

o 157 | 157 | 141 | 111 | 451 | 451 | 436 | 416

7 151 | 2077 | 2187 | 4278 | 526 | -23.78 | 2481 | -45.18

5. 1333 | 1699 | 1459 | 3568 | 248 | 1.4l 138 | 1561
3, 872 | -1406 | 4415 | -131.01 | -17.92 | 260 | 2968 | -106.89

5. 332 | 208 | -1123 | 5552 | 495 | -18.78 | 934 | -50.46

5.0 1408 | 734 | 913 | -1463 | -231 | 389 | -19.04 | 251

3. 1.036 | 2632 | 5263 | 13871 | 605 | 3256 | 60.14 | 15057

7 7491 | 11831 | 15243 | 188.64 | 9448 | 12691 | 171.46 | 199.68

2 226 | 2213 | 1663 | 4078 | 467 | 1915 | 1384 | 3634

-, 019 | 919 | -459 | 0919 | -1586 | -1586 | -11.72 | -8.27

- 2480 | 2480 | 1991 | 1402 | 3918 | 39.18 | 3361 | 27.76

(parameter |, ;, —parameter | ., ) x 100
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Table 5.17 Percentage deviation in the performance characteristics of three lobe bearing compared to
corresponding values of rigid bearing without additives for € = 0.4

Percentage deviation =

parameter |

rigid

v =0.05 v =0.1
Characteristics | 3 40 | 6, =02 | Ac;=0.2 | Ac,=04 | Ae.=0 | Ac,=02 | he,=0.2 | Ac,=0.4
K00 | Ki=0 | K,=04 | K.=0.4 | K,=0 | K,=0 | K,=04 | K.=0.4
= 1841 | 0854 | 1.17 | 4242 | 2942 | -11.7 | -1060 | 233
0. 1239 | -1239 | -1129 | 991 | -22.03 | 2203 | 2121 | -19.83
b 441 | 441 | 427 | 409 | 944 | 944 | 932 | 914
7 17.02 | 3285 | 337 | -50.87 | -26.54 | -41.65 | 4131 | -56.49
5. 318 | -1482 | -1339 | 155 | 4568 | 32.12 | 3096 | 721
3. 1363 | 792 | 2335 | 7776 | 2602 | 752 | 573 | 524
5. 278 | 889 | -8.79 | 1897 | 4191 | 2561 | 2276 | -5.309
5. 1241 | 945 645 | 3628 | 221 | 0162 | -528 | 2123
2. 2671 | 5839 | 6433 | 11391 | 36.04 | 7005 | 7635 | 13041
s 2555 | 5688 | 6282 | 11931 | 3646 | 7157 | 7696 | 13841
%, 1287 | 8091 708 | 3667 | 2481 | 573 | 761 | 1879
@ - - - - - - - -
(parameter |, ;. —parameter |, )x100
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Appendix - Al

NON CIRCULAR BEARING GEOMETRY

The non circular (two-lobe, three lobe) bearing geometries are as follows.

A 1.1 Two-Lobe Bearing

The two lobe bearing consists of two circular halves with centers O; and
O, (Fig. A 1.1) with offset €, on either side of the geometric centre O, of the
bearing. The eccentricities €; and €, and attitude angles ¢, and ¢, for any journal
centre O3 can be calculated by using the following equations.

For lower lobe:

g, ={€2+8;+288p cos¢}l/2 (A 1.1
#,=tan” {———8 sing } (A12)
£, +&CosP
For upper lobe:
£ = {82 +&. — 266, cOS ¢ }1/2 (A1.3)
¢2=7z—tan” ﬂ¢_ (A 1.4)
£, +ecosg

A 1.2 Three-Lobe Bearing
The three lobe bearing consists of three non concentric arcs Fig. A 1.2 and
the various geometric parameters of a three lobe bearing are related as follows.

Lobe 1:

€ = {52 +¢&, +26€,COS § }”2 (A 1.5)
¢, =tan” _esing (A 1.6)
£,+&cose
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Lobe 2:

. 1/2
£, ={52 +&) —2¢¢, cos(% +¢)}

) 8sin(«ﬂ+¢)
¢2=l_tan‘l 3

3 ep—acos(§+¢J

1/2
g, ={gz +&, —2¢¢, cos(% —¢) }

) esin(zr—qﬁJ
¢2=—7£——tan" &
3 r
£, —gcos(3—¢)

T Ol

Lobe 3:

_.lk_ B
o
e

%)

1ol

Fig. A 1.1 Geometry of two lobe bearing
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Fig. A 1.2 Geometry of three lobe bearing
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THE TRANSFORMATION OF STIFFNESS

Appendix-A2

AND DAMPING COEFFICIENTS

The fluid film damping forces which depend on velocities & and 7 are

given by its horizontal and vertical components and these components can be
written as shown below.

W, =~y & + by, 1)

W, = _(bz.f ‘f + bZr] n)

Equations A 2.1 and A 2.2 can be written in matrix form as

g, £ and 7 can be written in terms of ¥, and ¥, as given below.

€S

7

W,

W2

b, /¢

1&

by le

[cos®

sin ©

Thus equation A 2.3 can be written as

b

L2

/e

/e

b,

n

7

b,

7

b,

7

-5in® |

cosd

cosH

|sin®
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e

7

X,

-sinf |

cosf

| %5 ]

(A2.1)

(A22)

(A2.3)

(A2.4)

(A2.5)
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The fluid film damping force components can be written in terms of damping
coefficients and velocities as given below.

W,

L

W, |

Comparing equations A 2.5 and 2.6

(B, B, |[%]
B By 1%
_[cos@ -sind |
by by, £ €
_bz P b,, | |sin® cos@

(A 2.6)

(A2.7)

As the displacements and velocities are in the same direction similar
transformation can be used for stiffness coefficients also.

_ cosf
Slﬂ €
S5, | | SINO
L
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- sinﬂ

cos6

(A 2.8)




