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ABSTRACT

The aim of the present thesisis to investigate and predict theoretically the static and dynamic
characteristics including the stability of hydrodynamic journa bearing lubricated with
micropolar flied. The static characteristics examined for finite flexibly supported journal
bearing are load carrying capacity and steady state attitude angle, and dynamic characteristics
evauated are non-dimensional stiffness and damping coefficients, critical mass parameter,
whirl ratio and Geometric parameter considered for FDM analysis of flexibly supported finite

journal bearing are |, L/D, and mass ratio.

The theoretical prediction of hydrodynamic pressure in the bearing is obtained by the
solution of modified Reynolds equation satisfying the appropriate boundary conditions. The
steady state pressure profile has been obtained by FDM. For dynamic pressure, using
liberalized analysis, first order perturbation of eccentricity ratio and attitude angle are used,
and the resulting equations are solved by finite difference method with successive over

relaxation scheme.
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Radial clearance (m)

Body couple per unit mass of micropolar fluid*(sf)

Journal diameter (m)

Damping co-efficients of micropolar fliud film, fo=R,p and j=R¢ (Ns/m)

Dimensionless damping co-efficient of micropolandl film

Body force per unit mass of micropolar fluid (R)/s

Force component along the R andirection

Local film thickness (m)

Non-dimensional film thickness =h/C

Non-dimensional characteristic length of the mialap fluid=A/C

Mass parameter (kg)

Non-dimensional parameter =M&/W,

Critical value of non-dimensional parameter

Coupling number=g(2u+)]**

Micropolar film pressure in the film region irethon-linear analysis (Pa)
Non-dimensional micropolar film pressure in themfitegion in the non-linear
analysis.

Local micropolar film pressure in the film region=0,1 and 2 for the steady
State & first order perturbed film pressure along £, ando directions (Pa)
Non-dimensional local micropolar film pressurette film region , i=0,1 and 2
for the steady state and first Order perturbed firessure along the,and ¢
directions (Pa)

Stiffness of the micropolar fluid film for i=K,and j=R,p (N/m)

Dimensionless damping co-efficient of the micropdlaid
film = 2C°S, /(uaR®L) For i=R , and j=R

Time (s)
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Velocity of journal=R (m/s)
Microrotational velocity vector

Velocity vector (m/s)

Steady state load in the bearing (N)

Non-dimensional steady state load in the beariag\, /(,uaR3L)
Cartesian coordinate axis along the circumferediigction=R& (m)
Cartesian coordinate axis along the bearing axjs (m
Non-dimensional Cartesian coordinate axis alongteaing axis 2z/L

Viscosity co-efficient of the micropolar fluid (kg/s)

Perturbed eccentricity for i=R ard
Steady state eccentricity ratio

Circumferential coordinate (rad)

Whirl ratio

Characteristic length of the micropolar fluig= (44)["* (m)

Newtonian viscocity co-efficient (Pa s)

Effective viscosity coefficient of the micropolduitl =(2u+ x)/2 (Pa s)
Thermodynamic pressure

Mass density (kg/m

Non-dimensional time &t

Attitude angle (rad)

Steady state attitude angle (rad)

Spin viscosity coefficients of the micropolar flida s)

Angular velocity of the journal (rad/s)

Angular velocity of the orbital motion of the joaincentre (rad/s)

viii



ABBREVIATION USED

SRR— Stiffness in r-direction due to disturbance innedtion— S;

SPP— Stiffness inp-direction due to disturbance ¢adirection— Sy,

SRP— Stiffness in r direction due to disturbancepirdirection— S,

SPR— Stiffness ing -direction due to disturbance in r-directien S,

DRR — Damping co-efficient in r-direction due to distarize in r-directior— D,
DPP— Damping co-efficient imp-direction due to disturbance ¢gndirection— Dy,
DRP — Damping co-efficient in r-direction due to distartze ing -direction— Dy,

DPR— Damping co-efficient irp -direction due to disturbance in r-directien D,
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CHAPTER 1 INTRODUCTION

1.1 Introduction

The use of bearings is in vogue for centuries, tbatrecent developments in science and
technology demands critical designs of bearingsh wiigh precision and optimum

performance even in the most adverse working cimmdit

The rapid developments in the fields of rocketryd amissile technology, cryogenics,
aeronautics and space engineering, nuclear engige@lectronics, computer sciences and
technologies, bio-medical engineering and a lotarf@lds in science and technology make
the aspects of designing bearings more and moi&ecgeg and innovative. Moreover, the
mode, time and place of operations demand exptorati new materials, lubricants and even

lubrication theories and technologies.
1.2 Classification of Bearing

Bearing are basically of two types

1. Rolling contact bearings and

2. Sliding contact bearings.

As the name suggests the rolling contact bearisggalling elements at the points of contact
of the surfaces in relative motion and thus redneefriction. They consist of different ball
bearings and roller bearings.

The sliding friction bearings are based upon twacepts of lubrication:

(a) Sliding friction thin film lubrication or boundarfyim lubrication and

(b) Sliding friction thick film lubrication.

The sliding friction thick film lubrication is funter categorized into two different groups,
namely, Self-acting or hydrodynamic lubricationdaexternally pressurized or hydrostatic

lubrication.

1.3 Principle of Hydrodynamic Lubrication
1. In hydrodynamic lubrication, the load suppugthigh pressure fluid film is created due

to the shape and relative motion between the twiaces.



2. The moving surface pulls the lubricant into a weshaped zone, at a veloc
sufficiently high to create the high pressure filracessaryto separate the two surfac

against the load.

0161616

JOURMAL AT REST ROTATION 3EGIMS JOURNAL PUSHED OVER JOURMAL MOVES TO
MO OIL FILW CiL FILM FORMS TS LEFT AGAIMST RIGHT IN DHRECTION
DIRECTION OF OTATION OF ROTATION

Figure: 1.1 Principle of Hydrodynamic Lubrication

1.4 Mechanisms ot.oad Supporting Pressure

The load supporting pressure is developed dueetfotltowing mechanism
1. Formation of a convergemwedgeshaped film due to the dragging of fluid into s
clearance space owing to the shape and mode ohtapeiof the bearing. These types

bearings are particularly known as wedge film begs

Jourmal

Bearing
Pressure Lome

High Pressure Xones

Pressure Forces Diagram

Figure 1.2: Variation of Pressure in the Convergig Film
2. The resistance of the viscous fluid being squeexatdfrom the space between t
surfaces relatively approaching or oscillating withative normal motion. The bearin

operating under this principle are known as squébndearings



Hydrodynamic bearings are generally used:

1. When the relative velocities are high enough.

2. Speeds of the rotating machinery or

3. Due to use of fluids having kinematic viscositiietoil film close in the bearings
frequently become turbulent.

As the magnitude of hydrodynamic pressure depepds the relative tangential or normal

velocity, sometimes the developed pressure mayedufficient for obtaining the desired

load carrying capacity, particularly at the lowatgle velocity and thereby demands external

supply of pressurized lubricants. This type of icdtion is called externally pressurized or

hydrostatic lubrication. These bearings are alsmknas hybrid bearings as their operational

principle includes both self-acting and externagsurization.

TETT

Figure.1.3: Hydrodynamic journal Bearing on Flexible Support

However, it has been observed that the hydrodyngonimal bearings can show excellent
performances in withstanding static load, but fakily under dynamic conditions if not

critically designed for the specific purpose.

Though dry lubrication like lubrication with grapdj molybdenum disulphide etc. are used
in some case®.g.in extrusion processes in cold and hot working, trobshe above types of

bearings are lubricated with fluide. with liquids and gases. Under the general industria



operating conditions such Newtonian lubricating iddu become contaminated with
microstructures like dust and worn out metal plticAs the classical continuum theory
becomes erroneous in the analysis of such luboicathicrocontinuum approach seems to be

more appropriate.

Based upon the microcontinuum approach, the fossistent theory of fluid microcontinua,
was presented by Eringen [41]. The microfluid wasstdered to contain microstructures
having individual mass and velocity, in as muchttes macrovolume element contains the
microvolume elements and those microstructures tamslate, rotate and deform
independently of the motion of the macrovolume. Theory included the mechanism to
support the local stress moments and body momedtsocaconsider the influence of the spin
inertia of each microelement. But this theory ofcrafluid is too complicated and the
mathematical model is not so acquiescent to thatisal of the non-trivial problems. Eringen
[45],therefore again simplified the theory postuigta subclass of the microfluids, called
micropolar fluids, considering the microrotatiomdlects and ignoring the microdeformation
effects of the substructures and permitting thdaser and the body couples. The theory
included two independent kinematic vector fieldgresenting the translation velocities and
the angular or spin velocities of the microstrueture. translation velocity vector and
microrotational velocity vector. Although contemaor theories of fluid microcontinua were
also presented by various authors, the basic @gldations, however, remained similar to
those of Eringen [41].
Physically the fluid consisting of bar like elememhay be represented as micropolar fluid.
The theory of micropolar fluid, thus, may be a Satitory model for analyzing the flow
behaviors of real fluid suspensions, polymeric dduiand fluid consisting of polymeric
additives as is mixed with the engine oil for entiag lubricating effectiveness, certain
anisotropic fluidsg.g.liquid crystals consisting of dumbbell shaped moles and possibly
animal blood. Hence the theory of micropolar flinds found its application as a refined
model for studying the behavior of such fluid floas in the field of lubrication, where the
clearance in a bearing is comparable to the avegegje size or molecular size of a non-
Newtonian fluidviz. a polymeric fluid or in the practical usage whdre tubricants under
general operating conditions become fluid suspassafter being contaminated with dirt and
worn out metal particles. For an important pra¢teseample, in the area of nuclear power
plant, where sodium, which is used in a dual rdla beat transfer agent and a lubricant in
the journal bearing supporting the mixing screwtte batch mixers exhibits the non-
4



Newtonian micropolar characteristics. The microsanim theory finds another worth-
mentioning application in the study of blood rhepidecause the sizes of the blood cells are
comparable to the diameters of the arteries argl there may exist the possible rotation and
deformation of each blood cell while flowing thrdugrteries.

Hydrodynamic bearings are generally used in cadesnwhe relative velocity are high
enough as a result of continuous increase in #tes sind speeds of the rotating machinery or
due to use of fluids having kinematic viscositye til film close in the bearings frequently
becomes turbulent.

Again keeping in mind the extremely small radiaarbnce to facilitate case of alignment
flexibly supported bearings have come into vogueeré&fore, it is important to do a study on

stability of such flexibly supported journal beayin

1.5 Present Work
In the present work is to theoretically investigdte static and dynamic characteristics

including the stability of finite self-acting oibyurnal bearings lubricated with the micropolar
fluids. The basic 3D Reynolds equation has beenifraddconsidering the equations of
continuity of mass, equation for the linear momenand the balance of angular momentum,
which are coupled together due to the existencéwof kinematic vector fields of the

microstructures and characterizing the micropadladf.

The theoretical prediction of hydrodynamic pressurethe bearing has been obtained by the
solution of modified Reynolds equation satisfyihg tappropriate boundary conditions. The
steady state pressure profile has been obtainely bgsFinite Difference Technique with
successive over-relaxation scheme. The steady psateneters like load carrying capacity,
attitude angle has been obtained using the prepsofite over the entire bearing surface.

For dynamic pressure, using liberalized analysist érder perturbations of eccentricity ratio
and attitude angle has been used, and the resuwtiogtions has been solved by Finite
Difference Method with successive over-relaxatiohesne Dynamic characteristics in terms
of the components of stiffness and damping coeffits has been found using perturbed
pressures profile in the hydrodynamic journal begriAlso the threshold stability and whirl
ratio have been examined for the fixed value of ngetoic and operating bearing
characteristics with respect to stiffness and dampioefficients to predict the bearing

behavior in better manner.



In addition the linearized stability analysis halso been considered in the rotor bearing
system to get actual threshold of stability andvakies of various characteristics obtained

in the parametric study have been obtained atrdifteoperating parameter to check the

stability.



CHAPTER 2 LITERATURE SURVEY

In the following section the literature relatingetistudies of finite hydrodynamic flexibly
supported journal bearing operating with micropofarids have been systematically
presented. Tribology is the science and engineafimgteracting surfaces in relative motion.
It includes the study and application of the pmhes of friction, lubrication and wear.
Human interest in the constituent parts of tribglpgobably started with the aim of reducing

their physical labor in moving heavy loads.

2.1 Lubrication for Friction

The first formulation of a hypothesis regarding fbece necessary to overcome the viscous
resistance of a fluid was derived by Newton [1]d aPetroff [2], have reported first
significant contribution theoretically in 1883 withis consideration of the effect of viscous
force in the fluid film lubrication.

Tower, B. [3], Beruchamp Tower’s experiments fag thetermination of suitable methods of
lubricating railway axle bearings, which were partbearings lubricated from an oil bath,
were the first significant experimental studies #mel developed pressure distribution in the
bearing clearance under the loaded condition assumed through a number of pressure
gauges at the midplane in the circumferential dioecwas found to exhibit a peak, which
was several times higher than the mean pressuwrelasd on the basis of the projected area.
Reynolds, O. [4], Just after three years of Towéirs experiments, Reynolds presented a
theoretical study to justify the experimental réswf Tower. The experiments of Tower and
the analysis of Reynolds may be considered asrttraree to the concept of hydrodynamic
lubrication and the field of Tribology.

Since the development of the concept of the hydradyc lubrication about 120 years ago
with the experiments of Tower and theoretical stumfy Reynolds lot of theoretical,
experimental and analytical studies were presebyed number of authors. A few of them
considered as benchmark work are only briefly regubr

Kingsbury, A. [5], extended the concept of hydroayrc lubrication to the gasses by using
air as lubricant, and also developed an experimheamiaup to study the behaviors of gas
bearings based on the concept of electrical anal®gynmerfeld, A. [6], has presented the
first exact solution of Reynolds equation for pressdistribution for a full journal bearing

using full film boundary condition along with thedd and friction characteristics in terms of

7



eccentricity ratio. Harrison, W. J. [7], enrichdaethydrodynamic lubrication through his
experiments with special reference to air as lantc

Rayleigh [8], has investigated the effect of fillm|ape on the operating characteristics of a
bearing using the calculus of variations and Cbpiserson [9], pioneered in establishing the
suitability of the Southwell’s relaxation method fihe lubrication problems and using the
relaxation method Cameron and Wood [10], have nbththe solution of finite bearings and
presented bearing characteristics for two slendsrneatios using realistic boundary
conditions and during the same time Vogelpohl [dgyeloped an approximate solution
based on infinite series.

Ocvirk [12], presented the solution of the Reynolds equatiomgusarrow bearing
approximation and Theoretical research on the dynamaracteristics of impervious self-
acting oil bearing was initiated by Harrison [1Bis showed that hydrodynamic equations
for a light rigid rotor, supported by a pair of imfely long bearings with full film, are
satisfied by an orbital motion of the journal anisder a constant load. Kahlert [14], Osterle
and Saibel [15], are always cited for their piomagrstudies. However, the derivation of
Reynolds equation was based upon the assumpti@tsgeto cavitation, fluid inertia forces
and non-linear flow effects among the studies efdffect of the convective inertia forces on
the hydrodynamic lubrication.

Coles and Hughes [16], have investigated the dawitan the lubricating film was initiated
with the experiments, which shown that the enchefgressure curve was coinciding with the
position of zero pressure gradient, which howegenflicted with the experimental results of
Jacobson and Floberg [17], which indicated thatptessure cavitated somewhere beyond
the point observed. Pinkus [18], Raimondi and Bf@], in 1958, have been used digital

computers for the numerical solution of bearingrabteristics.

2.2 Stability of Journal Bearing

Majumder [20] has presented the perturbation swiufior the torque produced due to

misalignment for gas lubricated porous journal imegr, The torque was found to decrease
with the increase in the bushing thickness, but waseased with the increase in the
slenderness ratio, whereas torque angle was foondctease at lower speeds and then
decreased as speed increased.

Pinkus and Bupara [21], have presented a comprefeeasalysis to the solution of the

Reynolds equation for grooved misaligned journarlmgs of finite lengths and with any

number of grooves located at any arbitrary angubsitions.



Guha S. K. [22], has presented the steady-stateactesistics to study the isotropic
roughness effect on hydrodynamic journal bearirfgenge width, considering two types of
misalignmentviz. axial (vertical displacement) and twisting (horitandisplacement) with
an isoviscous incompressible lubricant.

Holmes [23], has investigated the use of extermahming against the oil-whirl instability
and its usefulness for achieving stability conwelre studied and discussed by in the context
of rigid and flexible rotor systems.

Marsh [24], and Kerr [25], has shown that the ditgbcharacteristic of this system are
affected by both the stiffness and damping of tharing support, based on the assumption
that a local linearization may be applied to thespure field generated by small dynamic
motions to successfully predict all modes of haktesd whirl onset. Dynamic analyses were
made leading to the formation of translational aadical dynamic stiffness matrices, which
in turn, were utilized to derive stability criteriar translation and conical modes of whirl in
both single and double bearing systems

Holmes [26], utilized the values of bearing coeéids for finite bearings as given by Smith
[27], to calculate stability limits and frequen@sponse of a symmetrical rigid rotor.

Akers [28], has represented the time transientyarsgl equations of motion, for a finite
journal bearing for various slenderness ratios veaiged, which showed that the stability
was non-uniform with the addition of out of balarcads, and improved with the increase in
viscosity of oil, but is found to be unaffectedtby initial disturbances imparted on the shaft.

Experimental evidences since the early years otkgtury put forward the realization of the
existence of a separate lubrication theory fodflslispension and the effort for establishing a
theory was intensified since mid of the last centdihe early studies on such theories of
fluid micro-continua have no concern with the reskavorks of bearings. The theory was
later simplified to an acceptable fluid film lubaton theory, called micropolar lubrication
theory and in subsequent years this simplified omotar lubrication theory was introduced

in the analyses of bearings.

2.3 Micropolar Fluid Theories

The development of the theory of micropolar fluidsanitiated with the development of the
theory on micro-continuum approach. For the appboaof the classical continuum theory
in the field of film lubrication, the most practicaportance is whether the deep molecular

orientation results in any rheological abnormaditie the vicinity of the solid surfaces; and
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the significant differences in the behavior of thelecules of the liquid in intimate contact
with and adhering to the surfaces or to absorbgersaon the surface from the behavior of
the adjacent molecules of the fluid in the bulk &and obvious and the experimental
evidences may be worth mentioning herein.

Kingsbury, A. [29], observed that such rheologiaBhormalities that varied from a small
enhancement of viscosity to rigidity in the adhgriayer ranging from I8 mm to 10’ mm
and attributed this difference in the behavior loé tmolecules to a possible intensified
viscosity in that part of the fluid within the ramgf the attraction of the surface molecules of
the metal. Cosserat, E. and Cosserat, F [30], taveloped the theories of oriented media
in which there existed three directors at eachtpdeffery [31], has studied the effect of the
behavior of the Newtonian fluid of infinite exteimt presence of a single ellipsoidal particle
and the result indicated the enhancement of theosiyy of such fluid suspension than its
base fluid.

Hardy and Nottage [32], have concluded that todyohd the range of surface influence, the
liquid film must be between 0.00762 to 0.01015 mmthickness and Buckley's [33],
experimently shown the total loss of rigidity ireah liquid at a distance of 0.3 x 10-4 mm
from a solid boundary. Anzelius [34], in 1931 theexpected behavior of the fluid
containing oblong molecules in a shear field anpgedeence of the stress and moment at
each point of the fluid was expressed by him asnatfon of the usual rate of strain tensor
and the orientation of the substructure.

Needs [35], has represented through a series oériexgents of the boundary surface
influences on the viscosity of thin lubricatingnfi$ squeezed in between two optically plane
parallel circular disks approaching each other withtangential velocity and film thickness
down to 0.000635 mm, found an increasing time taglie plates in their time of approach
than that predicted by classical Newtonian theontlie film thickness below 0.00127 mm,
indicating the increase in the effective viscosifythe film in that zone. He found the
evidences where the effective viscosity in the lofaup film increased nearly five times than
that in the bulk

Henniker [36], has experimently represented ofGloeiette type flow performed on leuben
oil containing additives of aluminum napthenateta®%, he found an extensive tenfold
increase in the viscosity within 50000A of the sgd. Fuks [37,38], has been presented later
by squeeze film experiments of various fluids betmvavo plates submerged in the fluid and

by measuring the gap between the plates as a dunctitime, Fuks found the existence of a
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residual film between the plates even after squeetor a very long time, similar to those
obtained by Needs[35] observed that the thicknéssich residual film increased with the
increase in fatty acid concentration, the chaimgtlerof the hydrocarbon in both solvent and
fatty acid and the surface energy of the solid sabes

A few more experiments by Hoyt and Fabula [39], ¥odel and Patterson [40], have shown
that the mixing of some extremely small amount olymeric additives in the lubricating
fluid reduced the skin friction near a rigid bodyah in such a fluid to an extent of 30-
35%.Earlier the additives were considered to besfigal in the boundary lubrication not in
hydrodynamic lubrication, but the experiments d&ad shown evidences of favorable effects
in the thin film hydrodynamic lubrication by theisages.Eringen, A. C. [41], have proposed
a similar theory, the basic equations, jump coadgiand constitutive equations of ‘simple
microfluent’ media, exhibiting similar micro-effect These fluids, named as ‘simple
microfluids’ are considered to be a fluent medium and a gematan of the Stokesian
fluids whose properties and behavior are affectgdthe local motions of the material
particles contained in each of its volume elemBion-linear Stokesian fluids are considered
to be a special class of simple micro-fluids. Assth fluids possess local inertia, Eringen
extended continuum theory considering Conservaifaomicro-inertia moments and Balance
of first stress moments

The auther developed and discussed the conceptemtial spin, body moments, gyration
tensors, stress moments, wherein the stressestaas$ snoments were expressed as the
functions of deformation rate tensor and variousradeformation rate tensors. A simple
microfluid in its simplest form has as many as ttyetwo viscosity coefficients and the
fluids in which gyrational effects are importantick as anistropic fluids, vortex fluids and
fluid having surface tensions are guessed to fiaihis group.Eringen, A. C. [42], presented
the theory of micromorphic material. As even theeéir theory was too complicated for
engineering application, Eringen [43], has simptifithe consideration of a subclass of
micromorphic materials, named as micropolar mediae study however presented the
discussions on deformation and motion, laws of amticonstitutive equations, theory of
micropolar media, micropolar viscoelasticity, migotar materials with attenuating
neighbourhood and the problem of micropolar chafioel, with the assumptions of linear

constitutive equations, microisotropic medium aedligible heat conduction.
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As an extension of the above study, the linear rihemith basic equations, theory of
micropolar elasticity, couple stress theory, nogate internal energy and the Uniqueness
theorem of micropolar elasticity were presentedEbgpgen [44], in the same year.

Eringen [45], presented the laws of motion, coustie equations of microfluids, the
definition of micropolar fluids— the theories o ithermodynamics and field equations and

the study of such a fluid flow in a circular pipe.

2.4 Bearings with Micropolar Lubrication

Eringen, A. C. [45], Based on the theory of micrapdubrication the first application of the
theory was presented by himself for the steady anotf micropolar fluids in a circular
channel in which the profiles for the velocity, mimotational velocity, shear stress difference
and the couple stress on the fluid surface adjadoahie wall were presented graphically. The
velocity profile was found to lose its parabolidura and was smaller than that of classical
Navier-Stokes fluid. Though the shearing stressaieed the same as that determined by
classical theory, the surface shear was found tcetbeced by an amount equivalent to the
effect of the distributed couples aroused on thé&lfsurface in a thin layer adjacent to the
surface thus, indicating the development of a bamthyer phenomenon not present in the
Navier-Stokes theory.

Ariman and Cakmak [46], have couple stress andapaar theories were first applied by to
the Couette and Poiseuille types of flow probleorsdne-dimensional fully developed and
steady flow of an incompressible fluid between tparallel plates. The equations for the
velocity distribution and the mass flux were preednThe results for the velocity profiles
for both types of flow and the mass flux were shawrcomparative graphical forms for
couple stress and micropolar fluids.

Allen and Kline [47], gave an approximate analt®alution for the two-dimensional slider

bearing with micropolar lubrication containing dgspherical substructure and using order
of-magnitude arguments reduced the governing emusmtinto a set of coupled, linear,
ordinary differential equations. Datta [48], pretseha theoretical study of a pivoted slider
bearing with convex pad surface in micropolar flulthe modified Reynolds equation was
derived and the parametric study showing the effaxft pad surface curvature on the
pressure, load capacity, centre of pressure amtiofri coefficient were presented and
discussed. It was concluded that the micropolad flesulted in higher load carrying capacity
than the Newtonian fluid.
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Agrawal, Ganju, and Jethi [49], have theoreticgiresented squeeze films between two
infinitely long rectangular plates, circular platasd externally pressurized bearings with
micropolar lubricant showed that in micropolar fghnts the squeeze film bearings
exhibited larger time of approaches and for a giflew rate the externally pressurized
bearing under micropolar lubrication showed a higbad carrying capacity than those with
the Newtonian fluid. Balaram [50], presented anlym& of micropolar squeeze films
between two rectangular plates of infinite lengttng with the expressions for the pressure,
the load carrying capacity of the squeeze film #ma relationship of film thickness with
time. The results showed an improvement in loadysay capacity with the increase in the
density of the macromolecular volume but a decr@adead capacity with an increase in
substructure particle size.

Prakash, J. And Christensen, H. [51], though hiskva®veloped the hydrodynamic theory
for the two-dimensional micropolar lubrication ofigid cylinder on a plane surface in order

to make critical analysis of micropolar effectsealed in the results of Fuks [37,38].

Prakash and Sinha [52], have been presented a paptie application of the micropolar
fluid to a journal bearing considering a two-dimenal incompressible steady laminar flow
between two eccentric cylinders in relative rotamgtion. The governing equations were
reduced into a system of coupled, ordinary difféegrequations and non-dimensional form
of various bearing characteristics— velocity dimitions, pressure distribution, load
capacity, and coefficient of friction were presehtender this type of lubrication. The two
parameters characterizing the micropolarity in anlomed manner were considered
separately by them rather than to use their prodsiatere considered by Eringen [45], and
other authors. The authors again published an @aealystudy [53],have been obtain the
Reynolds equation from the field equations of therapolar fluids and presented the non-
dimensional forms of load and the time for a stefaiyinar incompressible micropolar
squeeze flow for both parallel circular plates gagdallel rectangular plates when the upper
plate was moving towards the stationary lower plaithout having any relative tangential
velocity of the plates. The results were found &véhexcellent qualitative agreement with
Needs’ [35] experimental results.

Prakash, J. and Sinha, P. [54], also presentedasdtical analysis of squeeze films in both
full and half journal bearings with a steady, laarinncompressible flow of micropolar fluid
between two eccentric cylinders in relative normmadtion along with the expressions for
Reynolds equation, nondimensional pressure digioibuload capacity and response time.
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The results supported the experimental results 385 of increase in the effective viscosity
in narrow passages.

Prakash and Sinha [55], presented the Reynoldstiequand the expressions for various
bearing characteristics of squeeze films for theegal case of dynamically loaded infinitely
long journal bearing for steady incompressible thimensional micropolar fluid flow under
a sinusoidal load with no journal rotation. Thepmaal representation of results exhibited
decreasing velocity of approach with increasingropolar effect.

Zaheeruddin and lIsa, Md. [56],have analytically yiled the expressions for different
hydrodynamic characteristics such as the load iceyrgapacity, the volume flow flux and
the frictional force, of one dimensional journalabags, both infinitely long and infinitely
short, with micropolar lubrication, and the resudl®wed that an increase in the equivalent
viscosity of the micropolar fluid increased the doaarrying capacity and the time of
approach, but decreases the coefficient of friclignei, N [57], obtained similar results in
his analysis of short bearing problem with micr@pdubrication. For constant viscosity and
other micropolar coefficients, he presented singdif generalised expressions for the
velocity field, friction torque and side flow. THwiid pressure was found to increase in
comparison to that in the Newtonian flow and wawesented by a surface depending on
two groups of micropolar parameters. The generaribg characteristics except the
coefficient of friction, which showed the lower uak, were found to exhibit improved
results than those in Newtonian lubricants.

Zaheeruddin, Kh. [58], has reported the anotheeptpat the generalized Reynolds equation
in dynamically loaded one-dimensional, both inghtlong and infinitely short types of
porous journal bearings operating under a cycla land lubricated with micropolar fluids.
The analysis was to show the effects of microstmest present in the lubricants, the
permeability of the bearing material and the beanmall thickness on the operating
eccentricity ratio. Singh and Sinha [59], The Th@mensional Reynolds Equation for
Micropolar Fluid Lubricated Bearings first presahtey Singh and Sinha though which the
authors solved to yield the expressions for theaist distribution, microrotational velocities
flow flux and frictional torques. Huangt al. [60], presented an analysis of finite width
journal bearings in three-dimensional steady fldwunoompressible micropolar fluid for the

cases of width to diameter ratio 1.0 ani@i0.The analysis showed that the micropolar fluid

exhibited higher load carrying capacity and lowectional coefficient than the Newtonian

fluid, which were more pronounced at higher ecdeityrratio and lower width-to-diameter
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ratio; whereas volumetric side flow rate was foundrginally differing in either types of
lubrication.

Khonsari and Brewe [61], have reported lubricataffigctiveness in micropolar fluid for a
journal bearing of finite length and the non-dimenal expressions were developed for the
load capacity, leakage flow rate and friction for¢de results showed the achievements of
higher load carrying capacity and frictional forceut lower frictional parameter in
comparison with those in Newtonian fluid. Huang amgng [62], studied the dynamic
characteristics of finite width journal bearing lwitmicropolar lubrication using linear
stability theory and graphically presented thefreti$s, damping coefficients and the critical
stability parameter of the journal bearings for thido diameter 30 ratio 1.0 and 10 under
both Newtonian and micropolar lubrication. The romolar fluids exhibited larger normal
stiffness coefficient but smaller normal dampingféicient, and comparatively narrower
stable region of the journal. The features of insimeg effective viscosity and load capacity
under micropolar lubrication resulted in lower lirvalues of the Sommerfeld number for
completely stable operation. A long journal wasndio exhibit significant difference in the
values of critical mass parameter for the Newtomad micropolar fluids, whereas the short
bearing was found to be almost equally stable th bgpes of lubrication.

The steady flow of a micropolar fluid between tvatating disks of finite radius rotating at
different same speeds was investigated by ChatarahNarasimman [63], and the equations
of motion were reduced to a set of ordinary noedincoupled differential equations, which
were then linearized by quasilinearisation techaiqthe numerical solutions were obtained
using fourth order Runga-Kutta method via orthoralrsation.

Qiu and Zhang [64], reported the field equatiommaé¢ropolar fluid with general lubrication
theory assumptions is simplified into two systerhsaupled ordinary differential equation.
The analytical solutions of velocity and microratatvelocity are obtained. Micropolar fluid
lubrication Reynolds equation is deduced. By medmsimerical method, the characteristics
of a -finitely long journal bearing under variougndmic parameters, geometrical parameters
and micropolar parameters are shown in curve forfEBbefey [65], examined the stability
characteristics of a bearing on a flexible dampgupsert using a purely analytical approach.
His analysis was based on the linearized solutiotiné time dependent Reynolds equation.
Castelli, Stevenson and Gunter [66] have reportesl $teady-state Characteristics of
Gaslubricated Self-acting Partial-arc Journal Begwiof Finite Width.

15



The theoretical analysis is presented by Chattogmgh A.K., Karmakar, S., [67],
investigating the stability of a symmetrical, rigidtor on a flexibly supported journal
bearingin which oil-film flow in the bearing is assed to be turbulent and the dynamics of
the system is studied by calculating the componehtke fluid film force by solving the
generalized Reynolds equation modified to includedffect of turbulence and using these in
the non-linear equation of motion of the journatlahe bearing. The modified Reynolds
equation is solved for pressure distribution byngsiinite difference method with S.O.R.
scheme. Chattopadhyay, A.K. [68], have presentpedper is to studied theoretically, using
finite difference techniques, the stability chaesistics of hydrodynamic journal bearings
lubricated with micropolar fluids. The theoreticgtldy has been presented using both the
linear analysis based on the perturbation methadnam-linear analysis using Runge-Kutta
method.

Parametric studies have been conducted and syathbiracteristics have been obtained and a
comparison of the results of linear and non-lireaalyses for different parameters have been
compared and presented. A modified Reynolds equaiis been obtained using micropolar
lubrication theory and the solution of pressureaotdd from this equation is used in the
governing differential equations of motion to aeriat a stability threshold.

The present work has, therefore, been aimed atyistydhe lubrication effectiveness of
flexibly supported hydrodynamic journal bearingsngsmicropolar lubrication under the
abovementioned operational situations
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CHAPTER 3 CONCLUSION OF LITERATURE SURVEY
AND OUTLINE OFHESIS WORK

From the literature revised it has been found ¢kt of work in the area of hydrodynamic
journal bearing have been done but very less relseanork has been reported which
demonstrated the use of micropolar lubricant ixiflly supported hydrodynamic journal
bearing. The literature revised especially the dyicaperformance of bearings including
linear stability analysis deserves special attentind very less work have been reported in
this area.

The objective of this work is to investigate botie isteady state and dynamic characteristics
including the stability of a flexibly supported iti@ hydrodynamic journal bearing lubricated

with micropolar fluid.

3.1 Steps Followed In the Organization of the PreseWork

1. Review of literature.

2. Derivation the basic governing equation for modifiReynolds equation.

3. Theoretical analysis of steady state characteradtihe finite journal bearing lubricated

with micropolar fluids.

4. Dynamic analysis of the finite journal bearingrighted with micropolar fluids has been
studied, which are, Perturbed pressure equatioifinedts and Damping coefficients and
derived the Equation of Motions and stability paesen.

5. Solution of governing steady state equation byyaical method
6. Solution of Governing equation with FDM method.

7. Finally numerical computations have been perfortaeplot the results for various static

and dynamic characteristics and logical conclustense been drawn.
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CHAPTER 4 BASIC EQUATION

4.1 Introduction

In this chapter, starting from the basic field éguaand using certain assumptions, modified
Reynolds equation has been derived and a brietisszn of the various non-dimensional
parameters related to micropolar fluid has beenemad

As the presence of the microstructures in the talbing fluid, particularly in the

hydrodynamic lubrication, imparts the microrotatiand microdeformation of the particles
with the attendant enhancement of the viscosityeffluid, the analysis with such lubricants
requires the concepts of conservation of the micestia moments and the balance of the

first stress moments in addition to the basic ppilcof the continuous media

The basic field equations of the micropolar fluidres developed by Eringen [45], and
later adopted by Prakash and Sinha [52] followethleymodel of Singh and Sinha [59].
4.2 Field Equations

The field equations for micropolar fluids in vectdiform are [52]:
Principle of conservation of mass

% .. =
E+D (ov)=0 . (4.1)

Conservation of linear momentum:

(/1+2,L1)D(DW)—(z'u—;)()DXDXV+,\/DXV—DnD+pFB:p%\z ... (4.2)
Conservation of angular momentum:
(a+ﬂ+y)D(DDJ»)—nyva+,ny\7—2)(u+pcB=gﬁ ... (4.3)
Where; p =mass density;

\£ velocity vector and

v = microrotational velocity vector ... (4.4)

7T is the thermodynamic pressure and is to be reglageéhe hydrodynamic film pressyme
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since, 1 :{;E }: P ... (4.5)

whereE = internal energy [45,61] amlis to be determined by the boundary conditions.
n andA are the familiar viscosity coefficients of thesdecal fluid mechanics

while a, andy are the new viscosity coefficients derived asdtmabinational effects of the

gyroviscosities for micropolar fluid as defined Bgingen [45].

X = new viscosity coefficient for micropolar fluidermed as spin viscosity, which

establishes the link between the velocity vedfaand the microrotational velocity vectar,
Fg = body force per unit mass,
Cg = body couple (moment) per unit mass and

j = microinertia constant.

A, pandy are all of dimensiol’ML‘lT ‘1J,
a, angy are all of dimensiOIﬁML T‘ljand
j is of dimension [£].

If microrotation velocity and local fluid vorticitgre considered to be identically equal and is
imposed as a possible solution of the balance mosatwhich seems to be a natural solution
and is desirable in reducing the number of cornstéicoefficients,it can be shown that

j= A%

% indicates the material differentiation.

Constitutive equations for the stress terigand the couple stress tensgy are [52]:
* — 1 _— —_ p—
Ty :(_77 + AV, k1+(ﬂ‘§)(j(vk,1+v1,k)+)((v1,k _’7k1rVr) ... (4.6)

My =aV, Oy + Vs + Wy . (4.7)

Where, nkir is an alternating tensor. An index followed by @mena represents partial
differentiation with respect to the space variagle
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4.3 Modified Reynolds Equation’s Derivation
The above micropolar effects are then incorporateathe lubrication problem for a journal

bearing to derive the modified Reynolds equatiothwertain simplifications.

Figure 4.1 Bearing Configuration for the Derivation of Reya® Equation

4.3.1 Basic Assumptions

The basic assumptions in micropolar lubricationatgournal bearing include the usual
lubrication assumptioni® deriving Reynolds equation and the assumptiorgeneralize the
micropolar effect$59]:

a. The flow is laminai.e. free of vortices and turbulences.

b. Body forces and body couples are negligibke, s = 0 andCg = 0.

C. No slip occurs at the bearing surfaces.

d. The flow is incompressible and steadyg, p = constant anel"(;—'f[J =0

e. Bearing surfaces are smooth, non-porous and irigido effects of surface roughness
or porosity and the surface can withstand infigtessure and stress theoretically
without having any deformation.
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f. No fluid flow exists across the fluid filmi.e. the lubrication characteristics are
independent oy-direction.

g. The micropolar properties are also independemgtdifection.

h. The film is very thin in comparison to the lengtidathe span of the bearing. Thus,
the curvature effect of the fluid film may be igedrand the rotational velocities may

be replaced by the translatory velocities.

The velocity vector, the microrotational velocitgotor and the fluid film pressure are given

V= NX (x v.2)V, (% y,2).V, (x v, z)J .. (4.8)
V= [vl(x, Y, z), Vv, (x, Y, z),v3 (x, Y, z)] ... (4.9)
p=p(xy.2)

(4.10)

Note that fora =B =y=y = 0 and for negligible body couple per unit magsation (4.3)
yieldsv = 0 and so, equation (4.2) reduces to the clashiaaier-Stokes equation. Fgr= 0
the velocity vector and the microrotational velgcitector are uncoupled and the global

motion of the fluid becomes free of the microraiatand their effects.

4.3.2 Directional Flow Equations:
With the above assumptions (4.1) reduces to

OV =0

oV +6Vy +OVZ -0 . (411)
ox oy 0z

It can also be considered that,

0.v=0 .. (4.12)
The explanation for equation (4.12) can be givélofong Tipei [57] as:
In case of a flow in thin layers bounded by soligfaces, as in lubrication problem, the
component ofs perpendicular to the boundaries becomes negligiiile respect to the other

two components. Since the derivatives with respette normay-direction are much larger
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2 2
than the other derivativese. aiy >>aiorai, hencel(O.v) = 9V, 9V hile the other

X 0z oxdy 0zoy

components are much smaller. The component(@kv) upon y-coordinatei.e. &

ov, o0V,
[a_zl —a—)j is an order of magnitude smaller and may be negfleahd hence equation (4.3)

as projected upow-axis yields[J([J.v) =0. This result can be obtained directly under usual
approximations in lubrication theory [70] by corsimg 0% >>0 (0. v). Now from the

vector calculus [ x 0 xV) and (O x [ xv) can be written as:

OxOxV=0(O.V)-0?v  and OxOxv=0(0.v)-0% ... (4.13)

With the basic assumptions and equation (4.13)atsmu (4.2) yields the following three
equations along-, y- andz-directions respectively:

(2u+ ) 9™V, CAA AN av av 6\/ v 6\/ +\7 N, (414
2 (¥ o o7 0z @19
(zu;x)(a;y +a;;£y +aaz\§j+ c’;yvl _%'/s}_gs _ p(\yx (XZ*VY%NZ "(;’J ... (4.15)
VA X Z
(Zﬂz"')()[a;\(/zz +aaz;/zz +aazvzzj+ ‘2;2 aayvlj gz p[\?x a;/XZ +V, a(;/yz +V, a;/zzj ... (4.16)
VA

Similarly, with the basic assumptions and equatibth3), equation (4.3) yields the following
three equations along, y- andz-directions respectively:

0%, 0%, o, v, av, (- ov ov ov.
+ + + - -2yv. = V l+V 1+V -1 .. (4.17
V(axz oy?  9z? X dy oz AV = A Vx gy oy 0z (4.17)
2 2 2 7 Vi
0%, OV, OVa |, OV V2| 50 = i, D s, Do g, M ... (4.18)
0X oy 0z 0z  0X 0X oy 0z
2 2 2 7 7
Vs 105 OVs | O OV | oy = | Uy 2547, 2547, 25| (419)
0X ay 0z ox oy 0Xx oy 0z

4.3.3 Non-Dimensional Scheme for Equation
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Equations (4.14) to (4.19) when non-dimensionaliggl the following substitutions

> (4.20)

h.
X= y:l; z:i; 51:2; 52:£; 0, =—%; 54:L_/2;\
R R L/2 R L/2 R R
Y/ h
V, =—,wherei=x,y,z ,v,—vg wherei=1,2,3;{=—"1"
U U C
— hzmin 2 U Uh %
P= p)( Re:(Zlelc-:l-)() RR:IZ] ’N:(Z,u)-(u-)(J
(,u+jUR
_ %
I, = < Lg = L ; whereA = [Lj and is of dimension of length.
N N 4u

The following equations will result:

é_lzazv 0%V, 52262YZX +2N? A Jav_ 126[‘)
x> ay? 0z oy 0z ) &°0X

— oV, — 0V, — Vv,
=R,| OV X +V, X+ 2
Re[ 17X a)—( Y ay 2VZ az j
g 00V OV L 520 | e ( 5% - 56_V_3j_£9
0X oy 0z° 0z oxX ) 0dy
— AV, oV, — aV,
=&0,R,| OV, —L+V, —~
d 3R{ Yo% 62]
£5) 60V 0V 5202 | pprg e 5 X O ) D
0X ay> 0z° oXx dy ) o0z
oV, a\7 — 0V,
=&%0,R | OV, = +V, —= Z
¢ “R{ PXax ay 2 azJ

— 2— 2 \ / 2y 2
520 L0 \21+5§a_\2 N2L2 av 520\/_Z _ N
ox’ | oy oz 2(1 N )5 0z ) [1-N2)¢

-r|ov, ey, My sy M
ox ay 0z

.. (4.21)

.. (4.22)

.. (4.23)

.. (4.24)
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(51202\72+02\72+ Zazvzj+ N2L2 ( 6\7X_56\7ZJ_(N2L2R
1

_ Nz)gz v,

ox*>  ay* 20z ) 2-N?)e2\ 7 ezt oox
a_y A g_ 5 ... (4.25)
— o0V, — OV — OV
= RR(O;VX a—)_(2+VYa—y2+52Vz O_ZZJ
20 0, L0 NE(OV, oV, ) NE
1 a)—(z ayZ 2 azz 2(1_N2)<(2 1 a)_( ay (1_N2)<(2 ’ (4 26)

= RR(JJX %+\7Y%—\;3+52\72 aalZJ
4.3.4 Non Dimensional Parameters Study

In this section the interpretations of the non-disienal parameters are given briefly. As the
current analysis is aimed at showing the micropeféects on the hydrodynamic journal
bearings, a separate importance is given in digmuss the micropolar properties at the end
of this section

Micropolar Parameters (N and A): N and A are two parameters distinguishing a
micropolar fluid from a Newtonian fluidN is a non-dimensional parameter called the
coupling numberwhich couples the linear and angular momentum @mpgrising out of
the microrotational effect of the suspended pasich the fluid.A, a dimensional parameter
represents the interaction between the micropdlgd &nd the film gapA is termed as the
characteristic lengttof the micropolar fluid and has the dimension & kengthl,, is a non-
dimensional quantity and is termed as tim@n-dimensional characteristic lengtf the
micropolar fluid. Fory= 0, N = 0 the equations representing linear and angutanemtums
are uncoupled and equation (4.2) reduces to thellastical Navier-Stokes equation. On the
other hand the strong micropolar effect is exhibméth the increase in the value a&for
decrease in clearance in between the journal aratingei.e. when non-dimensional
characteristic lengthm decreases. The second case is most likely he@eiasisually very
small in lubrication theory. Hence fof —0 or forl,, — oo, (i.e. characteristic length of the
microstructure is small), the micropolar charastariis lost and the lubrication problem
reduces to that of the classical hydrodynamic t#tion. Again, as the gradient of the
microrotational velocity across the film thickndéssvery small, when,, —0, the velocity

and other flow characteristics will reduce to themuivalents in the Newtonian theory wijth

everywhere replaced b@“%)(j Henc{,u+%)(j togetherly may be considered as the
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effective viscosityye, Which arises due to the microrotational effect. Thermodynamic
restrictions require that © N< 1. j, the microinertia constant is evolved due to the

microrotational effects.

Other Non-Dimensional Parameters and Order AnalysisLg, a non-dimensional quantity,
may be termed agngth ratia During the initial stage of the application o&tmicropolar
theory to the lubrication flow problems, researshidb, 57] used either NLor Nl as the
parameter in discussing the micropolar fluid; bt these products characterize the
combinational effects, later N and\were considered separately to study their effastsan

be found in Prakash and Sinha [52}.rRay be considered as the modified Reynolds number,
wherep has been replaced by effective viscosity,.e. (/H%)(j and this number is always

less than the classical Reynolds number. Geneli@ljubrication problem, Re << 1 and is
usually of the order of 1D As j is the square of a length typical of the m#tructure as
discussed earlier, it is reasonable to consigerR1.

Also with the assumptions thét, 5,83 are of the order of 1Dandé,, &, L are of the order
of 1, equations (4.21) to (4.26) will reduce to

azyzx +2N2%—i2£5):0 .. (427)
oy oy & o
¥:0 .. (4.28)
o2V, v P
Ve o2 1 0P .. (4.29)
oy dy ¢°9, 0z

%, N°L%Z  aV, N?L2

a_\;1 N T a_z _ Ry, =0 ... (4.30)
oy 2AL-N*Jet oy [L-NK

2 2y 2

6\/22_ N g =0 .. (430)
oy’ [L-N?)e

25 2y 2 \ / 2y 2

0V, _ NLg oV _ Nlg o _, .. (4.32)

oy> 2M-N2)EF oy [-NZ)Er 0

4.3.5 Velocity and Microrotational Velocity Vectors
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Now to solve the velocity components and the mataiional velocity components

equations (4.27) to (4.32) are returned to theirafisional forms as follows:

(u+x) 9, , v, 9p _

253 K~ .. (4.33
2 oy? dy 0x (439
op _
oy
(4.34)
-
@urx)oNV, _ ow _op_,, ... (4.35)
2 oy oy o0z
o,  _aV,
— 1 4 _2 :0 436
Yoyt HX gy ~ 2 (4.36)
9°v.
1% ay22 -2xyv, =0 ... (4.37)
0%, _ aV,
- -2 =0 ... (4.38
As x = RO, equation (4.33) reduces to
(2u+x)0Ny , OV _10p _ . (4.39)

2 oy? dy RO

Solving equations (4.35) and (4.36) the expresdiong andV; are evaluated as follows

- 1 dp
V. = + eay +Ae ay 4| — ... (4.40
=A A ae” s Ly (4.40)
Vi :2A1y+2A2N—zeay—2A3N—ze_ay+A4+ i@ y? (4.41)
2 . S 21 02 .. (4.

Where, A, A, Az and A are four constants to be evaluated from the baynclanditions

2
andais a non-dimensional quantity given lhys N _ /4'UN
4
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e

Boundary conditions fov; andV; are:



().Aty=0 w»=0 and V=0
(i).Aty=h v;=0 and V=0 ... (4.42)

Using the above boundary conditions in equationdé0and (4.41) A A,, Asand A are

evolved as
= —l@ A2 e —La_p 1
410z’ 4 0z (e -1)
hop 1 _hN? ap (1+e™)
=—-= = — ... (4.43
A A azm A 2@ 0z (1—e“"‘h) (4.43)

With the substitutions of A A,, Asand A, the expressions fag andV,become

v, =" (sinhay){costRy=1) _{costen+1)| 9oy dp - (4.44)
4 sinhay sinhah |0z 2uoz
— 2 -
v, = y(y h)@+LN—{sinhay— (coshay _1)(coshah+1)}@ ... (4.45)
24 0z 2u a sinhah 0z

Similarly, solving equations (4.38) and (4.39) wtitle following boundary conditions
().At y=0 v3=0 and \{=0
(ii).At y=h v3=0 and \{(=U ... (4.46)

The previous equations will result:

v, = _L(Sinhay){(coshay—l) ~ (coshah+1)}@ Yy o

sinhay sinhah |08 2uRd6

.\ U {sinhay—(COShay__l)(COShathl)} - 447)

5 2N? _h(coshah+1) sinhah

a sinhah
— 2 —
v, = yly-h)op, h N? {Sinhay_(coshay _1)(coshah+1)} ap _
2IR 00 2IR a sinhah 06
U 2y(coshah+1)  2N° (sinhay) (coshay-1) (coshah+1)
5 2N’ _h(coshah+1) sinhah sinhay sinhah
a sinhah

... (4.48)
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Now, from the principle of conservation of masstded in equation (4.1), it follows that

oloV.,) _ _op _alpv,) _alev,) ... (4.49)
oy ot 0X 0z

Integrating both sides with respectytwithin the limit 0 anch, equation (4.48) becomes:

A P L N . (450)

o ot

Where(\/y)y:h =V, and (\/y) =V,

y=0

As the upper limith is the function of the coordinateg z the integration before
differentiation can be performed by using Leibrgteile and using the boundary conditions
that

(). Aty=0 V=0 and V=0

(i) Aty=h V,=U and V=0 ... (4.51)

And noting thatv, =U ? +% and \\=0, the following equation will result:
X

gﬂ{hz+12/\2—6N/\h hN—h} +9 ﬂ{hz+12/\2—6N/\hcothl\|—h}a—p
x| 12u 2\ ox | 0z 12u oA [ 3z

_ a% (&h}a(ph)

2 ot

For incompressible fluid flow equation (4.50) redsido give the Reynolds equation for

incompressible fluid flow in micropolar lubrication

3 3
R L NI o PR R P NN i P Cly PP ... (4.53)
ox Y7 ox| oz Y7 0z 0X ot
2
Where, ®(A, N, h) = 1+12/\——6M oth NI .. (4.54)
h> ~ h 2N\

Introducing the rotating coordinate system and idEmgg that the journal centre is rotating
an angular velocitw,, equation (4.53) becomes:
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3 3
9 h_qg(/\,N'h)@ +i h_cp(/\,N,h)@ =6M+12@—12wpﬁ ... (4.55)
ox| u ox| 0z| u 0z 0X ot 08

Equation (4.55) represents the modified Reynoldsaggn in rotating coordinate system in

micropolar lubrication.
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CHAPTER 5 STEADY STATE CHARACTERISTICS OF
FINITE HYDRODYNAMIC JOURNAL BEARING

5.1 Introduction

This chapter deals with the theoretical analysishef steady state characteristics of finite
journal bearings lubricated with micropolar fluidhe steady state analysis is important for
the subsequent linear analysis for determining ttiteshold of instability of the journal
bearings.

Prakash and Sinha [52] studied the steady statectieaistics of an infinitely long
journal bearing considering a two dimensional flbeld. Huanget al [60], Khonsari and
Brewe [61] made same study on the steady statexcieaistics of journal bearing system
lubricated with incompressible micropolar lubricaimt the present chapter a comprehensive
parametric study has been made of the steady dtatacteristicviz. load parameter, and

attitude angle, of the journal/bearing systemsidatbed with micropolar fluids.

In the analysis the governing modified Reynoldsatigm in the non-dimensional
form satisfying the boundary conditions has bedwesbby finite difference technique with
successive over-relaxation scheme. The steady staielimensional pressure profiles thus
obtained is used to determine the steady stateciesistics mentioned above. The results of

the analysis are compared with the similar avaglabsults of earlier authors.

5.2 Steady State Theoretical Analysis

5.2.1 Governing Equation for Steady State

A schematic diagram of a journal bearing in miciapdubrication with the appropriate
coordinate system used for the purpose of analgsghown infigure.5.1.The journal is
considered to rotate 4%ith a steady angular velocity about its axis.

The governing modified Reynolds equation (4.52) is:

9 ﬂ{h2+12/\2 6N/\hcothN—h}ap 9 ’Oh{h2+12/\2 6N/\hcoth— a_p
ox| 12u NS 12u az

)
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And the governing modified Reynolds equation (4.3@) two-dimensional flow of
micropolar lubricant under steady state condit®wiitten as:

9| h’ op, |, 0| h’ 0P | _ gy I
&{ch(/\,N,ho)&}&{?cb(/\,who)g}-w& .. (5.1)

Figure 5.1 Hydrodynamic Journal Bearing Under Steady Statedlion

With the following substitutions

__2z _ _ho = _ poC2
2 —, f— =—, p ="
z L ho C 0

Equation (5.1) will reduce to its non-dimensiorain as:

o[ —\dp, 1. (DY o [_ —\dp, | _ 10h,
ﬁ[g(lm"\"ho)ﬁ}f(f) E[g(lm’N’hO)E}_Ea_ ... (5.2)

Where;6(|m,N,ﬁO):{1+ 12 _e_N Cot}{Nl F‘o}

hin oy
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As h, =1+ ¢, cos = h,(6)is a function o© only,
g(l,..N,h,) = g(6)is also a function o only.

Equation (5.2) is further simplified to the follavg non-dimensional form under steady state
condition for finite journal bearings

_ _ ,— — _
CAaho DOPO+CB 0 p20+(2) a_p20 :laho .. (5.3)
08 086 08 L dz 2 06
Where,
h 2 h n 21 2 h
C, =h—°+i2— NA, cot Ninho | N7hy cosech’ Nlufy ... (5.4)
4 . I, 2 4 2

- _, _
and C,3:h—°+h—§—Nho cot M ... (5.5)

12 12 2, 2
Boundary conditions for equation (5.3) are as fetio
1. The pressures at the ends of the bearing are zero \

p.(6x1) =0
2. The pressures distribution is symmetrical abountigplane of
the bearing
0p,(6,0
p°(_ )0 > .. (5.6)
0z
3. Cavitation boundary condition
op,\6,,2
%:o, p.(62)=0  for 628,

where,0; represents the angular coordinate at which thedavitates.
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5.2.2 Numerical Solution for Pressures

5.2.2.1 Finite Difference Method: Equation (5.3) is solved by using finite difference
method with successive over-relaxation scheme ssrithed explicitly by Castelketal [66]

to obtain the steady state pressure distribtRion satisfying the boundary conditions as
given in equation (5.6). Following the geometriaall operational symmetry of the bearing
over its midplane, the half of the bearing lengtltonsidered and the bearing surface area is

divided into a number of rectangular meshes of digex Az each. Representing a grid point

as (i,j), where i and j represent the coordinateag x(¢) and Z(E) directions respectively,

the first and second order derivatives of pressaresapproximated by central difference
method as follows:

9Py _ (Pl ~(Podiay )

06 2(A6)

0y _ (Pu)uy ~2Po), + (Po) > e
06 (A6)

6250 — (Bo)i,jﬂ _Z(BO)M +(I_30)i!1‘1

07" nz’) g

5.2.2.2 Pressure Profiles

With the above representations equation (5.3) eaaxpressed in the finite difference form

as
(Eo)i - Cl(_pO)“lvi +C2(_po)i-l,i +C3(_po)i,j+1 +C3(T30)i,j—1 +C, ... (5.8)
Where,
p] )
L) \Az 2 2(C,),
< :l[“ (CA)iSO(M)Smﬂ c, =i[2j [A—Q . (5.9)
2 2ACs) C\L/)\Az >
T2Cy), 4 =i(ed)
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Where, Ca)i and Cg); are to be evaluated using equation (5.4)and (&%). in which

h, = (ho), and % = (%} are to be calculated corresponding to e&ch
To compute the non-dimensional pressures numeyittadl number of divisions along-and

z -axesi.e. along bearing circumference and bearing lengthsidening half of the bearing
length, are taken as 44 and 12 respectively. Sinegressure distribution is symmetrical
aboutz =0, it is sufficient to solve the pressure disttibn for one-half of the bearing length.
Iteration is started considering initial pressuasall mesh points to be zero and the
computed grid pressures are modified through ssoeesover-relaxation scheme. The

IR

convergence criterion for iteratio 1 S Z_M
|

< 0.001 where n represents the number

of iterations, as specified by Casteadlial [66].1t is found that the rate of convergence is
greatly influenced by the proper selection of tlvererelaxation factor. The choice of the
over-relaxation factor is done on a trial basiswdwer for quick convergence in some cases
the over-relaxation factor may be chosen as high3& In this particular analysis it is taken
as 1.03.

5.2(a) Solution Scheme

A computer program based on the analysis desciibgntevious sections is developed to
obtain static and dynamic characteristics of finitgdrodynamic journal bearing using
micropolar fluid. The flow chart of an iterative hmame used to obtain the different
micropolar parameters has been showiigure 5.2

1. The solution for steady state and dynamic statespre has been obtained by taking

boundary condition for pressuf)g,f)l & |_o2 is equal to zero.
2. The input parameters have been taken in three atepaets based on Load carrying

capacity and Altitude cycle N?, £,& L/D) for steady state and Dynamic state

characteristics.
3. the dynamic characteristics is obtained by pertadbepressure Bl,Tazfor stability

analysis of the bearing in terms of critical magsameterM . and whirl ratio(A;), which
not only included the steady state parameter bst ahe stiffness, and damping

coefficient for external support is used for this=0.0001 & D= 0.001 & Z = 0.01
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4. FDM method has been used to solve the convergenterian for iteration, i.e.
-n+l -n n+l n

P _|<0001for p, and e 0.001for p, and p,.

-n+1

2 2

Po Pi
5. Rate of convergence has been found by the oveatada method.
6. The results of Newtonian fluids and present work haen compared and plotted in the

form of graph in the respected section.

Table.1: Bearing geometric and micropolar fluid paameters

Bearing Geometric Parameters

Slenderness Rati@.AD) 0.5,1,1.5,2

Eccentricity Ratio €,) 0.5

Micropolar Fluid Parameters

Coupling number (R 0.1,0.3,0.5,0.7,0.9

Non dimensional Characteristic length)( 0.1t0 0.9
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Input Micropolar
Parameters
Sh. AN2 and EPHO

hJ

Fixed SN=1, AN2 =0.5, DS§=0.0001.
KS=0.0001 for different value of
“EPHO™

I

Compute Load camrying Capacity
“SSLOAD™

'

Compute Adttitude Angle
“AAT ANGLE™

¥

Compute Pressure “IP1, IP2™

Y

PLLI=CPM
LX(0,0)

P2ILI=CPM
LX(0,0)

Compute "SRR, SPR, DRR
DPR. SKF. 5PP. DRP, DPP”

.

Compute “W_RATIO,
MASS PARA, SN”

ey ™
\-\_I_STOP B ’/.

Figure 5.2 Solution Schemes for Micropolar Lubricaion for Flexibly Finite Bearing
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5.3 Results and Discussion

The schematic diagram of the journal is shownFigure .5.1.Since the steady state

characteristicyiz., Load carrying capacity & Attitude angldependent on the steady state

film pressuref)O , wWhich, in turn, depends upon the micropolar pesterd,, N, eccentricity

ratio £, and the slenderness ratidD, detailed parametric studies are done to show thei

effects in the respective non-dimensional formtehdy state pressure profiles, steady state
load, attitude angle and the results have been awdpwith the respective values for

Newtonian fluid, thereby validating the methods anthputer codes.

5.3(a) Validation

In order to check the validity of the analysis &hd solution procedure, the results for finite
flexibly supported hydrodynamic bearing with micotgr fluid are obtained from the

developed program and compare with the results af &t al [68]. The validation of the

dimensionless load capacity of the journal bearings a function ofl, for

L/D = 1.0, &, = 0.5, Dg =0.0001, K =0.0001 and Z = 001when coupling numbeN is

taken as a variable parameters with following value
Table 1

I SSLoad | SSLoad| SSLoad SSLoad SSLdad SSLopad
Newtonian| N2=0.1 | N2=0.3] N2=0.5 N2=0.7 N2=0D

1| 3.44192 | 3.82378 4.90890 6.83469 11.23230.20350

5| 3.44192 | 3.81146 4.74766 6.12168 8.40222 13.23850
10| 3.44192 | 3.77762 4.46926 5.25087 6.20161 7.45124
20| 3.44192 | 3.70758 4.09394 4.427%4 4.74801 5.07p48
30| 3.44192 | 3.65257 3.90188 4.10024 4.27510 4.44B845
40| 3.44192 | 3.61347 3.79644 3.93155 4.05J18 4.15083
50| 3.44192 | 3.58547 3.72808 3.83053 3.92114 4.00B32
60| 3.44192 | 3.56481 3.68140 3.76656 3.83589 3.90D95

[@XledEY (o FE e[ (@)

From these value coupling numbky the load capacity reduces with and approaches

asymptotically to the Newtonian value Bs — »At a finite value ofl, the load parameter

increases as coupling number is increased, alsersidigure 5.2,
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Figure 5.2.1 Validation of Results

5.3.1 Load Carrying Capacity
5.3.1(a) Steady State Effectf Coupling Number (N)
Figure.5.2 (a)shows the variation of the dimensionless load aapat the journal bearing

as a function ofy, for L/D = 1.0, &, = 0.5, D4 =0.0001, K¢ =0.0001 and Z = 001when
coupling numbeN is taken as a parameter. It is found from the Bgimat for any couplin
numberN, the load capacity reduces wl, and approaches asymptotically to the Newtol

value asl,, — oAt a finite value ofl,, the load parameter increases as coupling numt

increased, The reason is that an increase in N snaanenhanced coupling between
angular and liner momentum of the mic-particles, which results on increased effec

viscosity, which, in turn, increase the non dimenal pressure and thereby the load carr
capacity. Moreover, af, — O the load parameter increases rapidlyN increases. This is

expected since the micropolar effect will be siigaint either when the characteristic mate

length is large or the clearance is small. The s@amase is very important here C is
usually very small in hydrodynamic journal bea. As |, — Othe velocity and the oth:

flow characteristics will reduce to their equivatenn the Newtonian theory witlu

everywhere replaced E)u+% )(j, as gradient of microrotational velocity acrosbni

thickness is very small. Hence effectively the sty has been enhanced. So, when the

dimensional load has been referred to the Newtowiscosity, it is increased by a fac
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(,u+%)(j/,u atl,, — 0. The decrease in the load capacity to the asymptatue at

| - ocan be explained by the fact that an increaséyiindicates a decrease in the

m

characteristics length of the substructure, whidh e vanished ad,, — « and thus the

micropolar fluid will then reduce to a Newtonianifl in its behavior.(,u+%)(j/,u is equal

to {1/(L-N?)}} by virtue of definition oiN. So atl,, — Oat higher value oN, {1/(1- N?)}

is more and saV, is more. In betweeh - Oandl — o, atN # 0, the effect of angular

momentum equation will modify Reynolds’ equatiorrotigh coupling number. Hence
following are the same explanation as that givertlie steady state pressure; the enhanced

pressure will increase the non-dimensional loadyceg capacity.

5.3.1 (b) Steady State Effect of Eccentricity Rati¢&,)

Figure .5.2 (b)shows the variation of load parameter withfor N> = 0.5, L/D = 1.0,

D, =0.0001, K¢ =0.0001 and Z = 001, when &,is considered as a parameter. It can be
discerned that for a particular valuel gf the non-dimensional load carrying capacity though
increases in both types of lubrication &s is increased, the rate of increase\/i_rg in
micropolar lubrication is found to be more rapidrtthat in the Newtonian lubrication. It is
also found that the load parameter at any eccéytratio is considerably higher than that

for Newtonian value at lower values bf and converges to that for Newtonian fluid as

Im—>°°.

5.3.1 (c) Effect of Slenderness Ratid.(D)
Variation of load parameter withm for N*> = 0.5, &, = 05, D, = 0.0001,

K¢ =0.0001 and Z = 001, whenL/D ratio is considered as a parameter is showfigire

5.2 (c).A scrutiny of the figure reveals that B® increases the value of load parameter also
increases. For anyD ratio the load parameter in micropolar fluid asyatigtlly converges
to that for the Newtonian fluid dg, approaches infinity. The load parameter in micrapol

fluid increases at the higher rate than that inNBa/tonian fluid at higher values bfD.

5.3.2 Steady State Attitude Angle
5.3.2 (a)Effect of Coupling Number )
Figure .5.3 (a)shows the variation of the attitude angle with mpoiar parametdy, for
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L/D = 1.0, &, = 0.5, D = 0.0001, K4 =0.0001 and Z = 001 when coupling numbeX as

treated a parameter. It can be seen from the fithaefor a particular value df, attitude
angle decreases blds increased. Furthermore, lagncreases the values of the attitude angle
converge asymptotically to that for the Newtonidndf. For any coupling number, attitude

angle initially decreases with increasdjreaching a minimum and then reversing the trend
aslny is further increased. It is found that the optimuatue ofl, at which ¢, becomes a

minimum increases with a decreaseNn It can be demonstrated that to the left of the
optimumlI,, micropolar effect becomes significant and to riigat of this micropolar effect
diminishes. Further df, = 0, the attitude angle remains the same as ¢ingah& Newtonian

fluid. The reason is that components of non-dinaradi forces along the line of centers and

perpendicular to it will be increased by the saawdr (,u+%)(j/,u and the attitude angle
being the function of the ratio of the two will ram unaffected.

5.3.2 (b) Effect of Eccentricity Ratio ¢, )
Effect of the eccentricity ratio on attitude angles been shown iig.5.3 (b) for N°= 0.5,
L/D = 1.0, D¢ =0.0001, K =0.0001 and Z = 001. It is found from the figure that at any

Im, attitude angle decreases with increase, inFurthermore, the effect of micropolar
parametet,, becomes more pronounced at higheirhe optimum micropolarity is found to

be almost independent &f and occurs dt, around 10.0.

5.3.2 (c) Effect of Slenderness Ratid.(D)
Figure.5.3 (c) shows the variation of attitude angle with for N> = 0.5, g, = 0.5,
D, =0.0001, K, =0.0001, Z = 001 andL/D ratio as a parameter. The scrutiny of the

figure reveals that ak/D ratio increasesy, increases for any value of. There is an

optimum I, for pronounced micropolar effect. This optimumuelis again found to be
marginally affected by./D ratio and occurs at arouhg = 10.0 for present case of study. At
higher values of, attitude angle converges to that for Newtoniardflt anyL/D ratio. It is

further found that below the optimum valuelgfthe attitude angle rapidly increases to that
for Newtonian fluid al, = 0. The difference in the values @f in the micropolar fluid and

that in the Newtonian fluid is found almost unatéztby the change /D value.
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Figure 5.2(a): Variation of Wo with [, for various values ofN2.
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CHAPTER 6 DYNAMIC STATE CHARACTERISTICS OF
FINITE HYDRODYNAMIC JOURNAL BEARING

6.1 Introduction
Dynamic analysis of finite hydrodynamic journal begs lubricated with micropolar
lubrication regime. A linearised technique in theni of small order perturbations of

eccentricity ratio £5) and attitude angleg)) has been adopted to simplify Reynolds Equation

and Equations of Motion. This method eliminatestthree dependent terms and the dynamic
pressure can be computed conveniently by usingjrilie difference method with successive

over-relaxation scheme.

Perturbed pressures enables one to compute thedogponents of stiffness and damping
coefficients of the bearings by the numerical indign of the perturbed pressure fields
along the line of centers and perpendicular tditieeof centers.

6.1.1 Stiffness and Damping

It will be shown subsequently that the real paftthese integrals will give to some scale the

components of stiffness and the imaginary partctimeponents of damping coefficients.
6.1.2 Oil Whirl

Apart from the stiffness and damping coefficiemstaer dynamic quantity is the threshold
of oil whirl stability, an important phenomenon é&ited by rotor/bearing system. Because
of the oil whirl, the shaft center shifts away frahe static equilibrium position, whirls in an
orbit and may ultimately come in contact with theabing surface, and the bearing may fail
due to seizure. Therefore, a study of oil whirltéwslity is important in bearing design. Oil

whirl can be induced by several conditions inclgdin

Light dynamic and preload forces
Excessive bearing wear or clearance

A change in oil properties

A w b P

An increase or decrease in oil pressure or oil sxatpre; improper bearing design
(sometimes an over design for the actual shaftihgad
5. Fluid leakage in the shroud of blades and shaftriath seals

6. Change in internal damping (hysteretic, or matetahping, or dry (coulomb) friction)
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7. Gyroscopic effects, especially on overhung rotath @xcessive overhang.

Keeping this in view, the threshold for oil whirfa rigid rotor in self acting cylindrical
journal bearings of finite length lubricated withicnopolar fluid has been analyzed
theoretically. In this analysis, the journal is calassumed to execute small harmonic
oscillation about its static equilibrium positiosuch that first order perturbation can be
applied without serious error. The equations ofiamoof the journal have been written using
the oil stiffness and damping coefficients, andrésuilting equations have been investigated
for oil whirl stability.

The results of the analysis are shown in the fofngraphs and the effects of various
parameters like micropolar parameters, eccentri@ty, and slenderness ratio are studied

and discussed.

6.2 Dynamic State Theoretical Analysis for Finite Baring

6.2.1 Governing equation for dynamic: A schematic diagram of a journal bearing in
micropolar lubrication with the appropriate coomi®m system used for the purpose of
analysis is shown in Fig 6.1. The journal is coesd to rotate with a steady angular
velocitya about its axis and it is further assumed thajdhenal undergoes a steady whirl in
an elliptic orbit with a frequencw, about its mean steady state position. The govgrnin
modified Reynolds equation (4.52) for two-dimensibitow of micropolar lubricant with the

following substitutions:

H:l, 2:2, H:D,
R L C
2
f): pCZ, |m :E, T =t ...(6.1)
HAR N

will reduce to its non-dimensional form as

o[ \ap] (DY a[_ —0[‘)}1 oh oh
gl NR)EE 2 2 gl N R =2 1-2g) St + 2L (6.2
ae[g(m )ae} (Lj az[g( )az 225t 5 62)
Where, E(Im,N,ﬁ)= 1+ _1222 N ot MR
ha2 hi_ 2
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op o =\_hi—r oy h® h Nh? NIh
=— and gl,.N,h)=—®l| ,N,h)=—+—- cot o
¢ or g(m ) 12 ( ) 12 12 2, 2

As h= ﬁ(@) is a function of  onlyg (Im‘N,ﬁ) =g( )is also function of only.

Figure 6.1: Hydrodynamic Journal Bearings under Dynamic Operatng Condition

6.2.2 Perturbation Technique

The concept of the perturbation technique is tovide small order perturbation to the
eccentricity ratio and attitude angle assuming fhernal to execute small harmonic
oscillation about its static equilibrium positido,eliminate the time dependent terms without

serious error.

First order perturbation method is utilized for mtimensional pressure and local film

thickness with assumption that the journal whild®wt its mean steady state position given

by the eccentricity ratio § with amplitudesRe (£,€") andRe (£,€"*) alongthe line of
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centers and perpendicular to the line of centespadively for which the non-dimensional

pressure and local film thickness will be as fokkow

P = Do + P& + Pogope™ . (6.3)
h =h, + £,"*" cos@ + g,pe" sin g ... (6.4)
Where,

hy =1+&,c0s88;  £=¢,+&e™;

) G
p=q@ +@e™ and Ay =Zp

The parameters with suffix ‘0’ correspond to steathte condition.
Substituting equation (6.3) and (6.4) into equaf®2) and collecting the first order terms of

€1andé&o ¢ 1 the following two equations are obtained:

o B _ P 2 227
CA%&-F —CA Sin0+(CC CO$)% aﬁ+CB a pl +[Dj a 7pl
20 96 00] 06 “loe" (L) o7’

2 4 2 27
+(C, cosh) 4 p°+(2j 0" P :—Esin<9+i)|Rcos<9
60 L) 97| 2 ... (6.5)

- — S — 2 A0—
CAa_hO%+ CAcosﬁ+(CcsinH)a_ho %-'-CB 0 p22 +(Ej 0 _22
08 06 08 | 06 06 L) a7

2 2 27 T
+(C,sinb) 6—20+[2j 0 _p20 =10038+i/1R(Sin6?—i%
00" \LJ 9z | 2 £ 09" (6.6)

Where,Ca andCg are obtained from equation (5.4) and (5.5) resp.

_, B _ _
Ce = h7° +N?ho cosech{%ho) —Ecov{ Nlmhoj

3] K2 h h
_ N Ith CoseChZ Nlth cot Nlth (67)
4 2 2

and
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Equations (6.5) and (6.6) represent the governiifferential equations for perturbed
pressures.
The boundary conditions for the perturbed pressaress follows:

1. The perturbed pressures at the ends of the beamngero

p.(6.£)=1,(6.£) =0
.. (6.8)

2. The perturbed pressure distributions are symméttmaut the midplane of the bearing
,(00) _ap,(69) _
0z 0z .. (6.9)

3. All perturbed pressure in the cavitated zone are ze

p.(6:,2)=1,(6,.2)=0,

p.(6,2)=p,(6.2)=0 forf 2 6,
.. (6.10)

Where,0;represents the angular coordinate where the fivitatas.
6.2.3.Numerical Solution for Pressures
6.2.3.1. Finite Difference Method
Equations (6.5) and (6.6) are solved by usingdiudiifference method with successive over
relaxation scheme discussed IBastelli et al [66] to obtain the perturbed pressure
distributions Bl and?)2 , satisfying the boundary conditions as given guations (6.8),
(6.9), (6.10). Following the geometrical and operadl symmetry of the bearing over its
mid-plane, the half of the bearing length is coestd and the bearing surface area is divided
into a number of rectangular meshes of SGA€><AE) each. The first and second order

derivatives of pressures are approximated by detiiffarence method as follows:

aBn _ (Bn)iﬁLj _(Bn)i—li A

00 2(A0)

a%p, (p_n)i+1,j _z(p_n)i’j + (p_n)i_l’j > Where, n=1, 2 ... (6.11)
062 (86)°

GZBn - (Bn)i,iﬂ _Z(Bn)i,i +(Bn)i,j—1

37 (azf y
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6.2.3.2 Perturbed Pressure Equations for Dynamic Aalysis
With the help of finite difference technique astethin equation (6.11) and the boundary

conditions in equation (6.8) to (6.10), the two &ipns (6.5) and (6.6) are reduced to give
the following pressure equations

(P2)i; =Ci(Py)iar; + Ca(Pr)ic; +Ca(Py)ijer + Ca(PL)ijor + Cs(Po)s i

+Co(Po)r; #Co(Po)r; +CalPo ) 1a + ColPo): 10+ Co (6.12)

(P2)1; = CalPoies; +Ca(P2)ia; +CalPa) 1+ CalP2) 2 +Cro(Po)r

+C11(p0)i+1,j +C12(Bo)i_ 1] +C13(po). j+1 ClS(BO)i,j—]_ +Cyy .(6.13)

where G, C; , C,, and G are as stated in equation (5.9) and

C, _1[(c.) {cosé?i —A—zgsinei} (Cc) £,(26)sing cosb, |;

1 ! {cosei —A—Hsina}+ (Cc) £,(A8)sin g, cosb, |;
C ( B)l 2 2 i

( 1 ((CA)J Mj Y
Co (Cs) Az v

C, = Z(:f(—%(sina—iZARcosd); Cp=- ECA; sing ... (6.14)
C - 1](C) {sme —A—ecosﬁ} (Cc) £,(A8)sin? 6
"G (Ce) 2 2C,),

_1[(c,) _A (), o).
Co, o) {sm& 7(;036?} ZC) £,(A8)sin 61},

(L)€ DY (26 g o =B _ia)sing )
Clg_(COJ((CB)J(L) (AE) sin@; C,, .(C.) (cos |4/1RS|nHi),/

-i(a6)
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where, (C,),, (C;),and (C.), are to be evaluated by using equations (5.4),€0€)(6.7), in

which ho = (ﬁo)i an % = (%j are to be calculated corresponding to efch

00

6.2.4 Finite Bearing Stiffness and Damping Coeffients
The components of the dynamic load along the lireenters and perpendicular to the line of

centers corresponding to perturbed presquee €< ) in R-direction can be written as under

(W, ) e™" = —Zjouz j:z p, cosfe,e”* Rd&iz ... (6.15)

and (W,),e" =-2["" [ p,sin6e,e" Rdaiz ... (6.16)

As the journal executes small harmonic oscillafbout its steady state position in an elliptic
orbit, the components of dynamic load can be esgesas a spring load and viscous

damping load as
(W, ) e = SeeCep + DRR%(CSR) ...(6.17)
and (W, ),e™ =S.Ce, + Dy %(CSR) ...(6.18)

Combining equations (6.15) through (6.16), non-disienalising and noting that = £,™
the following non-dimensional components of stifs@nd damping coefficient results:
Stiffness in r-direction due to disturbance in rredtion

Ser = - Re[ZJ.Ol J:Z p, cos &d Hdz} ...(6.19)

Stiffness ing direction due to disturbance in r-direction

Sjp=- Re[zﬁ j: P, sin Bdedi} .(6.20)

Damping co-efficient in r-direction due to distuniga in r-direction

D = = Im| 2[} [" Py cos Hdedz}/)lR ..(6.21)
Damping co-efficient inp-direction due to disturbance in r-direction
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D =- m{zjol j:Z P, sin Hdé?dz}/)lR ...(6.22)

Similarly, considering dynamic displacement of fbernal along® direction, it can be
shown that:

Stiffness in r-direction due to disturbancephdirection

S, = - Re[Z_[Ol j: p, cos Hdedi} ..(6.23)

Stiffness inp-direction due to disturbance ¢adirection

wp

5§ =- Re[zjol [ p, sin 6d de} .(6.24)

Damping co-efficient in r-direction due to distuniga in¢ -direction

Dy, = - Im [zjol [, cos6d edz}//lR ..(6.25)

Damping co-efficient inp-direction due to disturbance ¢ndirection

D,, = - Im [zjol j;’z P, sin Hdedz}/)lR ...(6.26)
where,
<X’ o XD |
;= 5 andD; = -—1=Rg¢gandj=Rg¢
HaR'L URL

As the dynamic pressure distributiony and p,have been obtained by finite difference

method, the above components of stiffness and daggoefficients can be easily obtained

by numerical integration using Simpson’s 1/3-rcerul

6.2.5. Equation of Motion for Finite Hydrodynamic Bearing
The dynamic pressure distributiop & P, have been obtained by finite difference method

and stiffness and damping co-efficient also havenbealculated by numerical integration
using Simpson’s 1/3 rule. Stiffness and dampingeffeient thus obtained can now be
employed to study the stability of the flexibilisypported hydrodynamic oil journal bearing

can be written as:

52



Equation of motion of rotor in ‘r’ direction is:

d’e dp)’ de de
m +—"-e|—X—| |+S,e +D, —+S e, +D,,—~ =W, CO ... (6.27
R{Ar dtz r(dtj T r dt ro~e ry dt 0 5¢ ( )
Equation of motion of rotor inD’ direction is:
d’e de d :
m{A(p + dtf + 2ere¢,} +S,6,+ D"”’d_t“ S,e +D, d_etr =w,sing ... (6.28)

Equation of motion of the bearing (neglecting theghit of bearing) in ‘r’ direction:

de de, dx, ) . dy,
I“O[A’]_Srrer -D, ot —Sr¢e¢—Dr¢,—dt¢ ——(KxI +d—dt jsm(p—(Kyb +d_dtb cosp
... (6.29)

And equation of motion of bearing i’ direction is:

de de dy, dy, i
m,|A,]-S,e,~D,,——==S,6 —D, —- =— Kx, +d—= |cosp+| Ky, +d—= |sin
[Al-Sae, -0, dt ST ( & dtj ( SRS ik

[
o} /
Yo Yo

o 1
30-¢p
@
|

r

... (6.30)

Figure 6.2: Schematic diagram of co-ordinate system
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where K and d are external Stiffness and Dampingfttoient. Here for the system
A =%,sing+y,cosg And A, =%, cosg - Y, sing
Now the following substitution are made

x, = ¢.%, = c(x, + "), y, =c.y, = c(y, + y,e”")
here; X,, Y,are steady state non-dimensional co-ordinatesrdécef bearing.

and X,V,,&,,€,& ¢are £ order perturbation

— iAg
9 =9, + ge’
e, =& .c=cle, + £,6"); e, = &,.c = cle,q + £,p€)

r r* 0 1 ’ () (7 0% 0¢?L
here; &,=Steady state eccentricity ratio
cos @ = cos @, — ¢g,e”* sin @, ; sin @ = sin @, - e~ cos @,
here; ¢,=steady state altitude angle

_nqURZL = . R — _nqUR?L __
Sij = 2c:—3.Sij y Dij = 2C3 'Dij W, = 2C—3.Wo
T=w,t | w,/w=4 : m/mg=2Z
2
m = MeCW~ (Bearing stability parameter)
WO

Now using the above substitution and equation &oteft on both sides, we have the

equation of motion in the following non-dimensiof@im:

— M, [%, singg + ¥, cosg | + (‘/‘ZWVo +S. +iAD, Je, (6.31)
+(§r¢£0 +iAD, £, +W, Sin%)@ =0 o
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~ R [% cogg ~ ¥, sing) +(S, +i/D, e,

o .. (6.32)
(Swgo NPT, + Sy +iAD, £, +W, co%)qq

(- 22zmw, +Kk +iAd )sing, + (- 222w, +k +iAd |cosg,

+(Se +iD, Je, + (- Supt, 14D, 5, + Kk cOSp ~ Ky, Singg g = . (6.33)

(—/Fzm_wO +l2+i/lc_zl)coqq)>‘<l+(—/1zzm_wO —l?—l/1d)1~7|n¢6yl ( —iAD, )5
_ _ _ _ ... (6.34
+(—S¢,p£0—i/1D¢,«,£0 - kx, singg — Ky, cosr/())gq =0 (-39
For steady state condition:
kX, sing, + Ky, cosg, = Sr&, + Sroto @
and KX, cosg, — Ky, Sing, = Sa &, + Swée, %

From whichX,& Y,are calculated as
% = (K )(Sw &, + Sroso )sings +(Su e, + Sweom )cosp)]

Yo = (J/E)l.(s” Eo t Sr!ﬂ‘go% )COS% (Sca Eo Swgo(”o )Sm %J

Now the following substitution are imposed
P, = (X, sing, + Y, cosg)
, = (v, sing, — %, cosg, )
(X, sing, + Y, cosg, )
( )

2 Ll
1

b, = (Y, sing, — X, cosg,

Therefore the equation of motion takes the conéigan as

~ PIW, B, + (- W, + S +iAD, e, +(Sept, ~iAD, £, + W, singg Jg =0 ... (6.35)
AP MW, g, + (Sw iAD, ).9 ( A° MW, &, +S¢,,,£ +iAD, wfo T Wy cos%)gq 0 ... (6.36)
(-~ z°mw, —k ~iAd B + (- Sv —iAD, Je, + (- Seot, ~iAD, 6, ~Kb, Jg = 0 ... (6.37)
And
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(2°mw, Kk —iAd)g, + (- Sy ~iAD, Je, + (- Swe, ~iAD,£, ~ Kby Jg =0 ... (6.38)

Now for non-trivial solution, the determinant ofetlabove equations (6.35), (6.36), (6.37),
and (6.38) must vanish. Equating real and imagingayts of equation (obtained by
expanding the determinant of the equations for tneral solution) separately to zero, the
following two equations result:

A m*+ A m+A.Mm*+A,Mm+A, =0 ... (6.39)
A,m*+ A, m*+A, m+A,=0 ... (6.40)
Where;
A, =C, AW, .. (6.41)
A, = Cp AW, ... (6.42)
A, = C AW, +C,, A'W,” ... (6.43)
A, = C,e AW, +C,, \°W, .. (6.44)
A, =C, A" +CyA” +Cy ... (6.45)
A, =C, AW’ ... (6.46)
A,, = C,A'W,’ .. (6.47)
A,, = C,, A*W, +C,, N*W, ... (6.48)
A,, =CyuA? +Cy ... (6.49)
C, =-Z%, ... (6.50)
C,, = ZSn&, + ZSwé, + 2Zke, + Z2Spe, + Z*W, cosg, + Zkb, ... (6.51)
C, =D,D,& - E,ZD &, —22D,D, &, +dD, &, + 2ZD, ? & aﬁﬁa - (652)
+D’D, D&, + 2ZdDrr o +22dD &, -Z°D, D, &, +d’¢

C,, = —Si Swé, = Sukb, + SiySu&, + Sukb, +27S:ySy €, + ZSakb, - ZS: W, cosg,
~KSw &, —2ZSn Spe, — Zk Sub, —kSpe, —k 20, + ZSaW, sing, - k3¢,
~ 27K S €, — 2ZKSwe, = Z2 St Sype, — 2ZkW, cOS@, — Z 2 S W, COS@,
+22S:ySu &, + Z2Sy W, sing,
. (6.53)
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C,s = 2kD,, &, +2dD,, Sipé, +dkb,D,, +2d S, D, &, - 2kD,,D, &, — 2d S D,,,£,
- Za§W’Srr &~ d_Drr V_VO cosgy, — d_Drr l61 + d_D(aV_VO Sin% - 62§" &~ azéﬂ”‘go

- d*W, cosg, - 2ZkD,,D,, £, — 2dkD,, &, - 2dkD £, — ZdD,, Swé, — 2ZdD,, W, cosg

@

—-27dS. D ¢, +2ZkD,, D, £, +22d S,D , £, + 2ZdD , W, siné, +22d S, D, &,

... (6.54)
C, =-d’D, D¢, +d°D,,D,¢, ... (6.55)
C27 = _2E§r¢7§¢r &~ E2§$ 62 + 2E§rr éq)(pgo + Rérr V_VO cosy + Ezérr 61 - EéaV_VO Sin%
+k2Sy &, +k2Spe, + 2ZKSi S, + k *W, cosg,
+ ZZEgrr V_VO COSEO - 22E§r¢§¢r 50 - ZZEéqy WO SII’]%
... (6.56)

Cyg = —d2Su S, +d?SuW, cosg, + k2D, D&, +2dkD,, S,
+2dkD,, W, cosg, +2dkD,,Sr &, —k*D,, D, £, —d°SipSa &, .. (6.57)
—d?SaW, sing - 2dk S,D,, &, - 2dkD,, W, sing, - 2dk S D, &,

C,y = —K? S Sty — K25y W, OS¢, + K2Srp Sy &, + K2 SaW, singg (6.58)

C;, =2ZD, & +ZD 6, +2Zde, +2°D, &, + Z°D 6, = 0 ... (6.59)

Cy, = —Su D6, — D, Swé, — D, Kb, +SiyD,, &, + D, Kb, + Su D, &, +2ZD,, S &, + ZD, Kb,
+27S,4D, &, - ZD, W, cosg — kD, &, + ZD , W, sing, - Zdke, - 2Zd Spe,
— 2Zdw, cosg, — Z*SgD,, £, — Z°D, W, COS@ — ZSu D .6, + Z?D,, Sref,
+22D, W, sing, +Z?SuD, &, - 2ZKD, &, — 2ZkD ¢,
... (6.60)

Cs;; =2dD, D, &, - 2dD, D&, - 22dD, D &, —d°D, &, -d *D &, ... (6.61)
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Cy, =—2D,, Sip, —KD, b, —2k S, D, &, —2d Sy Ko, + 2k Sy D, £, + 2k SD, Wy, CO
+2d SgSr £, +d S, cosg + ok, S +k°b,D,, —d S, w, sing —kD,, W, sing
+20kSi £, +20K S, + 20k, COS, +220 S S, +22d S W, cosy +k D, £, ... (6.62)
+22kSyD, &, +2ZkD, W, cosy, +22KSy D £, —2ZkD, W, sing —22kS, D, £,
~27dS:»Sy £, —27d Sy W, Singg

" ... (6.83)

Cys =20k S+ Sy, — 20k S+ W, cosg, —k2SyD, &, — kD, W, cosp
—k?SiD,£, +k*SiyD, &, +k°D, W, sing +k*S, D, &, ... (6.64)
+20K S, Sy £, + 20k S, W, Singg
The critical mass parameter & whirl ratio will betdrmined by satisfying the equations
(6.39) & (6.40) employing Newton Raphson method.

6.2.6 Results and Discussion
The stability of the bearing is expressed in tefnerdgical mass paramete(lW C) and whirl
ratio(AR), which not only depend upon the values$pfN, £,and L/D-ratio, but also depend

upon the values of non-dimensional forms of stéBvand damping coefficients of external

support and the mass ratio. There variation areéemown separately on critical mass

parameter and whirl ratio as the functionslaf DiandK,, M and Azare plotted in
separate curves as the function@fand K . for the parametric variation ¢f, N and L/D-

ratio.

6.2.6.1 Finite Bearing Non-Dimensional Components foStiffness and Damping

Coefficients

6.2.6.1(a) Effect of Coupling Number (N)
Figures.6.3(a)to 6.3(h) show the variation of the non-dimensional compas@itstiffness

and damping coefficient as function f, when coupling numbe\j is considered as a
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parameter, keepinge,, L/D,D,, K and Z fixed at 0.5, 1.0, 0.0001,0.0001,0.

respectively.

It can be observed from the figures that at anye/l,, the direct components of stiffne
Srr and S, increase with an increase in coupling number. Rgra value oiN, Skr and
S, decrease withy, and all the family of curves converge to the asytiptvalue of thes

for Newtonian fluid adn, becomes infinitely large. However,lgt- O, Skrr and Spare

much larger compared to those of Newtonian fluidbe reason for such enhanc

components of stiffness |, — Ois the same as that for load parameter. Cross coemns

of stiffnessSr, and S, follow the same trend as the direct compon
Direct and cross components of damping coefficieotease with coupling number for a
value ofl,, but at largén, (I, — ), they approach the corresponding values for Newait

fluid.

Newtoniar ——-N2=0.1 —-—-N2=0.:
....... N2=0.Et —.—N2=0.7 ceeesees N2 =(0.C
198.0001 3

178.0001 {}
158,000 § §
138.000( § :
23 118.0001
98.0001 3
78.0001 :
58.0001 -

38.000(

18.000( 35 . ==
0.00 10.00 20.00 30.00 40.00 50.060.00

Figure.6.3 (a): Variation of Srrwith |, for various values ofN2
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Figure.6.3 (b): Variation of — S, with |, for various values ofN2
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Figure.6.3 (c): Variation of Sg,Wwith . for various values ofN2
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Figure.6.3 (d): Variation of Sgwith | for various values ofN2
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Figure.6.3 (e): Variation of D rrWith . for various values ofN2
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Figure.6.3 (f): Variation of —Bmwith | for various values ofN2
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Figure.6.3 (g): Variation of 5R¢With |, for various values ofN2
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Figure.6.3 (h): Variation of waith |, for various values ofN2
6.2.6.1(b) Effect of Steady State Eccentricity Rai (&,)

Figures.6.4 (a}o 6.4(h)show the variations of n-dimensional components of stiffness ¢
damping coefficients for different values £, andl,, when other factorviz, L/ID = 1.0, &, =
0.5,D, = 0.0001, K = 0.0001,Z = 001 andN*=0.5 are kept fixed. It can be observed fr
the referred figures that an increase & increases the magnitudes of the dyna

coefficients. It is further seen that all the cueve the micropolar fluid lubrication regin

converge to those for Newtonian fluid lubricati@gime atl,, - «at |, — Othe values of

all the coefficients are more than those for Newaorfluid because of the reason discus
in chapter 5.
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Figure.6.4 (a): Variation of Srrwith | .for various values ofe,.
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Figure.6.4 (b): Variation of _§¢R with | _for various values ofe,.
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Figure.6.4 (c): Variation of Sg,with | for various values of £,
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Figure.6.4 (d): Variation of Sgwith |_for various values ofz,,.
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Figure.6.4 (e): Variation of D rrwith |.for various values of¢,, .
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Figure.6.4 (f): Variation of —B@With [.for various values of &,
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Figure.6.4 (h): Variation of waith ,.for various values of¢,, .

6.2.6.1(c) Effect of Slenderness Ratia./D)
Figures.6.5 (a}o 6.5(h)show the variations of non-dimensional componeh#ifiness and

damping coefficients with respect bm for parametric variation af/D ratio, when other
factors,L/D = 1.0, &, = 0.5D5 = 0.0001, K, =0.0001, Z = 001 andN’=0.5 are held
fixed. It can be discerned from the figures that/&sincreases the dynamic coefficients also
increase. Atl — o there is tendency of all the curves to convergéhi corresponding
values for Newtonian fluid. At lower values bh (Im - oo) micropolar lubrication gives

enhanced values of dynamic coefficients compardkdse for Newtonian fluid.
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Figure.6.5 (a): Variation of SrrWwith [,for various values of L/D ratio.
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Figure.6.5 (b): Variation of — S, with ,.for various values of L/D ratio
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Figure.6.5 (c): Variation of with for various values of L/D ratio
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Figure.6.5 (d): Variation of Sgwith |..for various values of L/D ratio.
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Figure.6.5 (e): Variation of Drrwith ,for various values of L/D ratio.
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Newtonian Fluid —— Micropolar Fluid
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Figure.6.5 (f): Variation of —quwith ..for various values of L/D ratio
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Figure.6.5 (g): Variation of -5R¢with |, for various values of L/D ratio.
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Figure.6.5 (h): Variation of E)Wwith ,for various values of L/D ratio.

2.6.2 Critical Mass Paramete(M c)

6.2.6.2(a) Effect of Coupling Number )

Figure.6.6 (a)shows the variation of critical mass parameteragsgnting the threshold of
stability as function of,, when,L/D = 1.0, &, = 0.5,D = 0.0001, K =0.0001, Z = 001
and N is considered as a parameter. It is found from fthere that the critical mass
parameter increases &bis increased. Moreover, at any particular valueNofstability
improves initially ad, is increased, reaches a maximum to that for Neaoftuid at large
value ofly,.

The load carrying capacity increases in the miciapibuid than in the Newtonian fluid. So
with the same load in a Newtonian fluid the jourwdl run at higher eccentricity ratio than
that in the micropolar fluid. As a result the stiypiin terms of critical mass parameter
enhances in micropolar fluid than Newtonian flurdiaxhibits the same trends as that of the

load parameter.
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Figure.6.6 (a): Variation of M cwith |, for various values ofN2

6.2.6.2(b) Effect of Steady State Eccentricity Rati(&,)

The effect of variation ofe,on Mcfor, L/ID = 1.0, £, = 0.5D, = 0.0001, K, = 0.0001,

Z = 001 andN is shown inFig.6.6 (b) It is found from the figure that as, increases and

then increases critical mass parameter initialyogs in the range,= 0.2 and 0.6 and then

increases irrespective bf

All the curves, however, show the tendency of cogivg to the value corresponding to the

Newtonian fluid at large value df,. For all the valuese,of stability remain higher in

micropolar fluids and attains the maximum valuaraund =10
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——— Newtonian Fluid ~ ------ Micropolar Fluid
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Figure.6.6 (b): Variation of M cwith [,.for various values ofg,,.

6.2.6.2(c) Effectof Slenderness Ratiol(/D)

Thevariation of M cas a function of, for various values of L/D ratio is plotted figure 6.6

(c) as the slenderness ratio increases the stabddredses in both type of lubrication.
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Figure.6.6 (c): Variation of M cwith |,for various values of L/D ratio.
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At higher value of L/D (L/D=2.0) the stability imicropolar lubricant initially droops below
the Newtonian fluid ad, increases and then becomes higher in micropolsd fs |,
increases and then becomes higher in micropoldd fthen Newtonian fluid forly,

approximated greater then 7.0. For all other vabfdsD ratio the stability always remains

larger in micropolar regime. The maximum deviatfoom its Newtonian value shifts from

[.,around 7.0 at L/D=0.25 tf,around 21.0 at L/D=2.0. For all cases the valuesritital

mass parameter converge to the respective valudsvitonian fluid ag, — O,and,, - .

6.2.6.3 Whirl Ratio (Ag)

6.2.6.3(a) Effect of Coupling Numberl{)

Figure.6.7 (a)shows the variation of whirl ratio with,, whenN is taken as a parameter for
L/D=1.0,¢, = 0.5D, =0.0001, K, =0.0001, Z = 001 It can be seen from the figure that
as coupling number increases, whirl ratio decreasies particular value dfl, the whirl ratio
initially decreases, reaches a minimum, then isgeawith further increase ih, and

ultimately converges to that for Newtonian fluid evi,, is indefinitely large. However, the

variation of whirl ratio is very small.

Figure.6.7 (a): Variation of A;with | _for various values of Nfratio.
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6.2.6.3(b) Effect of Steady State Eccentricity Rat (&,)

The effect of (¢,) on whirl ratio can be found frorfigure.6.7 (b)as a function ol for
N?=0.5,L/D = 1.0, &, = 0.5, D¢ = 0.0001, K =0.0001, Z = 001. It can be seen from tt
figure that the variation of whirl ratio is small £, < 0.6i.e. within 0.50057 and 0.50130.

But at higher value &, (50 < 0.6) ,Ar decreases to about 0.50012.
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Figure.6.7 (b): Variation of Aywith | for various values of &,

6.2.6.3(c) Effect of Slenderness RatiL/D)
The change in whirl ratio as shownfigure.6.7(c)for varyingL/D at constanN®=0.5,L/D =

1.0, &, = 0.5, D, =0.0001, K¢ =0.0001, Z = 001 is, however, more distinct. The pl

shows that the values 4&f in the respective fluids increase focrease irL/D ratio from

0.25 to 1.5 and decreases for further increasé/idmratio upto 2.C
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Figure.6.7 (c): Variation of A with |_for various values of L/D ratio.

6.2.6.4 Effect of Damping of External Support

Effect of damping of external support on criticahgsa parameter has been shown as plots of

M. vs. Ds for l..,N,&,,L/D separately in different plots.

6.2.6.4(a) Effect of Non-Dimensional Characteristitength (I,,)

The combine effect of non dimensional characterisigth (,,) and Dsis shown infigure
6.8(a)at N2=0.5, £,=0.5, L/D=1.0, 2=0.01, andK s=0.0001. The range of study f@s

has been taken in betwed®®and 10%as Dsis increased the value d¥l. is decreased
initially at a slower rate uptcﬁs:0.000l and theM ¢ droops at a higher rate with increase

in Ds. The highest stability is observed Iat=20.0 for all value ofDs, which reduces to
the Newtonian value ad  approaches to 0.0 apd However forl >5.0 at higheﬁsthe

values ofM cfalls at a higher rate.
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6.2.6.4(b) Effect of Coupling Number(N)

The combined effect of coupling number N abdare plotted irfigure 6.8 (b)at |, ,=20.0,
£,=0.5, L/D=1.0, 2=0.01, Ks=0.0001 which exhibits the increase Mcwith increase in

coupling number at any value @ swith the Newtonian value being the lowest. The oeas

can be attributed to stronger coupling betweenalirend angular momentum resulting in
more effective viscosity as N is increased. Thbibta decreases with the increasels.
The rate of decrease is predominant in the regﬁ%ez 0.0008 than that in the region

Ds =10° andDs =8x10™.

6.2.6.4(c) Effect of Eccentricity Ratio €,)
Figure.6.8 (¢ shows the variation oM cas a function ofDsat [,,=20.0, N=0.5, L/D=1.0

and Ks=0.0001 for the parametric study &f.The stability in micropolar fluid is always

found higher than the Newtonian fluid at any vabfies,

However the value oi\_/lcinitially falls from £,=0.1 to £,=0.5 and then increase with,
upto £,=0.9 also the difference between the values ofaopimliar fluids and Newtonian fluid

increase ag,increases.1

6.2.6.4(d) Effect Of Slenderness Ratio
The stability in terms oM.vs. D for parametric variation of L/D ratio #=20.0, N=0.5,
&, =05, Z = 01and K = 0.0001is observed ifigure 6.8 (d).The stability in both types of

lubricants is found to be decreased with increadg ratio and micropolar fluid is always
better choice in terms of stability than the Nevidonfluid. The stability is found to be

marginally reducesDincreases. The reason may be attributed to theehigiad carrying

capacity of the micropolar fluid over the Newtonfand.
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6.2.6.5 Critical Mass Parameter(M c) Vs External StiffnesqK):
Figures 6.9 (a) to 6.9 Jcshows respectively the variation & . with (KS) for various

values ofly, N? ands,. It is found from the figure that the maximum alof M. is

achieved at,, =20, that means threshold stability is maximuntlaracteristics length{
=20).lt can be found from thégure 6.9 (a)that critical mass parameter increases with

increase in coupling number. It can be shown infidnere 6.9 (b)andfigure 6.9 (c)that the
value of M is constant at a particular value of externaffregis (IZS) after that critical

mass parameter is gradually increase with incremegternal stiffness. Froring 6.2.6.5(c)lt
can be found that critical mass parameter increassincrease in the value of external

stiffness at various values of eccentricity rattcept 0.2 and 0.9. At eccentricity ratio 0.9 no

change in the value ol . with increase in(l?s)and at eccentricity ratio 0.2 critical mass
parameter constant at particular value(@‘s)but after certain value ofl?s)critical mass

parameter increase and then sudden decrease
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Figure.6.9 (a): Variation of Mc with K for various values ofi,.
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CHAPTER 7 CONCLUSIONS ANESCOPE FOR
FUTURE WORK

7.1 Conclusions
In the present dissertation, the steady state gndmdic analysis of finite flexibly supported

hydrodynamic journal bearings under micropolar ikcdtion are studied theoretically various

static and dynamic characteristics.

Bearing characteristics have been studied and mexsdor a wide range of micropolar

lubrication parameters as well as bearing parameser as to provide a guideline for the

design of such bearings. From the studies andebdts reported in the previous chapters,
the following conclusions may be drawn.

Conclusion of study of steady state characteristicof finite flexibly supported

hydrodynamic bearing

1. The steady state pressure increases, as the #aahies more and more micropolar.

2. The micropolar effect will be significant either @mthe characteristic material length is
large or the clearance is small.

3. The non-dimensional load carrying capacity incesass the coupling number increases
and non-dimensional characteristic length decredsesload parameter converges to the
Newtonian value al =0 andl,>0

4. Load parameter increases in both types of lubooawith the increase in eccentricity
ratio and slenderness ratio.

5. The load parameter remains always higher in therapatar fluid than that in the
Newtonian fluid and is markedly pronounced in higkecentricity ratio as well as in
higherL/D ratio.

6. At Iy =0, the attitude angle remains the same as ¢thahé& Newtonian fluid. The values
of the attitude angle decrease as micropolar effegieases. The attitude angle also
decreases as eccentricity ratio increases, bugases with /D ratio.

7. Micropolar fluid always is a favourable choice ovke Newtonian fluid as the friction

parameter decreases with the increase in degmeadpolarity.

Conclusion of study of Dynamic state characteriste of finite flexibly supported
hydrodynamic bearing
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1. All non-dimensional components of direct and creiffness coefficients exhibit the
similar relationship with the micropolar parametassthat of dimensionless steady state
load.

2. At a certain value ofly, all dimensionless response coefficients increasethe
eccentricity ratio or the slenderness ratio incesashen other parameters remain the
same.

3. More micropolarity represents more stability in thearing.

4. Higher eccentricity ratio favors the bearing towsahigher stability.

5. The critical mass parameter increasebl &sincreased. Moreover, at any particular value
of N, stability improves initially ad,, is increased, reaches a maximum to that for
Newtonian fluid at large value &f.

6. The load carrying capacity increase in the micrap@uid than in the Newtonian fluid

7. However a finite bearing with slenderness raticuath1.0 is always preferable over the

short or long bearing.

8. The values of the whirl ratio always remain aroum8 andL/D = 1.0, £, = 0.5,

D, =0.0001, K =0.0001and Z = 001

9. Threshold stability is maximum at characteristesgth (, =20).

7.2 Scope for Future Work:

Following are some suggested areas, which arestetatthe present work and deserve to be

explored:

1. Theoretical and experimental study of journal begdubricated with micropolar fluid
and considering the elastic deformation of the ingdmers.

2. The present work is purely a theoretical work om dtatic and dynamic characteristids
flexibly supported finite hydrodynamic journal beeys which is lubricated with
micropolar fluids and these theoretical results Idonot be compared with the
experimental data as there were no facilities efkimd required for conducting such an
experimental to collect the data. So, there iseatgscope for comparison of the present
study of the bearings with the test results, ifelcarefully.

3. A non linear transient analysis of the same probtexid be of more use and this will
indicate that the actual growth of orbit and als® limit cycles for hydrodynamic bearing
lubricated with micropolar fluid.

4. Thermodynamic analysis of the journal bearing sydtébricated with micropolar fluids.
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5. Analysis of different shaped bearings on flexiblypgort could be done and compared

with the present results.
Only a selected set of variables have been corideranalyzing different parameters for

time shortage. So, there is ample scope for siraitatysis of the bearings considering wider
range of variables.
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Appendix-1

Appendix-1 Computer Listing for Dynamic Analysis Using Perturbation Technique for

Aligned Hydrodynamic Journal Bearings Lubricated With Micropolar Fluids
C
DOUBLE COMPLEX P1(55,15),P2(55,15),TERM11
DOUBLE COMPLEX TERM21,SP0O1,SP0O2,SPN1,SPN2
DOUBLE COMPLEX AM11,AM12,AM21,AM22,F11(55),F12(55)21(55),F22(55)
DOUBLE COMPLEX CA15,CA25,WDX1,WDY1,WDX2,WDY2,DEVDEV2
INTEGER PRECAV
DOUBLE PRECISION REAL LM,LM2,LR,LR2,MP,LR2NEW,MPN& ,MPINCR,L2INCR
DOUBLE PRECISION REAL PHI,KS,ERR1,ERR2
DIMENSION P(55,20),PP1(55),PP2(55), THETA(55),HHBYRLD(5)
DIMENSION RLM(10),RDS(10),RKS(10),RZ(10),C&H),CC2(55),CC3(55)
OPEN(7,FILE='VALZ.DAT')
OPEN(6,FILE="VALKS.DAT")
OPEN(5,FILE="VALDS.DAT')
OPEN(4,FILE='DATA.DAT')
OPEN(3,FILE='RESULT.DAT')
OPEN(2,FILE='VALR.DAT)
OPEN(1,FILE="VALLM.DAT')

P1=4.0*ATAN(L.0)

WRITE(**)'IPT = ? (=44), JPT = ? (=12)'

READ(**)IPT,JPT

WRITE(**)'GIVE VALUES FOR: LR (=WHIRL RATIO) (Gien as 1.0)'
READ(*,)LR

WRITE(*,*) MICROPOLAR CHARACTERISITCS LM, AN2 (=I2)'
READ(*,)LM,AN2

WRITE(*,*)'GIVE VALUES FOR: EPHO'

READ(*,*)EPHO

WRITE(*,*) MICROPOLAR CHARACTERISITCS AN2 (=N2)'
READ(*,*)AN2

WRITE(*,*)'GIVE VALUES FOR: R (=SLENDERNESS RATID
READ(*,*)R

WRITE(*,1000)

C1000 FORMAT('FOR SUPPORT: STIFFNESS COEFFICIENS, K?//13X,
C #DAMPING COEFFICIENT, DS = ?)

C READ(*,)KS,DS

C WRITE(*,*)'MASS RATIO = ?'

O 0O 000000000
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C READ(*,%)Z
WRITE(**)'GIVE VALUE FOR: ORF (1.03/1.05)'
READ(*,*)ORF

KNT=1
AN2=0.5
READ(L,*)(RLM(ILM),ILM=1,8)
READ(2,*)(RLD(IR),IR=1,5)
READ(5,*)(RDS(IDS),IDS=1,6)
READ(6,*)(RKS(IKS),IKS=1,6)
READ(7,%)(RZ(1Z),1Z=1,5)

570  IF(AN2.GT.0.5) GOTO 180
ILM=1

550  IF(ILM.GT.8) GOTO 560
LM=RLM(ILM)
WRITE(3,1510)LM,AN2

1510 FORMAT(5X,/'MICROPOLAR FLUID CHARACTERISTIC#5X,'NON-DIMENSIONAL

# CHARACTERISTICS LENGTH, LM =',F10.3,3X,'COUMG NUMBER, N2 =',
#F10.3/)

C
LR=1.0
MP=1.0
1Z=1
Z=RZ(12)

530  IF(IZ.GT.1) GOTO 540
IKS=1
KS=RKS(IKS)

510  IF(IKS.GT.1) GOTO 520
IDS=1

490  IF(IDS.GT.1) GOTO 500
DS=RDS(IDS)

IR=1

470  IF(IR.GT.1) GOTO 480
R=RLD(IR)

EPH0=0.1

WRITE(3,1520)DS,KS,Z
1520 FORMAT(5X,'EXTERNAL SUPPORT CHARACTERISTIC#HX,'NON-DIMENSIONAL
# DAMPING COEFF. DS =',F10.5/5X,'NON-DIMENSI@\ STIFFNESS COEFF.
#KS =',F10.5/5X,'MASS RATIO, Z =',F10.3/)



WRITE(3,1530)LR,MP
1530 FORMAT(5X,LR =',F7.4,5X,'MP =',F7.4/)
WRITE(3,1010)

1010 FORMAT(3X,'L/D',2X,'EPHO",1X,ITER',6X,'SS LAX,6X,'ATT ANGLE',
#3X,IP1',1X,1P2',8X,'SRR’,11X,'SPR',11X, DRR X, DPR’, 11X,
#SRP',11X,'SPP',11X,'DRP',11X,'DPP",4X,'STABY',4X,'WH RATIO",
#7X,'MASS PARA',13X,'SN'/)

450  IF (EPHO.GE.1.0) GOTO 460

C

WRITE(*,1220)KNT,LR,LM,AN2,R,EPHO

1220 FORMAT(/4X,’KNT='18,4X,'LR=",F4.2,3X,'LM=",F2,3X,
#AN2="F6.3,3X,'R=",F3.1,3X, EPH0='F5.2)

C

I5=IPT+2
16=15+1
14=15-1
13=14-1
12=13-1
J5=JPT+2
J6=J5+1
J4=J5-1
J3=J4-1
J2=J3-1
Al3=I3
AJ3=J3

DELTH=2.0*PI/AI3
DELZ=1.0/AJ3
DELTH2=DELTH*DELTH
DELZ2=DELZ*DELZ
DELR2=DELTH2/DELZ2

RR=1.0/R

RR2=RR*RR

LM2=LM*LM
AN=SQRT(AN2)
AN3=AN2*AN
DENO=2.*(1.0+RR2*DELR2)



O o0 o0 0

ITER=1
SPO=0.
SPO1=CMPLX(0.,0.)
SPO2=CMPLX(0.,0.)

CALCULATION OF FILM THICKNESS AND THE FUNTIONS F2COTH(N*LM*H0/2)
AND F2={COSECH(N*LM*H0/2)}"2

DO 10 I=2,15
Al=l-2
THETAI=ADELTH
THETA(I)=THETAI
HO=1.0+EPHO*COS(THETAI)
HHO(I)=HO
A=0.5*AN*LM*HO
TANHA=TANH(A)
COTHA=1.0/TANHA
SINHA=SINH(A)
CSCHA=1.0/SINHA
CSCHA2=CSCHA*CSCHA
H02=HO0*HO
HO3=HO02*HO
CC1(1)=H02/4.+1./LM2-AN*HO*COTHA/LM+AN2*H02*CSCHAZ4.
CC2(1)=H03/12.+HO/LM2-0.5*AN*H02*COTHA/LM
CC3(1)=H0/2.+AN2*HO*CSCHA2-AN*COTHA/LM-AN3*LM*H02* CSCHA2*COTHA/4.

10

@]

20

@]

70

CONTINUE

INITIALISATION OF PRESSURE

DO 20 I=1,I6

DO 20 J=1,J6
P(1,)=0.0
P1(1,J)=CMPLX(0.,0.)
P2(1,J)=CMPLX(0.,0.)
CONTINUE

SETTING OF BOUNDARY CONDITIONS

DO 30 I=2,I5
P(1,J5)=0.0
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30

@]

40

@]

50

P(1,1)=P(1,3)
CONTINUE

SOLUTION OF REYNOLDS' EQUATION

DO 40 J=2,J4
DO 40 I=2,I5
THETAI=THETA(l)

cC1l=Cci(l)

cc21=Cc2(l)

CC3I=CC3(l)
CA=0.5*CC1I*EPHO*DELTH*SIN(THETAI)/CC2I
CA1=(1.0-CA)/DENO

CA2=(1.0+CA)/DENO

CA3=RR2*DELR2/DENO

CA4=CA3
CA5=0.5*EPHO*DELTH2*SIN(THETAI)/(CC2I*DENO)
TERM=CA1*P(I+1,J)+CA2*P(I-1,J)+CA3*P(1,J+1)+CA4*P(-1)+CA5
ERR=TERM-P(1,J)

P(1,J)=P(1,J)+ORF*ERR
IF(P(1,3).LT.0.0) P(1,3)=0.0
IF(I.LEQ.I5) THEN
P(15,3)=P(2,J)
ELSEIF(L.LEQ.14) THEN
P(1,J)=P(14,J)
ELSE
GOTO 40
ENDIF
CONTINUE

TEST FOR CONVERGENCE

SPN=0.0
DO 50 J=2,J5

DO 50 I=2,I5
SPN=SPN+P(l,J)
CONTINUE
ERR=1.0-SPO/SPN
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IF(ABS(ERR).LE.0.001.0R.ITER.GE.1000) GOTO 60

ITER=ITER+1
SPO=SPN
GOTO 70
60 IF(ITER.GE.1000) THEN
GOTO 80
ELSE
GOTO 90
ENDIF
80 WRITE(**)'GIVE NEW VALUE FOR: ORF test1'
READ(*,*)ORF
ITER=1
GOTO 70
C
C TEST FOR CAVITATION
C
920 1=5

130  IF(P(1,2))100,100,110
110  IF(I.EQ.I5) GOTO 120

=1+1

GOTO 130
120 WRITE(*,*)'NO CAVITATION IN THE BEARING'
100 NCAVI=I

PRECAV=NCAVI-1
THETAO=(NCAVI-2)*360.0/AI3

C
C EVALUATION OF LOAD AND ATTITUDE ANGLE
C

DO 140 J=2,J4

PP1(J)=0.0

PP2(J)=0.0

DO 140 |=2,PRECAV,2
IF(ILEQ.PRECAV) GOTO 150

Al=l-2

TH1=A*DELTH

TH2=TH1+DELTH

TH3=TH2+DELTH
TERM1=P(l,J)*COS(TH1)+4.*P(1+1,J)*COS(TH2)+P(I+PCOS(TH3)
TERM2=P(1,J)*SIN(TH1)+4.*P(1+1,J)*SIN(TH2)+P(1+2)38IN(TH3)
PP1(J)=PP1(J)+ TERM1*DELTH/3.



PP2(J)=PP2(J)+ TERM2*DELTH/3.
GOTO 140
150  M=PRECAV-1
Al=M-2
TH1=AI*DELTH
TH2=TH1+DELTH
TH3=TH2+DELTH
TERM1=-P(M,J)*COS(TH1)+8.*P(M+1,J)*COS(TH2)+5.*P(2,J)*COS(TH3)
TERM2=-P(M,J)*SIN(TH1)+8.*P(M+1,J)*SIN(TH2)+5.*P(M2,J)*SIN(TH3)
PP1(J)=PP1(J)+ TERM1*DELTH/12.
PP2(J)=PP2(J)+ TERM2*DELTH/12.
140  CONTINUE

WX=0.0
WY=0.0
DO 160 J=2,J4,2
IF(J.EQ.J4) GOTO 170
TERM1=PP1(J)+4.*PP1(J+1)+PP1(J+2)
TERM2=PP2(J)+4.*PP2(J+1)+PP2(J+2)
WX=WX+TERM1*DELZ/3.
WY=WY+TERM2*DELZ/3.
GOTO 160

170 M1=J4-1
TERM1=-PP1(M1)+8.*PP1(M1+1)+5*PP1(M1+2)
TERM2=-PP2(M1)+8.*PP2(M1+1)+5 *PP2(M1+2)
WX=WX+TERM1*DELZ/12.
WY=WY+TERM2*DELZ/12.

160  CONTINUE
W=2*SQRT(WX*WX+WY*WY)
ATTRAD=ATAN(-WY/WX)
ATT=ATTRAD*180./PI
SN=1./(PI*W)
PHI=ATTRAD

NOPT=2
IF(NOPT-2)180,190,80
190 ITERP1=1

240 DO 200 I=1,I6
P1(1,1)=P1(1,3)



200

O o0 o0 0

C

CONTINUE

DO 210 J=2,J4
DO 210 I=2,PRECAV
THETAI=THETA(l)
CC1l=CC1(l)
cc21=Ccc2(l)
CC3I=CC3(l)

CALCULATION OF THE COEFFICIENTS RELATED WITHHE EXPRESSION OF
THE PERTURBED FILM PRESSURE, P1

CAA=(COS(THETAI)-0.5*DELTH*SIN(THETAI))*CC1I/CC2I
CAB=(COS(THETAI)+0.5*DELTH*SIN(THETAI))*CC11/CC2I
CAC=0.5*CC3I*EPHO*DELTH*SIN(THETAI)*COS(THETAI)/CCI
CAD=0.5*DELTH2/(CC2I*DENO)
CA=0.5*CC1I*EPHO*DELTH*SIN(THETAI)/CC2I
CA6=(1.0-CA)/DENO

CA7=(1.0+CA)/DENO

CA8=RR2*DELR2/DENO

CA9=CAS8

CA10=-CC1I*COS(THETAI)/CC2I

CA11=(CAA-CAC)/DENO

CA12=(CAB+CAC)/DENO
CA13=CC1I*RR2*DELR2*COS(THETAI)/(DENO*CC2I)
CA14=CA13

CA15A=SIN(THETAI)

CA15B=-2.*LR*COS(THETAI)
CA15=CAD*CMPLX(CA15A,CA15B)

C CALCULATION OF PERTURBED FILM PRESSURE, P1

Cc

TERM11=CA6*P1(l+1,J)+CA7*P1(I-1,J)+CA8*P1(1,J+1)#O*P1(l,J-1)+

#CAL0*P(1,J)+CAL1*P(1+1,J)+CA12*P(I-1,J)+CA1Bfl,J+1)+CA14*
#P(1,J-1)+CA15

DEV1=TERM11-P1(l,J)
P1(1,J)=P1(l,J)+ORF*DEV1
IF(I.LEQ.2) THEN
P1(15,J)=P1(2,J)
ELSEIF(I.EQ.14) THEN
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210

@]

220

230

245
250

260

O o0 o0 0

P1(1,J)=P1(14,J)
ELSE
GOTO 210
ENDIF
CONTINUE

TEST FOR CONVERGENCE OF P1

SPN1=CMPLX(0.,0.)
DO 220 J=2,J4
DO 220 I=2,NCAVI
SPN1=SPN1+P1(1,J)
CONTINUE
DEV1=1.-SPO1/SPN1
IF((CDABS(DEV1).LE.0.001).0R.ITERP1.GE.250) GO P30
ITERP1=ITERP1+1
SPO1=SPN1
GOTO 240
IF(ITERP1.GE.250) THEN
GOTO 80

ELSE

GOTO 245
ENDIF
ITERP2=1
DO 260 I=1,16
P2(1,1)=P2(1,3)
CONTINUE

DO 270 J=2,J4

DO 270 |I=2,PRECAV
THETAI=THETA(l)
CC1l=CCci(l)
cc21=Ccc2(l)
CC3I=CC3(l)

CALCULATION OF THE COEFFICIENTS RELATED WITHHE EXPRESSION OF
THE PERTURBED FILM PRESSURE, P2

CBA=(SIN(THETAI)+0.5*DELTH*COS(THETAI))*CC1ICC2I

CBB=(SIN(THETAI)-0.5*DELTH*COS(THETAI))*CC1I/CC2I
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C

CBC=0.5*CC3I*EPHO*DELTH*SIN(THETAI)*SIN(THETAI)/CC2I
CBD=-0.5*DELTH2/(CC2I*DENO)
CA=0.5*CC1I*EPHO*DELTH*SIN(THETAI)/CC2I
CA16=(1.0-CA)/DENO

CA17=(1.0+CA)/DENO

CA18=RR2*DELR2/DENO

CA19=CA18

CA20=-CC1I*SIN(THETAI)/CC2I
CA21=(CBA-CBC)/DENO

CA22=(CBB+CBC)/DENO
CA23=CC1I*RR2*DELR2*SIN(THETAI)/(DENO*CC2I)
CA24=CA23

CA25A=COS(THETAI)

CA25B=4.*LR*SIN(THETAI)
CA25=CBD*CMPLX(CA25A,CA25B)

C CALCULATION OF PERTURBED FILM PRESSURE, P2

C

TERM21=CA16*P2(1+1,J)+CA17*P2(I-1,J)+CA18*P2(I, JHCA19*P2(1,J-1)

#+CA20*P(1,J)+CA21*P(1+1,J)+CA22*P(I-1,J)+CAZB(I,J+1)+CA24*
#P(1,J-1)+CA25

270

@]

280

DEV2=TERM21-P2(1,J)
P2(1,J)=P2(1,J)+ORF*DEV2
IF(I.LEQ.2) THEN
P2(15,3)=P2(2,J)
ELSEIF(L.LEQ.14) THEN
P2(1,J)=P2(14,J)
ELSE
GOTO 270
ENDIF
CONTINUE

TEST FOR CONVERGENCE OF P2

SPN2=CMPLX(0.,0.)
DO 280 J=2,J4

DO 280 I=2,NCAVI
SPN2=SPN2+P2(1,J)
CONTINUE
DEV2=1.-SPO2/SPN2
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@]

300

IF((CDABS(DEV2).LE.0.001).0R.ITERP2.GE.250) GO P90
ITERP2=ITERP2+1
SPO2=SPN2
GOTO 250
IF(ITERP2.GE.250) THEN
GOTO 80
ELSE
GOTO 300
ENDIF

EVALUATION OF STIFFNESS

DO 310 J=2,J6
F11(J)=CMPLX(0.,0.)
F12(J)=CMPLX(0.,0.)
F21(J)=CMPLX(0.,0.)
F22(J)=CMPLX(0.,0.)
IF(NCAVI.EQ.I5) THEN
NMOD=I3
ELSE
NMOD=PRECAV
ENDIF
DO 310 I=2,NMOD,2
IF(ILEQ.PRECAV) GOTO 320
Al=|
TH1=(Al-2.0)*DELTH
TH2=TH1+DELTH
TH3=TH2+DELTH

AM11=P1(I,J)*COS(TH1)+4.*P1(1+1,J)*COS(TH2)+P1(I:Q*COS(TH3)
AM12=P1(I,J)*SIN(TH1)+4.*P1(1+1,J)*SIN(TH2)+P1(1+2)*SIN(TH3)

F11(J)=F11(J)+AM11*DELTH/3.0
F12(J)=F12(J)+AM12*DELTH/3.0

AM21=P2(1,J)*COS(TH1)+4.*P2(1+1,J)*COS(TH2)2R+2,J)*COS(TH3)
AM22=P2(1,J)*SIN(TH1)+4.*P2(1+1,J)*SIN(TH2)+P2(1+2)*SIN(TH3)

F21(J)=F21(J)+AM21*DELTH/3.0
F22(J)=F22(J)+AM22*DELTH/3.0
GOTO 310
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320

310

340

M=PRECAV-1
Al=M-2
TH1=AI*DELTH
TH2=TH1+DELTH
TH3=TH2+DELTH

AM11=-P1(M,J)*COS(TH1)+8.*P1(M+1,J)*COS(TH2)+5 *A+2,J)*COS(TH3)
AM12=-P1(M,J)*SIN(TH1)+8.*P1(M+1,J)*SIN(TH2)+5.*RM+2,J)*SIN(TH3)

F11(J)=F11(J)+AM11*DELTH/12.
F12(J)=F12(J)+AM12*DELTH/12.

AM21=-P2(M,J)*COS(TH1)+8.*P2(M+1,J)*COS(TH2)+5.*Ad+2,J)*COS(TH3)
AM22=-P2(M,J)*SIN(TH1)+8.*P2(M+1,J)*SIN(TH2)+5.*R&1+2,J)*SIN(TH3)

F21(J)=F21(J)+AM21*DELTH/12.
F22(J)=F22(J)+AM22*DELTH/12.
CONTINUE

WDX1=CMPLX(0.,0.)
WDY1=CMPLX(0.,0.)
WDX2=CMPLX(0.,0.)
WDY2=CMPLX(0.,0.)

DO 330 J=2,J4,2

IF(J.EQ.J4) GOTO 340
AM11=F11(J)+4*F11(J+1)+F11(J+2)
AM12=F12(J)+4.*F12(J+1)+F12(J+2)
WDX1=WDX1+AM11*DELZ/3.0
WDY1=WDY1+AM12*DELZ/3.0

AM21=F21(J)+4.*F21(J+1)+F21(J+2)
AM22=F22(J)+4.*F22(J+1)+F22(J+2)
WDX2=WDX2+AM21*DELZ/3.0
WDY2=WDY2+AM22*DELZ/3.0
GOTO 330

M1=J4-1
AM11=-F11(M1)+8*F11(M1+1)+5.*F11(M1+2)
AM12=-F12(M1)+8 *F12(M1+1)+5 *F12(M1+2)
WDX1=WDX1+AM11*DELZ/12.0
WDY1=WDY1+AM12*DELZ/12.0
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AM21=-F21(M1)+8 *F21(M1+1)+5 *F21(M1+2)
AM22=-F22(M1)+8 *F22(M1+1)+5.*F22(M1+2)
WDX2=WDX2+AM21*DELZ/12.0
WDY2=WDY2+AM22*DELZ/12.0

330  CONTINUE

C
C TOTAL DYNAMIC LOAD FOR PERTURBED PRESSURES P1 ANE2
C
WDX1=2.*WDX1
WDY1=2.*WDY1
WDX2=2.*WDX2
WDY2=2.*WDY?2
C
C STIFFNESS AND DAMPING COEFFICIENTS FOR THE REURBED FILM
C PRESSURE, P1
C
SRR=-2.0*REAL(WDX1)
SPR=-2.0*REAL(WDY1)
WDX1A=AIMAG(WDX1)
WDY1A=AIMAG(WDY1)
DRR=-2.0*WDX1A/LR
DPR=-2.0*WDY1A/LR
C
C STIFFNESS AND DAMPING COEFFICIENTS FOR THE REURBED FILM
C PRESSURE, P2
C
SRP=-2.0*REAL(WDX2)
SPP=-2.0*REAL(WDY?2)
WDX2A=AIMAG(WDX2)
WDY2A=AIMAG(WDY2)
DRP=-2.0*WDX2A/LR
DPP=-2.0"WDY2A/LR
C
C CALCULATION OF WHIRL RATIO AND CRITICAL MASS PARAVETER
C
350  ITERNR=1
C
C WRITE(**) TEST 1'

X=((SRR+SRP*PHI)*DSIN(PHI)+(SPR+SPP*PHI)*DCOS(PHEPHO/KS
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Y=((SRR+SRP*PHI)*DCOS(PHI)-(SPR+SPP*PHI)*DSIN(PMEPHO/KS

C
AO=(X*DSIN(PHI)+Y*DCOS(PHI))
BO=(Y*DSIN(PHI)-X*DCOS(PHI))
C WRITE(* *) TEST 2'
C WRITE(* %)X =" X,' Y =\Y,' A0 =',A0,' BO =',BO
C
C COEFFICIENTS OF MBAR IN REAL EQ.: A4 FOR MBARM\3 FOR MBAR"3,
C A2 FOR MBAR"2, A1 FOR MBAR AND A0 IS CONSTANT
C
LR2=LR*LR
C1=SPP+SRR
C2=SPR+SRP
C3=DPP+DRR
C4=DPR+DRP

C5=SPR*SRP-SPP*SRR
C6=DPR*DRP-DPP*DRR
C7=DRP*SPR-DRR*SPP+DPR*SRP-DPP*SRR
360 C8=KS**2-LR2*DS**2
Cc WRITE(*,*)'C1 =',C1,' C2 =',C2,' C3 =',C3,' C4C4

C WRITE(*,*)'C5 =',C5,' C6 =',C6,' C7 =',C7,' C8E8
C
CRM4=-EPHO*((W*LR2)**4)*(Z**2)
C
CRM3=((W*LR2)**3)*Z*(A0*K S+EPHO*(C1*(1.+Z)+2.*KS)+W*Z*DCOS(PHI))
C

CRM2=-((W*LR2)**2)*(EPHO*(-C5+C1*K S+LR2*(C6-C3*DS)*(1.+2.*2)+
#((A0*SRR-B0O*SPR)*K S+W*Z*(SRR*DCOS(PHI)-SPR*ON(PHI)))*(1.+2)+
HEPHO*(C8-(Z*2)*(C5-LR2*C6))+A0*(KS**2)+2.*KS'W*Z*DCOS(PHI))

CRM1=-W*LR2*(EPHO*(2.*((C5*KS-LR2*(C6*KS+C7*DS))*(L.+Z)+
#LR2*C3*DS*KS))-(C1*EPHO+W*DCOS(PHI))*C8+((BOBPR-A0*SRR)*KS-
#(BO*DPR-A0*DRR)*LR2*DS)*KS-W*((SRR*KS-LR2*DRRDS)*DCOS(PHI)-

#(SPR*KS-LR2*DPR*DS)*DSIN(PHI))*(1.+2.%Z))

CRMO0=-2.*LR2*(EPHO*C7+W*(DPR*DSIN(PHI)-DRR*DCOS(PH))*DS*KS+
#(EPHO*(C5-LR2*C6)+W*(SPR*DSIN(PHI)-SRR*DCOSKR)))*C8

CIM3=EPHO*((W*LR2)**3)*Z*(C3*(1.+Z)+2.*DS)
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O 0O 00000000 O o0 o000

O o0 o0 0

CIM2=((W*LR2)**2)*([EPHO*(C7*(1.+Z)**2-(DS*C1+KS*C3)*(1.+2.%Z))-
#(A0+2 *EPH0)*DS*KS-KS*(A0*DRR-BO*DPR)*(1.+Z)2. *\W*DS*Z*DCOS(PHI)+
#W*(DPR*DSIN(PHI)-DRR*DCOS(PHI))*Z*(1.+2))

CIM1=LR2*W*(2. *EPHO*(-DS*C5-KS*C7+LR2*DS*C6)*(1.+2+
#2 *(EPHO*C1+W*DCOS(PHI))*DS*K S+EPH0*C3*C8+((@¢SRR-BO*SPR)*DS+
#(AO*DRR-BO*DPR)*KS)*KS+W*((DS*SRR+KS*DRR)*DCGB(PHI)-
#(DS*SPR+KS*DPR)*DSIN(PHI))*(1.+2.*2))

CIMO=((EPHO*C7+W*(DPR*DSIN(PHI)-DRR*DCOS(PHI)))*C82.*( EPHO*
#(C5-LR2*C6)+W*(SPR*DSIN(PHI)-SRR*DCOS(PHI))PS*KS)
WRITE(**) TEST 3'
WRITE(*,*)'CRM4 =',CRM4,' CRM3 =',CRM3, CRM2 €RM2,
# CRM1 =',CRM1,' CRMO=',CRMO
WRITE(*,*)'CIM4 =',CIM4,' CIM3 =',CIM3,' CIM2 =CIM2,
# CIM1 =',CIM1,' CIMO=',CIMO

*kkkkkkk *% *kkk * *k%

SIMULTANEOUS SOLUTION BY NEWTON RAPHSON-METHOD

*kkkkkkk *% *kkk * *k%

WRITE(*,*)'LAMDA,MASS_PARA,'
READ(*,*)LR,MP

COMPUTED VALUES OF REAL PART (FR) AND IMEGINARY RRT (FI)

FR=CRM4*MP**4+CRM3*MP**3+CRM2*MP**2+CRM1*MP+CRMO0
FI=(CIM3*MP**3+CIM2*MP**2+CIM1*MP+CIM0)*SQRT(LR2)

COEFFICIENTS REAL AND IMEGINARY EQ. AFTER PARTIADIFFERENTIATION
WITH RESPECT TO LR

DLR2DLR=2.*LR

DCRM4DL2=4.*CRM4/LR2

DCRM3DL2=3.*CRM3/LR2

DCRM2DL2=2 *CRM2/LR2-EPHO*((W*LR2)**2)*(C6*(1.+Z)**2-
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C

(@)

O o0 o0 o000

#(C3%(1.42.*2)+DS)*DS)

DCRM1DL2=CRM1/LR2-LR2*W*(-2 *EPHO*(C6*KS+C7*DS)*(1+Z)+
#(C1*EPHO+W*DCOS(PHI))*DS*DS+(2. *EPHO*C3+A0*DR-BO*DPR)*DS*K S+
#W*DS*(DRR*DCOS(PHI)-DPR*DSIN(PHI))*(1.+2.%Z))

DCRMODL2=-2.*(EPHO*C7+W*(DPR*DSIN(PHI)-DRR*DCOS(PH))*DS*KS-
HEPHO*C6*((KS**2)-LR2*(DS**2))-(EPHO*(C5-LR2*@)+
#W*(SPR*DSIN(PHI)-SRR*DCOS(PHI)))*(DS**2)

DCIM3DL2=3.*CIM3/LR2

DCIM2DL2=2.*CIM2/LR2

DCIM1DL2=CIM1/LR2+EPHO*W*LR2*(2.*C6*(1.+2)-C3*DS)*DS

DCIMODL2=-(EPHO*C7+W*(DPR*DSIN(PHI)-DRR*DCOS(PHI)fDS*DS-
#2 *EPHO*C6*DS*KS

1st ORDER PARTIAL DERIVATIVES OF FR & FI WITRRESPECT TO MP & LR

DFRDMP=4.*CRM4*MP**3+3.*CRM3*MP**2+2 *CRM2*MP+CRM1

DFRDL2=DCRM4DL2*MP**4+DCRM3DL2*MP**3+DCRM2DL2*MP** 2+DCRM1DL2*MP+

#DCRMODL2

DFIDMP=3.*CIM3*MP**2+2 *CIM2*MP+CIM1

DFIDL2=FI/(DLR2DLR*SQRT(LR2))+(DCIM3DL2*(MP**3)+DCM2DL2*(MP**2)+
#DCIM1DL2*MP+DCIMODL2)*(SQRT(LR2))

IF(ITER.NE.1) GO TO 20
WRITE(*,*) 'REAL TERM='",FR, IMAGINARY TERM="FI
WRITE(**) WANT TO FURTHER INITIALIZE? IF YES PRBS 1'
READ(*,*) LOGIC

IF(LOGIC.EQ.1) GO TO 401
DEN=(DFIDMP*DFRDL2-DFRDMP*DFIDL2)
MPINCR=(FR*DFIDL2-FI*DFRDL2)/DEN
L2INCR=-(FR*DFIDMP-FI*DFRDMP)/DEN
MPNEW=MP+MPINCR
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LR2NEW=LR2+L2INCR

ERR1=DABS((MPNEW-MP)/MP)
ERR2=DABS((LR2NEW-LR2)/LR2)
IF((ERR1.GT.1.0E-03).AND.(ERR2.GT.1.0E-03)).0R.
#(ITERNR.GT.250)) THEN
IFITERNR.GT.1000) THEN
WRITE(*,*)'MODIFY THE INITIAL VALUES AS ITER IS >1000'
MP=MP+2.0
GO TO 350
ENDIF
MP=MPNEW
LR2=LR2NEW
LR=SQRT(LR2)
ITERNR=ITERNR+1
WRITE(**)'ITERNR = ITERNR,' LR2="LR2,' MP="MP
GO TO 360
ELSE
MP=MPNEW
LR2=LR2NEW
LR=SQRT(LR2)
ENDIF

IF(LR2) 370,370,380
370  WRITE(3,1020)R,EPHO,ITER,W,ATT,ITERP1,ITERP2BBPR,DRR,DPR,SRP,
#SPP,DRP,DPP
1020 FORMAT(F7.5,1X,F4.2,1X,14,2X,E13.6,2X,E13.6,1%1X,13,1X,E13.6,
#1X,E13.6,1X,E13.6,1X,E13.6,1X,E13.6,1X,E1B¥6F13.6,1X,E13.6,2X,
#INFINITE')
GO TO 390
C
380  LR=SQRT(LR2)
WRITE(3,1030)R,EPHO,ITER,W,ATT,ITERP1,ITERP2,SRREEDRR,DPR,SRP,
#SPP,DRP,DPP,LR,MP,SN
1030 FORMAT(F7.5,1X,F4.2,1X,14,2X,E13.6,2X,E13.6,1%1X,13,1X,E13.6,
#1X,E13.6,1X,E13.6,1X,E13.6,1X,E13.6,1X,E1BX6F13.6,1X,E13.6,4X,
#FINITE',2X,E13.6,3X,E13.6,4X,E13.6)
C
390  KOUNT=3
IF(KOUNT-2)180,420,430
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420

440

430

460

480

500

520

540

560

180

WRITE(*,*)'NEW VALUE OF ORF = test2'

READ(*,*)ORF
ITER=1

DO 440 J=1,J6

DO 440 I=1,16
P1(1,J)=CMPLX(0.,0.)
P2(1,J)=CMPLX(0.,0.)
CONTINUE
SPO1=CMPLX(0.,0.)
SPO2=CMPLX(0.,0.)
GO TO 240

EPHO=EPHO0+0.1
KNT=KNT+1
GOTO 450
IR=IR+1

GOTO 470
IDS=IDS+1
GOTO 490
IKS=IKS+1
GOTO 510
1Z=1Z+1

GOTO 530
ILM=ILM+1
GOTO 550
AN2=AN2+0.2
GOTO 570
WRITE(*,*)’PROGRAM TERMINATED'
STOP

END
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