DYNAMIC ANALYSIS INCLUDING STABILITY OF INFINITELY
LONG FLEXIBLY SUPPORTED JOURNAL BEARINGS WITH
MICROPOLAR LUBRICANT

A
Thesis Report
Submitted in partial fulfillment of the requirement for the award of
degree

MASTER OF ENGINEERING
IN
CAD/CAM & ROBOTICS

Submitted By
ANIRBAN DAS
Roll No. 800881025

Under the Guidance of
Dr. AK.CHATTOPADHYAY
Professor & H.O.D.
Mechanical Engineering Department
Mody Institute of Technology & Science
Lakshmangarh, Rajasthan

DEPARTMENT OF MECHANICAL ENGINEERING
THAPAR UNIVERSITY
PATIALA-147004, INDIA



- This is to certify that the work which is being presented in this thesis report entitled
“Dynamic analysis including stability of infinitely long Slexibly supported journal bearings
with micropolar lubricant’ in partial fulfillment of requirement for the award of the master

- degree in CAD/CAM & Robotics submitted in the mechanical engineering department,

] Thapar University, Patiala, is an authentic record of the initial work carried out by me under

' the guidance of Dr. A.K.CHATTOPADHYAY, Professor & H.0.D., Mechanical
Engineering Department, Mody Institute of Technology & Science, Lakshmangarh,

: Rajasthan.

- The matter embodied in this report has not been submitted in part or full to any other

university or institute for the award of any degree.

Dated: 944 \7;[,7 . R010 \Z%(J?’éw\ga\]/_)

Anirban Das
- This is to certify that above declaration made by the student concerned is correct to the best
of my knowledge & belief.

Dr. AK.CHATTOPADHYAY
Professor & H.O.D.
Mechanical Engineering Department

Mody Institute of Technology & Science,

Lakshmangarh,Rajasthan
Countersigned by

1 J —51 50
Dr. S.K. MOITABAPRA Dr.RK. SHARMA® -
Professor and H.O. Dean of Academic Affairs

o

Mechanical Engineering Department Thapar University
Thapar University, Patiala Patiala




ACKNOWLEDGEMENT

| am highly grateful to the authorities of Thapamitérsity, Patiala for providing this

opportunity to carry out the thesis work.

| would like to express a deep sense of gratitudkthank profusely to my thesis guide
Dr.A.K.Chattopadhyay for his sincere & invaluable guidance, suggestiamd attitude

which inspired me to submit thesis report in thespnt form.

| am especially thankful tdr.J.S.Saini, Mr.Anirban Bhattacharya, Mr. Ravinder
Kumar Duvedi assistant professors, Mechanical Engg. DepartriiéhtPatiala for their

invaluable guidance.

| am also thankful to other faculty members of Mmulal Department, TU, Patiala for
their intellectual support. My special thanks ave do my family members and friends

who constantly encouraged me to complete this study

L/Z%{fg/é;%@ /g;/o“ .

Anirban Das



ABSTRACT

The aim of the present thesis is to study theakyicusing finite difference techniques,
the stability characteristics of infinitely longeflibly supported hydrodynamic journal
bearings lubricated with micropolar fluid. The thettcal study has been presented using
the linear analysis based on the perturbation ndetlRarametric studies have been
conducted and stability characteristics have bdetaited and a comparison of the
results of newtonian and micropolar fluid analysasdifferent parameters have been
compared and presented. A modified Reynolds equatias been obtained using
micropolar lubrication theory and the solution oégsure obtained from this equation is
used in the governing differential equations ofimmofor external stiffness and damping,

to arrive at a stability threshold.
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NOTATIONS

Radial clearance (m)

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

journal diameter (m)

damping co-efficient of micropolar fluid film, forR e and j=R¢ (Ns/m)

dimensionless damping co-efficient of micropolandifilm

body force per unit mass of micropolar fluid (A)/s

force component along the R apdirection

local film thickness (m)

non-dimensional film thickness =h/C

non-dimensional characteristic length of the miotapfluid=A/C
mass parameter (kg)

non-dimensional parameter =M&W,
critical value of non-dimensional parameter
coupling number=y(2p+)]**

micropolar film pressure in the film region irethon-linear analysis (Pa)

Non-dimensional micropolar film pressure in themfiregion in the non-linear

analysis.

local micropolar film pressure in the film regioi=0,1 and 2 for the steady State

& first order perturbed film pressure along thgande directions (Pa)
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non-dimensional local micropolar film pressurdhe film region , i=0,1 and 2

for the steady state and first Order perturbed piressure 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 micropoldluid film

=2C°S, /(uaRL) For i=R ,¢ and j=R ¢

time (s)

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 beari2@w, /(,uaRSL)
Cartesian coordinate axis along the circumfereniigction=R& (m)
Cartesian coordinate axis along the bearing axjs (m
non-dimensional Cartesian coordinate axis alond#aging axis 2z/L
viscosity co-efficient of the micropolar fluid (kg/s)

perturbed eccentricity for i=R anrd
steady state eccentricity ratio

circumferential coordinate (rad)

whirl ratio

characteristic length of the micropolar fluig#(44)["* (m)
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Newtonian viscosity co-efficient (Pa s)

effective viscosity coefficient of the micropoldwiti :(2,u +)()/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 flulEa s)

angular velocity of the journal (rad/s)

angular velocity of the orbital motion of the joatcentre (rad/s)
Damping co-efficient of the support
Non-dimensional damping co-efficient of the support

Stiffness co-efficient of the support

Non-dimensional stiffness co-efficient of the sugipo



ABBREVIATION USED
SRR=Stiffness in r-direction due to disturbance-direction=%

SPP= Stiffness ig -direction due to disturbance p-direction=§,
SRP= Stiffness irg -direction due to disturbance in r-direction,=S
SPR= Stiffness in r-direction due to disturbance idirection =$,

DRR= Damping co-efficient in r-direction due totdidbance in r-direction =p

DPP= Damping co-efficient ig -direction due to disturbance p-direction =D,
DRP= Damping co-efficient i@-direction due to disturbance in r-direction zD

DPR= Damping co-efficient in r-direction due totdidance ing -direction = 0,
d = Non-dimensional damping co-efficient of the suppDBAR

K = Non-dimensional stiffness co-efficient of the pap=KBAR

2= non-dimensional Cartesian coordinate axis albegoearing axis=ZBAR
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1.INTRODUCTION & AIM
1.1 Introduction

A bearingis a mechanical element which locates two macpias relative to each
other and permits a relative motion between thehe @ise of bearings is in vogue for
centuries, but the recent developments in sciemxzk tachnology demands critical
designs of bearings with high precision and optimpenformance even in the most
adverse working conditions. The rapid developmantke fields of rocketry and missile
technology, cryogenics, aeronautics and space eegny, nuclear engineering,
electronics, computer sciences and technologiesmieidical engineering and a lot more
fields in science and technology make the aspdatiegigning bearings more and more
challenging and innovative. Moreover, the mode etiamd place of operations demand

exploration of new materials, lubricants and ewgritation theories and technologies.

However, all bearings used today are categoriztéa tino main classes depending on
their functions— (1) rolling contact bearings argt) ¢liding contact bearings. As the
name suggests the rolling contact bearings usagatlements at the points of contact of
the surfaces in relative motion and thus reducdrtbigon. They consist of different ball
bearings and roller bearings. The sliding frictimearings are based upon two concepts
of lubrication— (@) sliding friction thin film lubcation or boundary film lubrication and
(b) sliding friction thick film lubrication. The &ling friction thick film lubrication is
further categorized into two different groups, name (i) self-acting or hydrodynamic
lubrication, and (ii) externally pressurized or hystatic lubrication.

In hydrodynamic lubrication the load carrying capads generated due to the
development of positive pressure within the flulthfbetween two surfaces by virtue of
relative motion of the surfaces. The load suppgrimessure is developed due to the
following mechanisms:

(i) Formation of a convergent wedge-shaped film tuthe dragging of fluid into such a
clearance space owing to the shape and mode ddtapenf the bearing. These types of

bearings are particularly known as wedge film begsi
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(i) The resistance of the viscous fluid being sepesl out from the space between two
surfaces relatively approaching or oscillating wigfative normal motion. The bearings
operating under this principle are known as squékmébearings.
As the magnitude of hydrodynamic pressure depemds uhe relative tangential or
normal velocity, sometimes the developed presswag mot be sufficient for obtaining
the desired load carrying capacity, particularlytre low relative velocity and thereby
demands external supply of pressurized lubricahitss type of lubrication is called
externally pressurized or hydrostatic lubricatidrhese bearings are also known as
hybrid bearings as their operational principle udels both self-acting and external
pressurization.
However, it has been observed that the hydrodyngoucnal bearings can show
excellent performances in withstanding static loadt fail easily under dynamic
conditions if not critically designed for the sdecpurpose.
Though dry lubrication like lubrication with grapéj molybdenum disulphide etc. are
used in some cases,g. in extrusion processes in cold and hot working, tadsthe
above types of bearings are lubricated with fluidswith liquids and gases. Under the
general industrial operating conditions such Nevaonlubricating fluids become
contaminated with microstructures like dust and rwaut metal particles. As the
classical continuum theory becomes erroneous inathaysis of such lubrication,
microcontinuum approach seems to be more apprepriat
The characteristic behavior of the substances utdemfluence of external forces can
be best explained from two distinct viewpoints. #ating to the first one, which is
commonly known as atomistic or discrete viewpoavigry material is considered to be a
large number of molecules and atoms held togetiidntermolecular and interatomic
forces. The occurrences of different physical pineema are considered as the results of
various statistical averages of the individual rmasi of all these molecules or atoms, and
different material properties are calculated imrm®rof parameters characterizing the
basic geometrical orientation of such primitiveneémts and the molecular forces. As
this model usually finds very limited scope dudhe crude approximations that have to
be made in calculation in order to simplify the hsahatical difficulties involved, the
second viewpoint, commonly known as continuum fialgproach, the fundamental
concepts of which had its origin well over two aemds ago in the works of Euler and
later Cauchy gradually finds its application. Thasie assumption underlying the
15



classical theories of continuum mechanics is thstexce of the continuity of mass.
the existence of a continuous mass density at egeoynetrical point, for which any
volume elemenfV can be taken to its limit dV without affectingethomogeneity of the
mass distribution. Thus the identities of the mateyoints in a volume element are lost
and their individual motions are considered in @bgl sense coinciding with that of the
centre of the mass of the volume element. Thissmak continuum theory has found
wide acceptance as a physical theory. But the atammodels of materials especially of
the fluids having coarse structures and fibershi{@sccolloidal fluids, liquid crystals and
fluids containing additives) have shown that thessndensity can differ drastically from
the continuum mass, when the si¥¢é falls below a certain critical limit but still ithe
macroscopic range. Hence the continuum approachmiass density is no longer
applicable. The classical continuum theory is etgubto break down either by avoiding
certain physical phenomena completely or leadingré@s approximations. The classical
continuum theory is also likely to give erroneoesuits for the typical class of problems
like flow through narrow passages or through fiapikkaries, where the characteristic
length scale is comparable to the average moleoulgrain size contained in the fluid,
as in such cases the molecular or granular coastguof the medium are excited
individually and the intrinsic motion of the matdriconstituents must have to be
considered.
As the atomistic model indicates that the contimumass density cannot prevail when
the volume elememV falls beyond a certain critical volun2ev/*, the continuum theory
in general is applied considering thig¥ >AV*, or extending in the regionV < AV*
with the consideration of deformation in the voluetement.
The feasibility of deformation of the volume to artent to the primitive element not
only is debatable, but also makes the calculatiorencomplex, in the regiofV < AV*
which may occur in a hydrodynamic bearing in paitusage, where the volume of the
contaminated sub-structures may be comparable ¢o filim thickness, and the
application of the microcontinuum approach becohigkly justified.
Based upon the microcontinuum approach, the firsbhsistent theory of fluid
microcontinua, was presented ringen [31]. The microfluid was considered to
contain microstructures having individual mass aredocity, in as much as the
macrovolume element contains the microvolume elésn@md those microstructures can
translate, rotate and deform independently of tb&éan of the macrovolume. The theory
16



included the mechanism to support the local stressients and body moments and to
consider the influence of the spin inertia of eawltroelement. But this theory of
microfluid is too complicated and the mathematicaldel is not so acquiescent to the
solution of the non-trivial problemgringen, therefore, again simplified the thedBg],
postulating a subclass of the microfluids, calleccrapolar fluids, considering the
microrotational effects and ignoring the microdefation effects of the substructures
and permitting the surface and the body couples. tRkory included two independent
kinematic vector fields representing the transhati@locities and the angular or spin
velocities of the microstructuresse. translation velocity vector and microrotational
velocity vector. Although contemporary theories fafid microcontinua were also
presented by various authors, the basic field @oust however, remained similar to
those ofEringen [31]. Physically the fluid consisting of bar like elem&nhay be
represented as micropolar fluid. The theory of opolar fluid, thus, may be a
satisfactory model for analyzing the flow behaviofgeal fluid suspensions, polymeric
fluids and fluid consisting of polymeric additives is mixed with the engine oil for
enhancing lubricating effectiveness, certain anggot fluids, e.g. liquid crystals
consisting of dumbbell shaped molecules and pagsaitimal blood. Hence the theory of
micropolar fluid has found its application as danmeél model for studying the behavior of
such fluid flows as in the field of lubrication, ete the clearance in a bearing is
comparable to the average grain size or molecigar &f a non-Newtonian fluidiz. a
polymeric fluid or in the practical usage where thbricants under general operating
conditions become fluid suspensions after beingasomated with dirt and worn out
metal particles. For an important practical examplehe area of nuclear power plant,
where sodium, which is used in a dual role of & Iraasfer agent and a lubricant in the
journal bearing supporting the mixing screw in thach mixers exhibits the non-
Newtonian micropolar characteristics. The microgsanim theory finds another worth-
mentioning application in the study of blood rhepldecause the sizes of the blood
cells are comparable to the diameters of the adeand thus, there may exist the
possible rotation and deformation of each blootwhkile flowing through arteries.
Hydrodynamic bearings are generally used in casenvthe relative velocity are high
enough as a result of continuous increase in thessand speeds of the rotating
machinery or due to use of fluids having kinemaigcosity, the oil film close in the
bearings frequently becomes turbulent.

17



Again keeping in mind the extremely small radiatathnce to facilitate case of
alignment flexibly supported bearings have come wtdgue. Therefore, it is important

to do a study on stability of such infinitely lofigxibly supported journal bearing.

1.2 ABOUT THE THESIS

The aim of the present thesis is to investigate fnedlict theoretically the static and dynamic
characteristics including the stability @xibly supportedinfinitely long hydrodynamic oil
journal bearings lubricated with the micropolaridei The dissertation has been divided into

some chapters.

A brief review of the relevant literature is inckalin Chapter 2.

In chapter 3, the derivation of Reynolds equatias heen modified by the basic equatioas
the equation of continuity of mass, the equatianstiie balance of linear momentum and the
balance of angular momentum, which are coupledibegalue to the existence of two kinematic

vector fields of the microstructures and charaziiegi the micropolar fluid.

In chapter 4, the theoretical prediction of hydnoayic pressures in the bearing is obtained by
the solution of modified Reynolds equation satisfiythe appropriate boundary conditions. The
steady state pressure profile is obtained easilyirbte difference technique with successive
over-relaxation scheme. The steady state paramidtertoad carrying capacity, attitude angle
can be easily obtained once the pressure profée tine entire bearing surface has been found.
For dynamic pressure, using liberalized analysist érder perturbations of eccentricity ratio and
attitude angle are used, and the resulting equatoa solved by finite difference method with
successive over-relaxation scheme. Knowledge opérurbed pressures enables one to obtain
the dynamic characteristics in terms of the comptmef stiffness and damping coefficients.
Stiffness and damping coefficients aside, the dyoarnaracteristics also include the threshold
stability and the whirl ratio for external stiffreeand external damping co-efficient.

In addition to the linearized stability analysisvhaalso been considered in the rotor bearing
system to get actual threshold of stability andvhkies obtained in parametric study in which

we will varies different parameters and check thbitty.

Finally, important conclusions based on the wodspnted in the earlier chapters of this

dissertation are summarized and scope for futumk a@ reported in Chapter 5.

A list of references, and appendices are providéldeaend of the dissertation.
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2. LITERATURE REVIEW

2.1 INTRODUCTION

The first formulation of a hypothesis regarding floece necessary to overcome the
viscous resistance of a fluid was derivedNiswton [1] in 1668, Petroff [2] made the
first significant contribution theoretically in 188with his consideration of the effect of
viscous force in the fluid film lubrication.

Tower’s [3] experiments for the determination of suitable méshof lubricating railway
axle bearings, which were partial bearings lubedatrom an oil bath, were the first
significant experimental studies and the developexssure distribution in the bearing
clearance under the loaded condition as measuredgih a number of pressure gauges
at the midplane in the circumferential directionswaund to exhibit a peak, which was
several times higher than the mean pressure ctddutan the basis of the projected area.
Just after three years dbwer’s first experimentsReynolds [4] presented a theoretical
study to justify the experimental results Tdwer. The experiments of ower and the
analysis ofReynoldsmay be considered as the entrance to the concdyydobdynamic
lubrication and the field ofribology.

Since the development of the concept of the hydradyc lubrication about 120 years
ago with the experiments dfower [3] and theoretical study dReynolds [4] lot of
theoretical, experimental and analytical studiesewwesented by a number of authors.
A few of them considered as benchmark work are brbfly reported.

At the age of infancy of tribology the experimengiald theoretical analyses were based
upon the use of liquid lubrication. But almost witlka decade the science reached its
maturity following the experiments dkingsbury [5], who not only extended the
concept of hydrodynamic lubrication to the gassgau&ing air as lubricant, but also
developed an experimental set up to study the betnavof gas bearings based on the
concept of electrical analogy. The first exact 8oluof Reynolds equation for pressure
distribution for a full journal bearing using fuilm boundary condition was presented
by Sommerfeld [6]in 1904 alongwith the load and friction charact&ssin terms of
eccentricity ratio.

Harrison [7] in 1913 enriched the hydrodynamic lubrication tlgiothis experiments

with special reference to air as lubricaRayleigh [8] first investigated the effect of film
19



shape on the operating characteristics of a bearsigg the calculus of variations.
Christopherson [9] pioneered in establishing the suitability of theutevell’'s
relaxation method for the Ilubrication problems amsing the relaxation method
Cameron andWood [10] obtained the solution of finite bearings and présgearing
characteristics for two slenderness ratios usiafjstec boundary conditions. During the
same timeVogelpohl [11] developed an approximate solution based on infisgtges.
Ocvirk [12] presented the solution of the Reynolds equatiomgusiarrow bearing
approximation.

Theoretical research on the dynamic characterisfiessipervious self-acting oil bearing
was initiated byHarrison [13], who showed that hydrodynamic equations for atligh
rigid rotor, supported by a pair of infinitely lormparings with full film, are satisfied by
an orbital motion of the journal axis under a canstoad.

However, the derivation of Reynolds equation wasedaupon the assumptions relating
to cavitations, fluid inertia forces and non-lindlaw effects. Among the studies of the
effect of the convective inertia forces on the logiymamic lubricatioriKahlert [14] and
Osterle and Saibel [15] are always cited for their pioneering studies. Thestigation

of cavitations in the lubricating film was initi@tenith the experiments dfoles and
Hughes [16] which showed that the end of the pressure cu@® evinciding with the
position of zero pressure gradient, which howewenflicted with the experimental
results of Jacobson and Floberg [17], which indicated that the pressure cavitated
somewhere beyond the point observed. However, tperenental evidences since the
early years of last century put forward the reaiora of the existence of a separate
lubrication theory for fluid suspension and theodfffor establishing a theory was
intensified since mid of the last century. The patiudies on such theories of fluid
micro-continua have no concern with the researckksvof bearings. The theory was
later simplified to an acceptable fluid film lubaiton theory, called micropolar
lubrication theory and in subsequent years thigpkfiad micropolar lubrication theory
was introduced in the analyses of bearings.

The present work has, therefore, been aimed ayistyithe lubrication effectiveness of
hydrodynamic journal bearings using micropolar icdion under the abovementioned
operational situations. Hence, in what follow, &empt has been made to present a brief
review of the available literature in the followisgquence:

20



(a) A review of the theory of micropolar fluid.

(b) A review of flexibly supported bearings witharopolar lubrication.

2.2 THEORY OF MICROPOLAR FLUID

The development of the theory of micropolar fluidsanitiated with the development of
the theory on micro-continuum approach. For thdiegion of the classical continuum
theory in the field of film lubrication, the mostgetical importance is whether the deep
molecular orientation results in any rheologicah@imalities in the vicinity of the solid
surfaces; and the significant differences in thieaveor of the molecules of the liquid in
intimate contact with and adhering to the surfameto absorbed layers on the surface
from the behavior of the adjacent molecules offthiel in the bulk are found obvious
and the experimental evidences may be worth meantdmerein.

Kingsbury [18] observed such rheological abnormalities that vafiedn a small
enhancement of viscosity to rigidity in the adhgrdayer ranging from 10-3 mm to 10-7
mm and attributed this difference in the behaviértlte molecules to a possible
intensified viscosity in that part of the fluid Wih the range of the attraction of the
surface molecules of the metal. In 1908sseratand Cosserat [19]developed the
theories of oriented media in which there existeée directors at each point. The work
of Jeffery [20] was the first to study the effect of the behavibthe Newtonian fluid of
infinite extent in presence of a single ellipsoigarticle and the result indicated the
enhancement of the viscosity of such fluid susmenshan its base fluiddardy and
Nottage [21]concluded that to be beyond the range of surfabeeimce, the liquid film
must be between 0.00762 to 0.01015 mm. in thickidssds [22] through a series of
experiments of the boundary surface influenceshenviscosity of thin lubricating films
squeezed in between two optically plane paralledutar disks approaching each other
with no tangential velocity and film thickness dowa 0.000635 mm, found an
increasing time lag for the plates in their timeapproach than that predicted by classical
Newtonian theory for the film thickness below 0.281mm, indicating the increase in
the effective viscosity of the film in that zoneeHound the evidences where the
effective viscosity in the boundary film increassehrly five times than that in the bulk.
Buckley's [23] experiment showed the total loss of rigidity inasidiquid at a distance
of 0.3 x 10-4 mm from a solid boundary. The unexgacbehavior of the fluid

containing oblong molecules in a shear field wangaized byAnzelius [24] and this
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dependence of the stress and moment at each gdhe @uid was expressed by him as
a function of the usual rate of strain tensor dreldrientation of the substructure. In an
experiment of the Couette type flow performed ombn oil containing additives of
aluminum napthenate up to 2%enniker [25] found an extensive tenfold increase in
the viscosity within 50000A of the surface. Latgrdgueeze film experiments of various
fluids (e.g.solutions of pure fatty acids in pure hydrocarbolvents) between two plates
submerged in the fluid and by measuring the gaydxst the plates as a function of time
Fuks [26,27] found the existence of a residual film between phates even after
squeezing for a very long time, similar to thosdaoted byNeeds [28]and also
observed that the thickness of such residual filondased with the increase in fatty acid
concentration, the chain length of the hydrocarimonoth solvent and fatty acid and the
surface energy of the solid substraiefew more experiments bijoyt andFabula [29]
and by Vogel and Patterson [30] showed that the mixing of some extremely small
amount of polymeric additives in the lubricatingiél reduced the skin friction near a
rigid body than in such a fluid to an extent of 3%.
Subsequent to the introduction of micro-elasticdspEringen [31] in 1964 proposed a
similar theory— the basic equations, jump condgicand constitutive equations of
‘simple microfluent’ media, exhibiting similar micro-effects. These dlsi named as
‘simple microfluids’ are considered to be a fluent medium and a gematiain of the
Stokesian fluids whose properties and behaviora#fexted by the local motions of the
material particles contained in each of its voluehbement. Non-linear Stokesian fluids
are considered to be a special class of simpleonifiigids. As these fluids possess local
inertia, Eringen extended continuum theory to ad&si(a) conservation of micro-inertia
moments, and (b) balance of first stress momemid, developed and discussed the
concepts of inertial spin, body moments, gyratiensbrs, stress moments, wherein the
stresses and stress moments were expressed amthierfs of deformation rate tensor
and various microdeformation rate tensors. A sinmpierofluid in its simplest form has
as many as twenty two viscosity coefficients anel filbids in which gyrational effects
are important, such as anisotropic fluids, vorteidé and fluid having surface tensions
are guessed to fall in this group.
In 1965 Eringen [32,33] presented the theory of micromorphic material. Asnethe
linear theory was too complicated for engineeripglization,Eringen [34] simplified it
with the consideration of a subclass of micromarptmaterials, named as micropolar
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media. The study however presented the discussionieformation and motion, laws of
motion, constitutive equations, theory of micropataedia, micropolar viscoelasticity,
micropolar materials with attenuating neighborhcmad the problem of micropolar
channel flow, with the assumptions of linear cduosirte equations, microisotropic
medium and negligible heat conduction. As an extensf the above study, the linear
theory with basic equations, theory of micropolkstcity, couple stress theory, non-
negative internal energy and the Uniqueness theavermicropolar elasticity were
presented b¥ringen [35] in the same year. Finally, the totality of the romwntinuum
theory was achieved b¥ringen [36], when he presented the laws of motion,
constitutive equations of microfluids, the defiaitiof micropolar fluids— the theories of

its thermodynamics and field equations and theystidsuch a fluid flow in a circular

pipe.

2.3 FLEXIBLY SUPPORTED BEARINGS WITH MICROPOLAR
LUBRICATION

Based on the theory of micropolar lubrication tlvstfapplication of the theory was
presented byEringen [37] himself for the steady motion of micropolar fluids a
circular channel in which the profiles for the wgty, microrotational velocity, shear
stress difference and the couple stress on thd Hurface adjacent to the wall were
presented graphically. The velocity profile wasrfduo lose its parabolic nature and was
smaller than that of classical Navier-Stokes fldilough the shearing stress remained
the same as that determined by classical theogy,sthface shear was found to be
reduced by an amount equivalent to the effect efdistributed couples aroused on the
fluid surface in a thin layer adjacent to the sceféghus, indicating the development of a
boundary layer phenomenon not present in the N&tigkes theory.

Balaram [38] presented an analysis of micropolar squeeze filresvden two
rectangular plates of infinite length along witte txpressions for the pressure, the load
carrying capacity of the squeeze film and the m@ship of film thickness with time.
The results showed an improvement in load carrgiagacity with the increase in the
density of the macromolecular volume but a decreakead capacity with an increase in
substructure particle size. The squeeze film actias also found to increase in
micropolar fluid.Prakash and his co-workers presented a number of studiesffanent
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types of lubrications and for different configuoats of bearings using micropolar
lubricants during 1975Prakash and Christensen [39] developed the hydrodynamic
theory for the two-dimensional micropolar lubricetiof a rigid cylinder on a plane
surface in order to make critical analysis of mpoiar effects revealed in the results of
Fuks [26, 27]. Prakash andSinha [40] also presented a theoretical analysis of squeeze
films in both full and half journal bearings withsteady, laminar, incompressible flow of
micropolar fluid between two eccentric cylindersrelative normal motion along with
the expressions for Reynolds equation, non-dimeasigressure distribution, load
capacity and response time. The results suppohedexperimental resulf®2,25] of
increase in the effective viscosity in narrow pgssaln 1976, in another studrakash
andSinha [41] presented the Reynolds equation and the expres&ionarious bearing
characteristics of squeeze films for the genersé @d dynamically loaded infinitely long
journal bearing for steady incompressible two-disenal micropolar fluid flow under a
sinusoidal load with no journal rotation. The grimphrepresentation of results exhibited
decreasing velocity of approach with increasingropolar effect. An analysis providing
the expressions for different hydrodynamic chargsties such as the load carrying
capacity, the volume flow flux and the frictionadrée, of one dimensional journal
bearings, both infinitely long and infinitely shonvith micropolar lubrication, was
presented byaheeruddin and Isa [42]. The results showed that an increase in the
equivalent viscosity of the micropolar fluid inceed the load carrying capacity and the
time of approach, but decreases the Co-efficiefticifon.
Zaheeruddin [43] in another paper presented the generalized Reyremjdation in
dynamically loaded one-dimensional, both infinitétyyg and infinitely short types of
porous journal bearings operating under a cycladland lubricated with micropolar
fluids. The analysis was to show the effects ofrostructures present in the lubricants,
the permeability of the bearing material and thariog wall thickness on the operating
eccentricity ratio. The three-dimensional Reynadsation was first presented $ingh
and Sinha [44] which the authors solved to yield the expressitmisthe velocity
distribution, microrotational velocities flow fluand frictional torques.
Huang and Weng [45] in 1990 studied the dynamic characteristics oftdinvidth
journal bearing with micropolar lubrication usingdar stability theory and graphically
presented the stiffness, damping coefficients &mdctitical stability parameter of the
journal bearings for width to diameter 30 ratio &iftd 10 under both Newtonian and
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micropolar lubrication. The micropolar fluids exhdd larger normal stiffness
coefficient but smaller normal damping coefficieald comparatively narrower stable
region of the journal. The features of increasiffgative viscosity and load capacity
under micropolar lubrication resulted in lower limalues of the Sommerfeld number
for completely stable operation. A long journal wlmind to exhibit significant
difference in the values of critical mass paraméberthe Newtonian and micropolar
fluids, whereas the short bearing was found tolbmst equally stable in both types of
lubrication. The steady flow of a micropolar flubgtween two rotating disks of finite
radius rotating at different same speeds was imastd by Chaturani and
Narasimman [46] and the equations of motion were reduced to afsetdinary non-
linear coupled differential equations, which wehert linearised by quasilinearisation
techniqgue. The numerical solutions were obtainemhgugourth order Runga-Kutta
method via orthonormalisation. The work Mfrsh [53] Kerr [54] has shown that the
stability characteristic of this system are affdcby both the stiffness and damping of
the bearing supporD.A.Boefey [55]examine the stability characteristics of a beadng

a flexible damped support using a purely analyteggiroach. His analysis was based on
the linearised solution to the time dependent Rieimequation.

Chattopadhyay. A.K., Karmakar, S., [47] in 1997a theoretical analysis is presented
investigating the stability of a symmetrical, rigidtor on a flexibly supported journal
bearing. Qil-film flow in the bearing is assumedb® turbulent and the dynamics of the
system is studied by calculating the componenttheffluid film force by solving the
generalized Reynolds equation modified to include éffect of turbulence and using
these in the non-linear equation of motion of thkermpal and the bearing. The modified
Reynolds equation is solved for pressure distrdyuby using finite difference method
with S.O.R. scheme.

Das, S., Guha, S.K., and Chattopadhyay,A.K[48] Theoretical analysis of stability
characteristic of hydrodynamic journal bearingsikdted with micropolar fluid.
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3.2 BASIC GOVERNING EQUATION

3.2.1 INTRODUCTION

As the presence of the microstructures in the dalbing fluid, particularly in the
hydrodynamic lubrication, imparts the microrotati@amd microdeformation of the
particles with the attendant enhancement of theosisy of the fluid, the analysis with
such lubricants requires the concepts of consenvaif the micro-inertia moments and
the balance of the first stress moments in addibathe basic principle of the continuous
media. As such a micro-fluid in its simplest forentains 22 viscosity coefficients, and
as the micro-fluid theory is too complicated and easily amenable to the solution of
non-trivial problems in lubrication, the analysisstbeen limited to the micropolar fluid,
in which micro-deformation effects are ignored. Thasic field equations of the
micropolar fluid were developed IBringen [36], and later adopted birakash and
Sinha [40]followed by the model oingh andSinha [44] In this chapter, starting from
the basic field equation and using certain assumgtimodified Reynolds equation has
been derived and a brief discussion of the varrmrsdimensional parameters related to

micropolar fluid has been made.

3.2.2 FIELD EQUATIONS

The field equations for micropolar fluids in vedadiform are[40]:

Principle of conservation of mass

%—f+[][(p\7):0 (3.1)

Conservation of linear momentum:

(/1+2,L1)D(DW7)—(2’u2+)()D><D><\7+)(DX\7—DnD+pFB:p% (3.2)
Conservation of angular momentum:
(a+ B+ Y0 W)= X Dxv + 4OV =247 + C, = 6 =0 (33)
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where p is the mass density/ is the velocity vector andiis the microrotational

velocity vectorsr is the thermodynamic pressure and is to be repldang the

hydrodynamic film pressure, since, 7 = { o

}: pwhereE is the internal energy

[36] and p is to be determined by the boundary conditignsand A are the familiar

viscosity coefficients of the classical fluid menlas, whilea , 5 andy are the new

viscosity coefficients derived as the combinatioeffects of the gyroviscosities for

micropolar fluid as defined bringen [36]. xis also a new viscosity coefficient for

micropolar fluid, termed aspin viscosity which establishes the link between the

velocity vector,V and the microrotational velocity vecto¥,. Fg is the body force per

unit mass,Cg is the body couple (moment) per unit mass gnsl the microinertia

constant.A, p and y are all of dimensioh/IL‘lT‘lj, a,[ andy are all of dimension

[ML T‘ljandj is of dimension [E] [40]. If microrotation velocity and local fluid

vorticity are considered to be identically equatl am imposed as a possible solution of

the balance equations, which seems to be a natoitgtion and is desirable in reducing

the number of constitutive coefficients, it cansbewn thaf = A?[40]. % indicates the

material differentiation.

Constitutive equations for the stress terigand the couple stress tenswr are[40]:
. - 1 7 i 7 +
tkI = (_IT +/]Vr,r k1+(lu_EXj@k,l-l_Vl,k)'i_)(é/l,k _’7k1rVr) (3-4)

My =aV, Oy + BV + Wy

Where, niir IS an alternating tensor. An index followed byamena represents partial

differentiation with respect to the space variale

3.2.3 DERIVATION OF MODIFIED REYNOLDS EQUATION

The above micropolar effects are then incorporatéal the lubrication problem for a
journal bearing to derive the modified Reynoldsan with certain simplifications.
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Basic assumptions
The basic assumptions in micropolar lubricatioraturnal bearing include the usual
lubrication assumptions deriving Reynolds equation and the assumptiorgeneralize

the micropolar effectpi4]:

(i) The flow is incompressible and steadg, o = constant ane%é =0

(i) The flow is laminaii.e. free of vortices and turbulences.

(iif) Body forces and body couples are negligible,Fg = 0 andCg = 0.

(iv) The film is very thin in comparison to the [gth and the 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.

(v) No slip occurs at the bearing surfaces.

(vi) Bearing surfaces are smooth, non-porous aigit ri.e. no effects of surface
roughness or porosity and the surface can withstafidite pressure and stress
theoretically without having any deformation.

(vil) No fluid flow exists across the fluid filmi.e. the lubrication characteristics are
independent oy-direction.

(viii) The micropolar properties are also indepantdaf y-direction. The velocity vector,

the microrotational velocity vector and the fluibhf pressure are given as:

V= Nx (x, v, 2V, (x, v, 2).V, (x, v, Z)] )
v =[%(xy.2).9,(x v.2).V;(x. v, 2)] >
p=p(xy.2) ) 55

Note that fora = =y=x = 0 and for negligible body couple per unit magaation

(3.3) yieldsv = 0 and so, equation (3.2) reduces to the clashiaaler-Stokes equation.

For y = 0 the velocity vector and the microrotationaloegy vector are uncoupled and

the global motion of the fluid becomes free of thierorotation and their effects.
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DIRECTIONAL FLOW EQUATIONS

With the above assumptions (3.1) reduces to

OW =0
— 0\7 —

i.e.,avX + +6VZ =0 (3.6)
ox oy 0z

It can also be considered that,

Oiwv=0 (3.7)
The explanation for equation (3.7) can be giveloWing Tipei [49] as:

In case of a flow in thin layers bounded by solidfaces, as in lubrication problem, the
component ofs perpendicular to the boundaries becomes negligille respect to the

other two components. Since the derivatives wigpeet to the normal-direction are

much larger than the other derivativ'ree,i >> iori, hencél(0V) = 0, 6 vy
oy O0x 0z axay 620y

while the other components are much smaller. Th@poment of (va) upon y-

coordinate.e. & {%—%} is an order of magnitude smaller and may be negeand
z X

hence equation (3.3) as projected upeaxis yields D(D BV)=OThis result can be
obtained directly under usual approximations inrication theory[50] by considering
0% >> O(0 @) Now from the vector calculufl x 0xV )and (0% 0x¥)can be written
as:

OxOxV =0(0¥)-0% andOx0xv = 0(0m)-0% (3.8)

With the basic assumptions and equation (3.8), temué3.2) yields the following three
equations along-, y- andz-directions respectively:

(2ﬂ+X 62\/2X +62V2X +62V2X]+ 0V avz { 6V +V X+Vav] (3.9)
2 (o o oz oz

~—

(2u+x) asz+asz+aZ\/Y]+ ov, 6V3j_6p_p[\7 N, W N, W, ag/vj (3.10)
V4

2 o oy Oy x) oy K ox
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(utx)( 0N, 0N, 0N, ), [0V, 0v,) dp_ v, oV, W, oV, W, oV, (3.11)
2 ox> oy* o7 ox oy ) oz ox oy 0z
Similarly, with the basic assumptions and equat{8r8), equation (3.3) yields the

following
three equations along, y- andz-directions respectively:

25 25 25 Vi Vi v V. V
0%, O, 0% | [y Ve )y sy Py g ) (319
2 oy 0z ox oy 0z

0%, 0%, 0%, oV, vV, (s N, 5 O, - OV
+ + + - — 2y, = 24y, T2 gy T2 3.13
Y 3% ox XV2 = A Vx x oy %oz ( )

<

0%V, 0%, 0%, oV, aV, (o OV OV, - OV
+ + + - —-2xV.=0|V, —+V, —+V, —2 3.14
XV = A\ PV Ve g, (3.14)
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NON-DIMENSIONAL SCHEME

Equations (3.9) to (3.14) when non-dimensionaliséd the following substitutions

X __ Y. __ z C C _h _L/2 \
X=— y==,Z=—-,0,=—,0, = ;03 = 0, =——;
R;y R'™ L/2"* R L/2"7 R R
V, = lwherel—xyz v,:viE wherei=1,2,3 f—%
U U C
it 20CU Auh x )
p= I Re:(2 N );RR:4'U/\;N: oL+ (3.15)
(WZJUR 1+ X K+ X
b
[ :E;LR = D ; = Y| and s of dimension of Iengtky
A\ A 4u
The following equations will result:
2/ \/ w2 — _
570V OV 520V | oo M _ 5 HVa| 10D
x> oy’ 0z° oy 0z )] &% 0X
=R, 51\7X6L_X+V Wy +0,V, —=% OV (3.16)
0X ay 0z
£, 020V 1OV, 52 0Ve )N ( 5,25 - aa—vfj—f‘_’ (3.17)
0X ay° 0z° 0z ox ) oy '
— 9V, oV, oV,
=é0,R | OV, —-+V, —+ 3V,
d SRe( PO dy azJ

32



g5 000V 1 DV 520Ve | pprg Ny o, e - 0| O
X ay> 0z° oXx dy ) 0z
:5254&(51v 5\:(2 +V, —2% oV, A a‘;/zZJ (3.18)

25 25 25 212 \/ \/ 2y 2
5126_\21+6\21+5226_\;1 N NL2R : 6\{2_526\/_2 B NI;RZ\_/1
ox* 3y 0z2 ) 2(1-N2)ez( oy 0z ) [L-N2)¢

_ Ro“1\761+v01+5v0l (3.19)
ox ay 0z
5202\72 +02\72 N , 0%V, NZLZ a\7X AV .
toxe oy? 622 ) 2-N )5 %o % ax [L-N2)g2 72
_ — 0V, v, - 0V,
- RR(OZVX W %z az] (3.20)
520 VA 62\73 +5202\73 . NZ2L2 5 vV, 0V, ) NZL% .
oz oy oz ) -nze | M ax oy ) -ne)eE
—r[ov. A RV oY, row, W ov, (3.21)
ox ay 0z

3.2.4 STUDY OF NON-DIMENSIONAL PARAMETERS

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

properties at the end of this section
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% MICROPOLAR PARAMETERS

N andA are two parameters distinguishing a micropoladfftom a Newtonian fluidN

is a non-dimensional parameter called¢bapling numberwhich couples the linear and
angular momentum equations arising out of the matational effect of the suspended
particles in the fluidA, a dimensional parameter represents the interabitween the
micropolar fluid and the film gapA is termed as theharacteristic lengthof the
micropolar fluid and has the dimension of the léngt is a non-dimensional quantity
and is termed as theon-dimensional characteristic lengti the micropolar fluid. For

X = 0,N = 0 the equations representing linear and angutanemtums are uncoupled

and equation (3.2) reduces to that of classicaidigstokes equation. On the other hand
the strong micropolar effect is exhibited with therease in the value éfor decrease in
clearance in between the journal and beariagwhen non-dimensional characteristic
lengthIm decreases. The second case is most likely he@issisually very small in

lubrication theory. Hence foN — Oor for |, - o, (i.e. characteristic length of the

microstructure is small), the micropolar charast#giis 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 thickness very small, whenl, - 0 the

velocity and other flow characteristics will reducetheir equivalents in the Newtonian
theory with u everywhere replaced b%,u+%)() Hence{,u+%)(j togetherly may be

considered as theffective viscosityle, Which arises due to the microrotational effect.
The thermodynamic restrictions require that Ol< 1. ], the microinertia constant is

evolved due to the microrotational effects.

s OTHER NON-DIMENSIONAL PARAMETERS AND ORDER ANALYSIS

Lr, @ non-dimensional quantity, may be termeteagth ratia During the initial stage of
the application of the micropolar theory to therloation flow problems, researchers
[36, 49]used eitheNLg or Nl,, as the parameter in discussing the micropoladlbut
as these products characterize the combinatiofedtef lateN andl,, were considered
separately to study their effects as can be foarférakash and Sinha [40] Re may be

considered as thmodified Reynolds numhewherep has been replaced by effective
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viscosity, L, I.e. (,u+%)(j and this number is always less than the classiegh&ds

number. Generally for lubrication problefRe << 1 and is usually of the order of 310

As | is the square of a length typical of the microdnie as discussed earlier, it is

reasonable to consid&g << 1. Also with the assumptions that, 0, J3 are of the

order of 10° andé., &, Lg are of the order of 1, equations (3.16) to (3\illreduce to

2_ —

ay dy ¢&°0X

9P _

oy

2_ —
CATSPRS S S
ay dy ¢&°9, 0z
azvl+ N2L%  aV, NZ2L2

& N oy LN

0%V [\
03722 - NZFjEZ v, =0
0%V,  NZL%Z 0V, NZLZ

ay?  20-N2)e? oy

3.2.5 VELOCITY AND MICROROTATIONAL VELOCITY VECTORS

[L-N2)e? Vs

0

0

(3.22)

(3.23)

(3.24)

(3.25)

(3.26)

(3.27)

Now to solve the velocity components and the matiational velocity components

equations (3.22) to (3.27) are returned to themrafisional forms as follows:

(u+x) oV,

ov, _op _

2 oy’

ay ox

(3.28)
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oy (3.29)

@urx)oN, _ o _ (3.30)
2 oy® dy 0z

oV oV _
a—y;+)(az—2)(V1:O (3.31)
0V, oo _ (3.32)
14 ayz - 2/YV2 =0 )
0%, oV, _ (3.33)
- -2y, =0 :
y ayz /Y ay /YVS

As x = RO, equation (3.28) reduces to

~ ; (3.34)
(u+x)oV, , 0% _19p _

2 9y? dy RO

Solving equations (3.30) and (3.31) the expresdiong andV; are evaluated as

follows

- 1 0dp
v, =A+AeY+Ae ¥+ ——
L= A ARY + A (zﬂ azjy (3.35)
\7 :2A1y+2A2N_Zeay_2A3N_2e‘ay+A4+ i@ y2 (3.36)
z a a 2/ 0z

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

conditions and

44N*

ais a non-dimensional quantity given Iay;% =
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Boundary conditions fov; andV; are:

3.37
().At y=0 v,=0 and \4=0 (3:37)
(ii).At y=h v1=0 and \{=0

Using the above boundary conditions in equatior35)3and (3.36) A Az, Azand A are

evolved as

Al = —L@ - A2 = —L@ 1
41 0z' 4u 0z (e -1)
(3.38)
_hop 1 p = N7 0p [L+e)
4uazfl-e) Y 2um 0z (1—e‘a“)
With the substitutions of A A,, Azand A, the expressions fax andVz become
h /. coshay - coshah+1)| 0 0
v, = — (sinhay) ( alod ) : Jlop, y o0 (3.39)
4 sinhay sinhah |0z 2u oz
- 2 -
v, = yly h)@+lN—{sinhay— (coshay .1)(coshah+1)}@ 3.40)
2u 0z 2u a sinhah 0z '

Similarly, solving equations (3.33) and (3.34) wiitle following boundary conditions
(i).At y=0 v3=0 and \{(=0

(3.41)
(i1).At y=h v3=0 and \\=U

The following equations will result:

[ (cosh ay —1) _ |cosh ah + 1_?-:_ @ _ yp

h .
vy = ———|sinh ay ) _ - o =
4 uR ’ sinh ay smhah | ¢6 2uRco
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U I (coshay —1)(cosh ali +1) |

o e : — < sinh ay — : - (3.42)
2N (coshah +1) | smh ah J
| a sinh ak
_ 2 _
v, = y(y-h) ap , h N {Sinhay_(coshay _1)(coshah+1)} p
IR 00 2R a sinhah 06
2 —
U 2y(cgshah+1)+2N (sinhay) (co§hay 1)_(co§hah+1)
5 2N? _h(coshah+1) sinhah a sinhay sinhah
a sinhah (3.43)

Now, from the principle of conservation of masstded in equation (3.1), it follows
that

olov,) _ _op _alpv)_alov,) (3.4
oy ot 0x 0z

Integrating both sides with respecttwithin the limit O anch, equation (3.43) becomes:

oWV, -V,)= _Ioh%_fdy‘foh%;/x)dy—fo a(:g\zfz)dy (3.45)

Where,(\7Y )y:h =V, and M )Y . =V,

As the upper limit is the function of the coordinatgsz the integration before
differentiation can be performed by using Leibrstaile and using the boundary
conditions that

(). Aty=0 V=0 and V=0
(3.46)

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

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

ot
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9] /M h2+12/\2—6N/\hcothN—h}@ +2 ﬂ{h2+12/\2—6N/\hcothN—h}@
ox| 12u 2\ 0ox | 0z|12u N[ oz

:g(@}m

xl 2 ot (3.47)

For incompressible fluid flow equation (3.47) redsi¢o give th&keynolds equation for

incompressible fluid flow in micropolar lubrication

o[ h op|. alh op|_.a(h) . ah
| _r R = 12_
6x{ 7 @A) 6x} ' 62{ 7 @(AN.h) 62} o (3.48)

(3.49)

N? NA Nh
2A

Where, ®(A,N,h) = {1+ 12+ -6— ~coth_-

Introducing the rotating coordinate system and c@nsg that the journal centre is

rotating an angular velociwg,, equation (3.48) becomes:

3 3
9 h—qn(/\,N,h)@ + 2 h—cb(/\,N,h)@ :G—O(Uh)uz@—lzwpa—h 3.50
x| u x| oz| u 0z ox ot 06 (3.50)

Equation (3.50) represents tdified Reynolds equation in rotating coordinate

system in micropolar lubrication.
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Figure 3.1 Bearing configuration for the derivation of Rela®equation.
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4. THEORETICAL ANALYSIS

4.1 THEORETICAL ANALYSIS OF THE STEADY STATE
CHARACTERISTICS

4.1.1 Introduction

This chapter deals with the theoretical analysighaf steady state characteristics of
infinitely long journal bearings lubricated with onbpolar fluids. The steady state
analysis is important for the subsequent lineansient analysis for determining the
threshold of instability of the journal bearings.

A good amount of work has been reported on thedgtestiate characteristics of
rotor/bearing systems lubricated with micropolaidt. Prakash andSinha [40] studied
the steady state characteristics of an infinitelygl journal bearing considering a two
dimensional flow fieldHuang et al [51], Khonsari and Brewe [52] made same study
on the steady state characteristics of journal ibgarsystem Ilubricated with
incompressible micropolar lubricant. In the presampter a comprehensive parametric
study has been made of the steady state char#ictevig. load parameter, attitude angle
of the journal/bearing systems lubricated with mpoiar fluids. In the analysis the
governing modified Reynolds equation in the nonahsional form satisfying the
boundary conditions has been solved by finite diffiee technique with successive over-
relaxation scheme. The steady state non-dimensymeskure profiles thus obtained is
used to determine the steady state characterist@dioned above. The results of the
analysis are compared with the similar availab$eiits of earlier authors.

4.1.2 Theoretical analysis

4.1.2.1 Governing equation

A schematic diagram of a journal bearing in micilapdubrication with the appropriate
coordinate system used for the purpose of analgsshown inFig.4.1. The journal is
considered to rotate 45 with a steady angular vgtoabout its axis. The governing
modified Reynolds equation (3.47) for two-dimensibflow of micropolar lubricant
under steady state condition is written as follows:

3 3
9 hL(D(/\,N,hO)% +i h';CD(/\,N,hO)% :GU% (4.1)
OX| U oxX | 0z| u 0z 0x
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With the following substitutions

2
0:1, ZZE, EO:&I F_)O poczl |m=E
R L C MR N
equation (4.1) will reduce to its non-dimensiorahi as:
o[ —\dp DV o[_ —\dp, | _ 1 0h,
—|all,,N,hy)]=—=>|+| = | —|gl,..,N,h, ]| —=|==—2 4.2
ae{g(m °)ae} (Lj az{g( O)az} 290 (42)
Where
E(Im,N,ﬁo)— _1222 —6_N c NI h,
hOIm holm 2
And
ol NR) =2 N )= o o N NIy
R I O 2

As hy =1+ &, cosf = h,(6) s a function ofgonly, g(.,.,N,h,)= g(8)is also a function

of Gonly.

Equation (4.2) is further simplified to the follavg non-dimensional form under steady

state condition for infinitely long journal bearsg

o — _
c, Ofe PPo o 97Po _10M, 4.3
06 06 062 2 06
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2 P 2i72 )
C, =h—°+i2— NRy cot Nl ) N7, coseclt nfo
412 2
>
hd h h2 h (4.4)
c, =N LR A (NI,
12 12 2 2 )

Boundary conditions for equation (4.3) are as fe#io

1.The pressures at the ends of the bearing are zero A
P (6.x1)=0
2.The pressures distribution is symmetrical abbetnhidplane of
the bearing >

apo (6 'O) — 0
0z (4.5)

3.Cavitation boundary condition

op,(6,.2)
00

=0, ple2)=0  for626, J

where,0, represents the angular coordinate at which thedavitates.
4.1.2.2 Numerical solution for pressures

Equation (4.3) is solved by using finite differenogethod with successive over-

relaxation scheme as described explicitly to obtaesteady state pressure distribution

P, , satisfying the boundary conditions as given quation (4.5). Following the

geometrical and operational symmetry of the beaower its midplane, the half of the
bearing length is considered and the bearing sairéaea is divided into a number of
rectangular meshes of siz&@@each. Representing a grid point as (i), where i and

represent the coordinates alom{p) directions respectively, the first and second order

derivatives of pressures are approximated by detiffarence method as follows:
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660 — (Bo)nl _(Eo)i—l

26 206)

_ _ _ _ 4.6
0" Py _ (Po)s ~2(Po). *+ (Bo) s g “o
96° (06)?

_/

4.1.2.3 Pressure Profiles

With the above representations equation (4.3) eaexipressed in the finite difference

form as
(Po)i =Ci(Po)in +Co(Po)iy +Cs 4.7)
Where,
c -1 {1_ (C.), & (L6)Sing, } N
2 2(Cy),
c, =1 {1+ (Ca)i £5(86)Sing } . 8)
2 2(Cy)
C, = (86)° £,Sing, 6 =i(L6)
4(CB)i _/

where, Ca )i and Cg )i are to be evaluated using equation (4.4), in which

. oh, .
h, = (ho), and 38 - (EJ are to be calculated corresponding to each

To compute the non-dimensional pressures numeyitai number of divisions along
6- andz -axesi.e. along bearing circumference and bearing lengthsidening half of
the bearing length, are taken as 44 and 12 respéctiSince the pressure distribution is
symmetrical about =0, it is sufficient to solve the pressure disttibn for one-half of
the bearing length. Iteration is started considgrmtial pressures at all mesh points to

be zero and the computed grid pressures are modifreugh successive over-relaxation

—n+l

—n+l —n
scheme. The convergence criterion for iteratior%zig‘,p" z po‘s 0.001, where n
0

represents the number of iteratioiftsis found that the rate of convergence is greatly
influenced by the proper selection of the overxaten factor. The choice of the over-
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relaxation factor is done on a trial basis. Howeleerquick convergence in some cases
the over-relaxation factor may be chosen as high.2@. In this particular analysis it is
taken as 1.05.

4.1.3 Results and discussion

The schematic diagram of the journal is shownFig.4.1. Since the steady state
characteristicyiz.,load carrying capacity, attitude angle of the j@lirmre dependent on
the steady state film pressurE)0 , Which, in turn, depends upon the micropolar
parametersy,, N, eccentricity ratios, and the slenderness ratifD, detailed parametric

studies are done to show their effects in the @smenon-dimensional form of steady
state pressure profiles, steady state load, attitaigle and the results have been
compared with the respective values for Newtoniaid f thereby validating the methods
and computer codes.

4.1.3.1 Load carrying capacity

Effect of Coupling Number (N)

Fig.4.1.1shows the variation of the dimensionless load aapat the journal bearings
as a function ofm for L/D = 1.0 and;&, = 0.5 when coupling numb&\¥ is taken as a
parameter. It is found from the figure that for aoupling numbeN, the load capacity
reduces witim and approaches asymptotically to the Newtonidnevasl|,, — «at a
finite value of I, the load parameter increases as coupling numbencigased.
Moreover, asl, - @he load parameter increases rapidly Misincreases. This is
expected since the micropolar effect will be sigaift either when the characteristic
material length is large or the clearance is snfélé second case is very important here

asC is usually very small in hydrodynamic journal beatiAs|,, — Othe velocity and

the other flow characteristics will reduce to thequivalents in the Newtonian theory

with p everywhere replaced 6w+% )(j, as gradient of microrotational velocity across

film thickness is very small. Hence effectively thiscosity has been enhanced. So,

when the non-dimensional load has been referrethéoNewtonian viscosity, it is

increased by a fact{r;u%xj/,u atl ;. - 0. The decrease in the load capacity to the

asymptotic value atl,, — cocan be attributed to the same reason as given an th
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explanation of steady state press{rg#% )(j/ M is equal to{l/(l— Nz))} by virtue of

definition of N. So atl,, — Gt higher value oN, {1/(1— NZ))} is more and 50/70 is
more. In betweenl , - @&nd _ - o, atN #0, the effect of angular momentum
equation will modify Reynolds’ equation through pting number. Hence following the
same explanation as that given for the steady pratgsure, the enhanced pressure will
increase the non-dimensional load carrying capacity

Effect of Eccentricity Ratio (&,)

Fig.4.1.2shows the variation of load parameter wijHor L/D = 1.0 andN2 = 0.5, when

&,is considered as a parameter. It can be discetraddr a particular value df,, the
non-dimensional load carrying capacity though iases in both types of lubrication as

&, is increased, the rate of increaséMy in micropolar lubrication is found to be more

[0}
rapid than that in the Newtonian lubrication. Italso found that the load parameter at
any eccentricity ratio is considerably higher that for Newtonian value at lower

values ofl, and converges to that for Newtonian fluid gs» oo.

4.1.3.2 Attitude angle
Effect of Coupling Number (N)
Fig.4.1.3shows the variation of the attitude angle with mjolar parametds, for L/D

= 1.0 andg, = 0.5 when coupling numbé\t as treated a parameter. It can be seen from

the figure that for a particular value bf attitude angle decreases Mss increased.
Furthermore, a&, increases the values of the attitude angle coevasymptotically to
that for the Newtonian fluid. For any coupling nuenbattitude angle initially decreases
with increase inl, reaching a minimum and then reversing the trendl,as further

increased. It is found that the optimum valuelpfat which ¢ becomes a minimum

increases with a decreaseNnlIt can be verified form the figure that the optim value

of I, for minimum value ofg shifts from aroundi, = 6.0 atN* = 0.9 to around 16.0 &F

= 0.3. It can be demonstrated that to the left e bptimuml,,, micropolar effect

becomes significant and to the right of this miaiap effect diminishes. Further &t =

0, the attitude angle remains the same as thahéNewtonian fluid. The reason is that

components of non-dimensional forces along the diheentres and perpendicular to it
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will be increased by the same factE)p+%)()//,1 and the attitude angle being the

function of the ratio of the two will remain unadfted.

Effect of Eccentricity Ratio (&,)

Effect of the eccentricity ratio on attitude angl@s been shown iRig.4.1.4 for L/D =
1.0 andN? = 0.5. It is found from the figure that at aly attitude angle decreases with

increase i¥,. Furthermore, the effect of micropolar paramelier becomes more
pronounced at highey . The optimum micropolarity is found to be almastiependent

of &£, and occurs dt, around 10.0.

Figure 4.1 Schematic diagram of hydrodynamic journal beatinder steady state

condition
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4.2 DYNAMIC ANALYSIS

4.2.1 Introduction

The present chapter deals with the dynamic anabfsisfinitely long hydrodynamic
journal bearings in micropolar lubrication regirdelinearised technique in the form of
small order perturbations of eccentricity ratio aattitude angle has been adopted to
simplify Reynolds equation and equations of motidhis method eliminates the time
dependent terms and the dynamic pressure can bputednconveniently by using the
finite difference method with successive over-ratéon scheme. Knowledge of the
perturbed pressures enables one to compute the clmmponents of stiffness and
damping coefficients of the bearings by the nuna¢riategration of the perturbed
pressure fields along the line of centers and peligalar to the line of centers. It will be
shown subsequently that the real parts of thesgrals will give to some scale the
components of stiffness and the imaginary partctimeponents of damping coefficients.
Apart from the stiffness and damping coefficientsotaer dynamic quantity is the
threshold of oil whirl stability, an important pramenon exhibited by rotor/bearing
system. Because of the oil whirl, the shaft ceslefts away from the static equilibrium
position, whirls in an orbit and may ultimately cenm contact with the bearing surface,
and the bearing may fail due to seizure. Therefarsfudy of oil whirl instability is
important in bearing design.

Keeping this in view, the threshold for oil whimd external stiffness and damping for a
rigid rotor in self acting cylindrical journal beags of infinite length lubricated with
micropolar fluid has been analyzed theoretically.this analysis, the journal is also
assumed to execute small harmonic oscillation alew@tatic equilibrium position, such
that first order perturbation can be applied witheerious error. The equations of motion
of the journal have been written using the oilfséés and damping coefficients and
external stiffness and damping coefficients, and thsulting equations have been
investigated for oil whirl stability. The result$ the analysis are shown in the form of
graphs and the effects of various parameters likgopolar parameters, eccentricity

ratio are studied and discussed.
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4.2.2 Theoretical analysis

4.2.2.1Governing equation

A schematic diagram of a journal bearing in miclapdubrication with the appropriate
coordinate system used for the purpose of analgyss®iown in Fig 4.2. The journal is
considered to rotate with a steady angular veloa@atyout its axis and it is further
assumed that the journal undergoes a steady warah ielliptic orbit with a frequenay,

about its mean steady state position. The govermadified Reynolds equation (3.47)

for two-dimensional flow of micropolar lubricant thithe following substitutions

2

=X =2 p=h 5 pc2’ =S rsa (4.9)

R L C LoR A
will reduce to its non-dimensional form as
of_ \op] (DY o —6[‘)}1 onh oh
—|gll ,N,h)—|+|—| —|gll.,N,h)—=|==(1-2¢)— +— 4.10
69[9(’“ )69} (LJ az{g(m )62 2( ‘d)ae or ( )
Where,

_ _ NI_h
CD(Im,N,h): 1+_1222 —6_N cot o
ha2 “hi_ 2

\ h®_ \ h® & h2 _
§(|m,N,h)=E<b(|m,N,h):EJrlﬂz_’\Z‘I_COw(NI;hJ

m
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And

As h=h(6) isa function ofdonly.g (ImN,h) = g () is also function 0B only.

4.2.3 Perturbation Technique

The concept of the perturbation technique is tovipleo small order perturbation to the
eccentricity ratio and attitude angle assuming jthenal to execute small harmonic
oscillation about its static equilibrium positioi, eliminate the time dependent terms
without serious error. First order perturbation Inoet is utilized for non-dimensional

pressure and local film thickness with assumptiaat the journal whirls about its mean
steady state position given by the eccentricitjorat with amplitudesRe(s,€™") and
Re(g,e™*") along the line of centers and perpendicular tditteeof centers respectively

for which the non-dimensional pressure and lodal thickness will be as follows

p= ﬁ ﬁ e R7 4 P&, iART }

h = h, + £, cos@ + g,pe""" sin g (4.11)
Where,

_ . . @

hy =1+&,c080 ; e=¢g,+£e™ ;| p=g+@e™ and A, = ;”

The parameters with suffix ‘0’ correspond to steathte condition.

Substituting equation (4.8) into equation

000{90 N h)gz}—g(l 2¢)%+% (For infinitely long bearing

and collecting the first order terms@andeo¢ 1 the following two equations are

obtained
aho 6pl oho apo 0%p, p0 1. ,
+{—C,sind+(C. +C +(C =—-=sind+iA co
A 30 30 {-C,sin@+(C. co)— VLY, 662 +( 0039') 2sm iA co

(4.12)
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0o OP; v o+ (C, sind)

oho aHO+
Rl o
06 06

0%p, __9°p, _1 . 10dh
—=0 +(C, sin 9 =~ cof+iA (sinf———2
96" 96 (Cysiné) ¢ 2 o ae)

C
ol F) £,

(4.13)

Where,Ca andCg are obtained from equation (4.4).
Cc =M | N2, cosectt Nlnho | N o Nimho | NTmho o ere| Nlmho | g Nimho
2 2 | 2 4 2 2

(4.14)

Equations (4.12) and (4.13) represent the govermiifigrential equations for perturbed
pressures.
The boundary conditions for the perturbed pressaress follows:

1. The perturbed pressures at the ends of the bearenzero \

51(9,1“1) =P, (H’il) =0

2. The perturbed pressure distributionssgnremetrical about the midplgne
of the bearing

apl(_g'o) - apz (_9’0) - 0 (415)
0z 0z
3. All perturbed pressure in the cavitated zonezare

51(51’7) = |_32(51,2) =0,

p.(6,2)=p,(6.2)=0, 626, J

Where, 8, represents the angular coordinate where the fivitatas.
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4.2.3.1Numerical solution for pressures

Equations (4.12) and (4.13) are solved by usiniefidifference method with successive
over relaxation scheme to obtain the perturbed spres distributionsp, andp,
satisfying the boundary conditions as given in ¢éigua4.15). Following the geometrical
and operational symmetry of the bearing over itg-ptane, the half of the bearing
length is considered and the bearing surface ardevided into a number of rectangular
meshes of sizéAHXAE) each. The first and second order derivatives ofquees are

approximated by central difference method as fadtow

9P, _ (Pu)ies = (Pu)i h
06 2(A6)
62p_n — (En)iﬂ - 2(6n)| + (I_Jn)i—l > Where’ n:]" 2 (416)
06> (06)?
_

4.2.3.2 Perturbed Pressure Equations
With the help of finite difference technique adatihin equation (4.16) and the boundary
conditions in equation (4.15), equations (4.12) 4A4d.3) are reduced to give the

following pressure equations

(P): =ColP)ia + Co(Pr)is + Ca(Po)is +Cs(Po)ics + Co(Py): +C; (4.17)

(P,); =Ci(P,)is *+ Co(P2) i + ColPo)is + CoPo)i + Cuo(Po); +Cis (4.18)

whereC, , C, are as stated in equation (4.8) and

\
C, = [(CA)' Cosf, - (Ca), (A6)Sing - (Cc), (A0)£OS|n6’Cos«9J
2(C,), 4C,), 4(Cy),

C, = [(CA) Cosf + Ca) ——A7 (AB)SIng, +—<- (Ce) (AB)e,Sing Cosd,
2(C,), 4(C,), 4(Cy);

(B0)” L ing ~i,Cosh)
2(C,), 2

(€
(Ce)i

C,=-—2lCosfl C,=

(4.19)

C, = £( Wi ging +-Ca)i (agycosg - C) (ag)e,sig

2(Cp), 4Cy), 4Cy), ]/
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\

C, :[ (Ca), Sing, —&(A@)Cosﬂi 4 (Ce) (A@)fOSinZBiJ
2(Cyp)

8)i 4(Cy); 4Cs),
Clo _ (CA)i Slné’i C11 — —M(ECOSQ + 2i/1RSin6?i) >
(Cy), 2(Cg); 2
8 =i(06) ) (4.19)

where,(C,),, (C;),and (C.), are to be evaluated by using equations (4.4)Y4uid}),

in which ho = (ho), and% = [%} are to be calculated corresponding to eich

To compute the non-dimensional pressures numeyitad number of divisions along

6- and z -axesi.e. along bearing circumference and bearing lengthsidening half of

the bearing length, are taken as 44 and 12 resp8ctiSince the perturbed pressure
distributions are also symmetrical over the midplanh the bearing, half of the bearing
length is taken only. Iteration is started consitginitial pressures at all mesh points as
zeros and the computed grid pressures are modtiedigh successive over-relaxation

scheme. The iteration is terminated with a convecgeriterion for every pressure as

‘ZB?H _ZE‘ < 0,001

oY
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Figure 4.2: Schematic diagram of hydrodynamic journal bearungger dynamic

operating condition
4.2.4 STIFFNESS AND DAMPING COEFFICIENTS

The components of the dynamic load along the lineeaters and perpendicular to the

line of centers corresponding to perturbed presgpirg ¢”= ) in Rdirection can be

written as under

(W, ) e = —ZIOL/Z I:z p, cosfe, e~ Rd&lz (4.20)
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And
iR Liz (6, . iART
(W, ),e" = —Zjo L p, sinfs,e”™™ Rdddz (4.21)

As the journal executes small harmonic oscillaidout its steady state position in an
elliptic orbit, the components of dynamic load da expressed as a spring load and

viscous damping load as

(W, )™ = SeCe + Do (Ce) 4.22)
(W,),e"" =SzCe, + Dy %(CgR) (4.23)
Combining equations (4.20) through (4.23), non-cdigienalising and noting

thate, = £,"™, the following non-dimensional components of stfs and damping

coefficient result

wn
Py
by
1

- Re[Z [ [P, cosed Hdi}

2
1

- Re[zj: [ p, sin 6d edz}

|
5. =-1Im [2[01 [ psin od HdZ}/)IR (4.24)

J

Similarly, considering dynamic displacement of jbernal alongd direction, it can be

1 (0,
D = - Im[zfo L p, cos 8d8dz

shown that
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— 1 6, _
Spp =~ Re[z_[o Iel p, cos Gdez}

%2
1
|

Py

D

2" [ p, sin 6d Bdf}

1 6, _
Dr, =—1m Z.fo Iel pzcosé?dedz}//]R

D, =-1Im 2]01 j:z P, sin 8d6dz /)IR (4.25)
) J
where,
- _2Cs, _ _2C°D; . _
S = ;- andD; = s— i=Rg¢ andj=R¢
URL URL

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

method, the above components of stiffness and danpoefficients can be easily

obtained by numerical integration using Simpson3sril rule.

4.2.5. EQUATION OF MOTION

The dynamic pressure distributiop,& P, have been obtained by finite difference
method and stiffness and damping co-efficient &lave been calculated by numerical
integration using Simpson’s 1/3 rule. Stiffness aadnping co-efficient thus obtained
can now be employed to study the stability of fle&ibility supported hydrodynamic oil
journal bearing can be written as:
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Equation of motion of rotor in ‘r’ direction is:

d2e d(ﬂjz der de
m +— " _elZ%| |+Se +D —+S e +D —2 =w. cos 4.26
R|:A‘r dt2 r[dt T rr dt rg~p ry dt 0 ¢) ( )

Equation of motion of rotor in®’ direction is:

d’e, de, de ,
me| A, + e +2ee, +Swe¢,+DW,E+S¢,er +D¢E=W05|nqp (4.27)

Equation of motion of the bearing (neglecting theght of bearing) in ‘r’ direction:
de de dx, | . dy,
-S.e-D,—-S e, —-D, 6—2=-Kx +d—2 |sing—| Ky, +d—> |co
rlel:'a\':l T rr dt (870t} re dt ( b dtj (0 ( yb dt S(”

(4.28)

And equation of motion of bearing i®* direction is:

de de _ dy, dy, \ .
rT1b[A¢,]—S.¢,/,e¢,—DWd—t’”—8¢,er —Dwﬁ——(KXb +dd—t"jcos¢)+(Kyb +dd_tb sing

(4.29)
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Figure 4.3: Schematic diagram of co-ordinate system

Where K and d are external stiffness and dampirgfficient. Here for the system
A =X%,sing+§,cosp And A, =X, cosp-Y,sing

Now the following substitution are made

x, = c.x, = c(x, + x,e"r)

Yp = C.¥p = C(Vo + VleMRt)
9 =9, +pe’

e, =g .c=cle, +£e")
e, = €,C = c(go(po + go(ple”Rt)
cos @ = cos @, — @, sin g,

sin @ = sin @, — ge"’* cos g,
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S, T Sy
nR3*L —
Dij 2C 3 ij
_ nUR %L
Yo = 5¢ °
T=w,t ! a,/a=A @ m/mg=2
MCw? : .
m= ¢ (Bearing stability parameter)

0

HereX, , y,are steady state non-dimensional co-ordinatesraécef bearing.
&,=Steady state eccentricity ratio

@ =steady state altitude angle

X, V.. &, & & ¢ are £ order perturbation

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

eqguation of motion in the following non-dimensiof@am

— X, %, sing + ¥, cos] +(_)|2m7v0 +Sy +iAD, )51 +(§r¢,go +iAD, &, +v_vosin¢5)(q =0
(4.30)

—Azm[i(l cosp —ylsin%] +(§¢ +iAD, )51 +(§W£O — PPy, + S +iAD, £, +W, co%)gq =0
(4.31)

(- 222w, + Kk +i4d )singx, + (- A2zmw, +K +iAd )cosgy, + (S« +i4D, )5,

o - (4.32)
+ (— Sip, —1AD, &, + KX, cosg — Ky, S|n%)(n =0
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(- 2 zmw, +k +iAd )cosp, + (- A zmw, —k —iAd )singy, + (- Sy ~iAD, Je,
+(—§.¢,4,,es0 ~iAD,,£, — KX, sing — ky, cosgq,)tg =0

(4.33)
For steady state condition

KX, sing, + Ky, cosgp, = Srr &, + Sy,

And

kX, cosg, — Ky, Sing, = Su &, + Sweh)

From whichx, & Yy,are calculated as

%, =1/ E)[(én £, +§r¢£0¢6)sin¢6 + (§¢,£0 +§W£0¢6)CO%J

y0 = (]/E)l(g" £yt §r4”£o¢’o )COS¢0 - (§¢r &t gqxpgo(ﬂo )sin (OOJ

Now the following substitution are imposed

~0|

(X, sing, + ¥, cos)
= (y, sing, — X, cosg)
= (X, sing, + Y, cosg)

)

=

Koy

b, = (yo sing, — X, cosg,

Therefore the equation of motion takes the configan as

~ P, B, + (- W, + S +iAD, Je, +(Seog, —iAD, 6, +WosinggJy =0 (4.3)
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PG, + (S +1AD, Je, + (- e, + Swe, +iAD, £, +Wycosp g =0 (4.35)
(- 2w, ~k —iAd )R, +(~ S —iAD, Je, + (- Sept ~ 14D, &, kb, Jg =0 (4.36)
And

(222w, ~k —iAd)g, +(~ Sy ~i4D, Je, + (- Swe, ~iAD, £, —Kby Jg =0 (4.37)

Now for non-trivial solution, the determinant ofettabove equations (4.34), (4.35),
(4.36), (4.37) must vanish. Equating real and imagi parts of equation (obtained by
expanding the determinant of the equations for tnetal solution) separately to zero,

the following two equations result:

A m*+ A, M + A M+ A mM+A. =0 (4.38)
A,M° + A, Mm%+ A,M+A, =0 (4.39)
Where
A, =C, 1w’ (4.40)
A, =C,, /W’ (4.41)
A, =C,, A*'W,* +C, AW’ (4.42)
A, = C,. A*W, +C,, /W, (4.43)
A, =C, A" +C,q A% +Cy (4.44)
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A, =C, AW} (4.45)

A,, =C,, N'W,’ (4.46)
A, = C, A*W, + C,, A*W, (4.47)
A, =CyA” +Cy (4.48)
C,, =-Z%, (4.49)
C,, = ZSn&, + ZSwe, + 2ZKe, + 22 Spe, + Z>W, cosg, + ZKb, (4.50)

C, =D, D¢, -D,,D,& -22D,D, &, +dD, & + 27D, D¢, +dD,¢&, + D’D,

ro— @ <o = gp©0 <0 =~ g

27dD, &, + 2ZdD, w0 -Z° D D, 0 +d2¢,

(4.51)

C,, = —Su Swe, = Sukb, + SipSy &, + Spkb, +22S,Sa &, + ZSakb,
~ 7S W, cosg, —kSw &, = 2ZSw Swe, — ZKSub, —k Swe, — kb, +
ZSuW,sing, — k2, —2Zk Sy £, — 2ZKk Spe, — Z? St Spe, — 2ZkW, coSg,
~72S.W, cos@, + Z2SiySu &, + Z2SuW, sing,
(4.52)

C,s = 2kD,, &, +2dD,, Sy, +dkb,D,, +2d S, D, &, — 2kD,,D,, £, —2d Su D &,
-2dSuD, £, - dD, W, cosg, —dD,, kb1+dD W, sing, —d? Srrgo d?Spe, -
d *W, cosg, - 2ZkD,,D,, £, — 2dkD,, &, — 2dkD,,,&, — ZdD,, Swé, — 2ZdD,, W, cosg

-22d S« D¢, +2ZkD,, D, £, + 22d Si,D , £, + 2ZdD, W, sine, +2Zd S, D, &,
(4.53)
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C27 = _2E§r¢§¢y 80 - R2§¢' 62 + 2R§rr gwgo + Egrr WO COS% +
k?Sib, —kSuW,sing +k?Sy &, +K2Spe, + 2ZKSu Spwe, + K*W,cosg +  (4.54)
27K St W, coSe, — 2ZK Sy Sy £, — 2ZK Sy W, Sing,

C,,=-d’D, D_&,+d°D, D, &, (4.55)

C,s = —0%Sw S, +d > Su W, cosg + k2D, D,,,&, + 2dKD,, Seé, +
2dkD,, W, cosg, + 2dkD,,Sr &, —k?D,, D, £, ~d>SipSa &, —d*SaW,sing, -  (4.56)
2d_k§r¢5¢' 50 - me WO S|n% - 2d_k§(/r Srwfo

Cpo = —k?Si Swe, —k?SuW, cosg, +k2SipSa &, + k2 SaW, sing, (4.57)

Cy, =2ZD, & +ZD &, + 2Zde, +Z°D, &, + Z’D &, =0 (4.58)

Cy, = —Su D&, — D,, Swé, —~ D, kb, + SiyD, &, + D, kb, + Su D, &, +2ZD,, Sipé, +
ZD, Kb, +2ZS, D, &, - ZD,, W, cosg, — KD, &, + ZD, W, sing, — Zdke, — 2Zd Spe,
— 2Zdw, cosg, — Z*SD,, & — Z°D,, W, oS¢ — Z* Sy D &, + Z°D,, Sipe, +
Z°D,W,sing, + Z*SyD, &, — 2ZkD, &, — 2ZKD £,
(4.59)

£, -d’D_&, (4.60)
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Cyy=—2D, Sipe, KD, b, —2kSy D, &, —2dS, Ko, +2k Sy D, £, + 2k SeD,, W, cOp +
20 S S &, +dSew, cogg + Ak S +k*0,D,, —dSyw, sing —kD, w, sing +

20K S &, + 20k S, + 20kw, COS, + 220 S S, + 220 S, COSR + kD, £, +
2ZKSwD, &, +2ZkD,, W, COS4, + 22K S: D, £, — 2ZkD,, W, Singg — 22k S, D, £, ~
27dS:» Sy £, — 2Zd Sy w, Singg

Cys = 2dkD,, D&, +d?SpD, &, +d 2D, W, cosg +d2 Sy D&, ~d*Si,D,, & ~

(24
d*D,W,sing —d*S,D, &,

Cae =20K S S, — 20k S W, cog —k?SgD, &, —k*D, W, cosp —k?Si D,,.£, +
k?SiyD, &, +k?D, W, singg +k*Sy D, &, +20kS:ySy &, + 20k Sy W, Singg

(4.61)

(4.63)

The critical mass parameter & whirl ratio will betdrmined by satisfying the equations

(4.38) & (4.39) employing Newton Raphson method.

4.2.6 Results and discussion

Since the dynamic characteristics expressed instefmon-dimensional components of

stiffnress and damping coefficients and the critioass parameter along with the

corresponding whirl ratio, representing the stapitif the journal, are dependent on the

steady state and perturbed film press@gs 31 andEzand thus, in turn, depend upon

the micropolar parameterky( N), eccentricity ratios,, detailed parametric studies are

done to show their effects on the non-dimensionalmonents of stiffness and damping

coefficient and finally on critical mass paramedad whirl ratio.

4.2.6.1 Non-dimensional components of stiffness addmping coefficients
Effect of Coupling Number (N)

Figs.4.2.1to 4.2.8 show the variation of the non-dimensional composarit stiffness

and damping coefficient as functionlgf when coupling numbelj is considered as a

parameter, keeping, andL/D fixed at 0.5 and 1.0 respectively.
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It can be observed from the figures that at anwesdl, the direct components of

stiffness Srr and S, increase with an increase in coupling number. Ryraf value of

N, Srr and S,, decrease with, and all the family of curves converge to the asitip

value of these for Newtonian fluid &s becomes infinitely large. However,lat—- , 0

Srr and Sgare much larger compared to those of NewtoniaddluThe reason for such

enhanced components of stiffnesd at- is the same as that for load parameter. Cross

components of stiffnesSg, and S, follow the same trend as the direct components.
Direct and cross components of damping coefficieatease with coupling number for

any value ofl,, but at largdm (I, — «), they approach the corresponding values for

Newtonian fluid.

Effect of Steady State Eccentricity Ratio(&,)

Figs.4.2.9t0 4.2.16show the variations of non-dimensional componehgtifiness and

damping coefficients for different values of andl,,, when other factorgiz., L/DandN

are kept fixed. It can be observed from the reterfigures that an increase in

£, increases the magnitudes of the dynamic coeffisiettis further seen that all the

curves in the micropolar fluid lubrication regimenwerge to those for Newtonian fluid

lubrication regime at,, -~ At | - Othe values of all the coefficients are more than

those for Newtonian fluid because of the reasooudised in Chapter 4.1.

4.2.6.2 Critical mass parameter(M c)

Effect of Coupling Number (N)
Fig.4.3.1shows the variation of critical mass parameter @ggnting the threshold of

stability as function ofy,, when &, = 0.3, K=.001, d=.001landL/D = 1.0 andN is

considered as a parameter. It is found from theréghat the critical mass parameter

increases abl is increased. Moreover, at any particular valueNpstability improves

initially asln, is increased, reaches a maximum to that for Neamofuid at large value

of I .

The increase in the stability parameter in micrapdlibricant regime can be explained

from the steady state analysis in which it has b&eswn in steady state analysis that
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load parameter of a journal bearing increases @ rthicropolar fluid than in the
Newtonian fluid. So, with the same load in a Newdonfluid the journal will run at a
higher eccentricity ratio than that in micropolabiicant and consequently the stability

parameter in micropolar lubricant regime will inase.

Effect of Steady State Eccentricity Ratio(e,)

The effect of variation ofe,on Mcfor N’ = 0.3, K=.001, d=.001 andL/D = 1.0 is
shown inFig.4.3.2 It is found from the figure that as,increases and then increases
irrespective ol For £, < 0.9, the stability parameter is less in micropdlgarication
compared to that in Newtonian fluid. However, ahar £, (£,= 0.9) it is found that at
lower |, < 60.0,Mc initially then increases with,. All the curves, however, show the
tendency of converging to the value correspondintipé Newtonian fluid at large value

of I. The effect of variation of, on M¢ for N*=0.1,d=.001,Z =.1 and L/D= 1.0 is

shown inFig.4.3.3 It is found from the figure that as, decreases and then increases

irrespective ofK . Threshold stability decreases with eccentricitjorat

Effect of External Damping Coefficients(d)
The effect of variation offi on Mcfor N> = 0.3, £,= 0.3, Z=.1 and L/D=1.0 is shown

in Fig.4.3.4. It is found from the figure that asl increases and then increases

irrespective ofK . Threshold stability increases with damping.

4.2.6.3 Whirl ratio (Ag)

Effect of Coupling Number (N)

Fig.4.3.5shows the variation of whirl ratio witlhy,, whenN is taken as a parameter for
&, = 0.3 and./D = 1.0. It can be seen from the figure that as aogplumber increases,
whirl ratio decreases. At a particular value Nf the whirl ratio initially decreases,
reaches a minimum, then increases with furtheresme inm and ultimately converges
to that for Newtonian fluid wheh, is indefinitely large. However, the variation ohin

ratio is very small.
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Effect of Steady State Eccentricity Ratio(&,)
The effect of&, on whirl ratio can be found frofaig.4.3.6 and Fig.4.3.as a function

of I, for N = 0.3 and./D = 1.0. It can be seen from the figure that theatam of whirl

ratio is small ats, = 0.5i.e. within 0.3865 and 0.3903. But at higher valueggf(&, =

0.9), A, decreases to about 0.655.
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5. CONCLUSION AND SCOPE FOR FUTURE WORK

5.1 Conclusion

In the present dissertation, the steady state amandic analysis of infinitely long
flexibly supported hydrodynamic journal bearingsdein micropolar lubrication are
studied theoretically. Bearing characteristics hiawen studied and presented for a wide
range of micropolar lubrication parameters as vesll bearing parameters, so as to
provide a guideline for the design of such beariffg®m the studies and the results
reported in the previous chapters, the followingatosions may be drawn.

1. The non-dimensional load carrying capacity increaae the coupling number
increases and non-dimensional characteristic lend#icreases. The load

parameter converges to the Newtonian valuélas Oandl,, — .
2. Other parameters remaining the same, the load heaimcreases in both types

of lubrication with the increase in eccentricityioa The load parameter remains

always higher in the micropolar fluid than thatte Newtonian fluid

3. The values of the attitude angle decrease as nulmo@ffect increases. The
attitude angle also decreases as eccentricity iratreases. The micropolar effect
on g, is also increased with the increase jn

4. All non-dimensional components of direct and cresiéfness and damping

coefficients exhibit the similar relationship withe micropolar parameters as

that of dimensionless steady state load.

5. At a certain value of,, all dimensionless response coefficients incress¢he

eccentricity ratio increases when other paramemsin the same
6. The values of the whirl ratio always remain aroGrgl
7. Threshold stability increases with damping.

8. Threshold stability decreases with eccentricitjords, )

82



5.2 Scope for future work

The present work is purely a theoretical work oa ttynamic of flexibly supported
infinitely long hydrodynamic journal bearings. Thieeoretical results could not be
compared with the experimental data as there weracilities of the kind required for
conducting such an experimental to collect the .d8@ there is a great scope for
comparison of the present study of the bearingls thig test results, if done carefully.
Furthermore, the present analysis is based on drided journal bearings, although
bearings of different geometries exist now-a-daye, analysis of different shaped
bearings on flexibly support could be done and caneg with the present results.

Only a selected set of variables have considereahalyzing different parameters for
time shortage. So, there is ample scope for simaitalysis of the bearings considering
wider range of variables.

A non linear analysis of this same problem couldobenore use and this will indicate
that the actual growth of orbit and also the lioyitles, if any.
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/. APPENDICES

7.1 APPENDIX-I:

Programme For Calculating Load Carrying Capacity t#ude Angle, Stiffness &

Damping Of Infinitely Long Hydrodynamic Journal Beangs With Micropolar

Lubricants.

COMPLEX P1(55),P2(55), TERM11,TERM21,SPO1,SPO2

COMPLEX AM11,AM12,AM21,AM22,F11(55),F12(55),F21(55

,SPN1,SPN2

),F22(55)

COMPLEX CA9,CA15,WDX1,WDY1,WDX2,WDY2,DEV1,DEV2

INTEGER PRECAV

REAL LM, LM2

DIMENSION P(55), THETA(55),HHO(55)
DIMENSION RLM(10),CC1(55),CC2(55),CC3(55)

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

READ(**)RLAMDA

READ(* *)LM,AN2
WRITE(**)'GIVE VALUES FOR: EPHO'
READ(* *)EPHO

WRITE(*,*)'GIVE VALUE FOR: ORF (1.05)'
READ(* *)ORF

O00000

@

KNT=1
AN2=0.1
READ(1,*)(RLM(ILM),ILM=1,8)
450  IF(AN2.GT.0.9) GOTO 460
ILM=1
430 IF(ILM.GT.8) GOTO 440
LM=RLM(ILM)
WRITE(3,1510)LM,AN2
1510 FORMAT(//32X,'MICROPOLAR FLUID CHARACTERISTIC
#3X,'NA2 =" F7.4/)
C
RLAMDA=1.0
EPH0=0.1
WRITE(3,1520)RLAMDA

1520 FORMAT(5X,'/RLAMDA =',F4.1/)
WRITE(3,1010)

1010 FORMAT(EPHO',1X,ITER',2X,'SS LOAD',2X,'ATT A
#3X,'IP1',1X,'IP2',8X,'WDX1(Cos:P1)',15X,'WDY1
#WDX2(Cos:P2)',15X,"'WDY2(Sin:P2)',12X,'SRR', 1
#10X,'DPR',10X,'SRP',10X,'SPP',10X,'DRP",10X,’
#2X,'WH RATIO',2X,'MASS PARA)

410 IF (EPHO.GE.1.0) GOTO 420

WRITE(*,*)'GIVE VALUES FOR: RLAMDA (=WHIRL RATIO)

(Given as 1.0)'

WRITE(*,*)'MICROPOLAR CHARACTERISITCS LM, AN2 (=N 2)

S:,3X,'LM =',F10.3,

NGLE',5X,'SN!,
(Sin:P1)", 15X,
0X,'SPR',10X, DRR',
DPP',4X,'STABILITY",
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C

1220 FORMAT(/4X,'KNT="18,4X,'RLAMDA=",F4.2,3X,'LM=
#AN2="F6.3,3X,'R=",F3.1,3X,'EPHO0=",F5.2)

C

@]

OO0

000y

SOOO0N

OO0

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

I5=IPT+2

16=15+1

14=15-1

13=14-1

12=13-1

Al3=13
DELTH=2.0*PI/AI3
DELTH2=DELTH*DELTH
LM2=LM*LM
AN=SQRT(AN2)
AN3=AN2*AN

ITER=1
SPO=0.

CALCULATION OF FILM THICKNESS AND THE FUNTIONS F1
AND F2={COSECH(N*LM*H0/2)}*2

DO 10 1=2,I5

Al=I-2

THETAI=A*DELTH

THETA()=THETAI

HO=1.0+EPHO*COS(THETAI)

HHO(1)=HO

A=0.5*AN*LM*HO

TANHA=TANH(A)

COTHA=1.0/TANHA

SINHA=SINH(A)

CSCHA=1.0/SINHA

CSCHA2=CSCHA*CSCHA

HO2=HO0*HO

HO3=HO02*HO
CC1(1)=H02/4.+1./LM2-AN*HO*COTHA/LM+AN2*H02*CSCHA2
CC2(1)=H03/12.+H0/LM2-0.5*AN*H02*COTHA/LM
CC3(I)=H0/2.+AN2*HO*CSCHA2-AN*COTHA/LM-AN3*LM*H02*
CONTINUE

INITIALISATION OF PRESSURE

DO 20 1=1,I6
P(1)=0.0
P1(1)=CMPLX(0.,0.)
P2(1)=CMPLX(0.,0.)
CONTINUE

SETTING OF BOUNDARY CONDITIONS
IF(LEQ.2) THEN

P(1)=0.0

ENDIF

SOLUTION OF REYNOLDS' EQUATION

DO 30 I=2,15
THETAI=THETA()

"“F7.2,3X,

=COTH(N*LM*H0/2)

/4.

CSCHA2*COTHA/4.
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000y

50

70

80
120
100

110
90

OO0

CCli=Cci(l)

cc2i=cc2(l)

CC3I=CCc3(l)
CA=0.25*CC1*EPHO*DELTH*SIN(THETAI)/CC2I
CA1=(0.5-CA)

CA2=(0.5+CA)
CA3=0.25*EPHO*DELTH2*SIN(THETAI)/CC2I
TERM=CA1*P(I+1)+CA2*P(I-1)+CA3
ERR=TERM-P()

P())=P(I)+ORF*ERR
IF(P(1).LT.0.0) P(1)=0.0
IF(.LEQ.2) THEN
P(I5)=P(2)
ELSEIF(I.EQ.14) THEN
P(1)=P(14)
ELSE
GOTO 30
ENDIF
CONTINUE

TEST FOR CONVERGENCE

SPN=0.0
DO 40 I=2,15
SPN=SPN+P(l)
CONTINUE
ERR=1.0-SPO/SPN
IF(ABS(ERR).LE.0.001.0R.ITER.GE.500) GOTO 50
ITER=ITER+1
SPO=SPN
GOTO 60
IF(ITER.GE.500) THEN
GOTO 70
ELSE
GOTO 80
ENDIF
WRITE(*,*)'GIVE NEW VALUE FOR: ORF'
READ(*,*)ORF
ITER=1
GOTO 60

TEST FOR CAVITATION

=5
IF(P(1))90,90,100

IF(.EQ.I5) GOTO 110

I=1+1

GOTO 120

WRITE(*,*)'NO CAVITATION IN THE BEARING'
NCAVI=I

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

EVALUATION OF LOAD AND ATTITUDE ANGLE
WX=0.0

WY=0.0
DO 130 I=2,PRECAV,2
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140

130

C

IF(ILEQ.PRECAV) GOTO 140

Al=I-2

TH1=ADELTH

TH2=TH1+DELTH

TH3=TH2+DELTH
TERM1=P()*COS(TH1)+4.*P(I+1)*COS(TH2)+P(I+2)*COS( TH3)
TERM2=P(I)*SIN(TH1)+4.*P(I+1)*SIN(TH2)+P(I+2)*SIN( TH3)
WX=WX+TERM1*DELTH/3.

WY=WY+TERM2*DELTH/3.

GOTO 130

M=PRECAV-1

Al=M-2

TH1=ADELTH

TH2=TH1+DELTH

TH3=TH2+DELTH
TERM1=-P(M)*COS(TH1)+8.*P(M+1)*COS(TH2)+5.*P(M+2)* COS(TH3)
TERM2=-P(M)*SIN(TH1)+8.*P(M+1)*SIN(TH2)+5.*P(M+2)* SIN(TH3)
WX=WX+TERM1*DELTH/12.

WY=WY+TERM2*DELTH/12.

CONTINUE

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

CALCULATION OF THE PERTURBED FILM PRESSURE, P2

ITERP1=1
SPO1=CMPLX(0.,0.)
DO 150 1=2,PRECAV
THETAI=THETA())
CC1I=CC1(l)
cc21=Ccc2(l)
CC3I=CC3(l)

C CALCULATION OF THE COEFFICIENTS RELATED WITH THE EXPRESSION OF
C THE PERTURBED FILM PRESSURE, P1

C

C

CA=0.25*CC1I*EPHO*DELTH*SIN(THETAI)/CC2I
CAA=0.25*CC1I*SIN(THETAI)*DELTH/CC2I
CAB=0.25*CC3I*EPHO*SIN(THETAI)*COS(THETAI*DELTH/C  C2I
CAC=0.5*CC1I*COS(THETAI)/CC2I

CA4=(0.5-CA)

CA5=(0.5+CA)

CA6=(-CAA-CAB+CAC)
CA7=-CC1I*COS(THETAI)/CC2I
CA8=(CAA+CAB+CAC)
CA9A=0.25*SIN(THETAI)*DELTH2/CC2]
CA9B=-0.5*RLAMDA*COS(THETAI)*DELTH2/CC2I
CA9=CMPLX(CA9A,CA9B)

C CALCULATION OF PERTURBED FILM PRESSURE, P1

C

TERM11=CA4*P1(1+1)+CA5*P1(I-1)+CA6*P(I+1)+CA7*P(l) +CA8*P(I-1)+CA9

DEV1=TERM11-P1(l)

P1(1)=P1(l)+ORF*DEV1
IF(LEQ.2) THEN
P1(15)=P1(2)

ELSEIF(I.EQ.14) THEN
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150

160

170

190

NOOO

250

C

P1(1)=P1(14)
ELSE
GOTO 150
ENDIF
CONTINUE

TEST FOR CONVERGENCE OF P1

SPN1=CMPLX(0.,0.)
DO 160 =2,NCAVI
SPN1=SPN1+P1()
CONTINUE
DEV1=1.-SPO1/SPN1
IF((CABS(DEV1).LE.0.001).0R.ITERP1.GE.500) GO TO 1 70
ITERP1=ITERP1+1
SPO1=SPN1
GOTO 180
IF(ITERP1.GE.500) THEN
GOTO 190
ELSE
GOTO 200
ENDIF
WRITE(**)'GIVE NEW VALUE OF ORF FOR COMPUTATIO N OF P1'
READ(* *)ORF
GOTO 210

CALCULATION OF THE PERTURBED FILM PRESSURE, P2

ITERP2=1
SP0O2=CMPLX(0.,0.)

DO 220 =2,PRECAV
THETAI=THETA(l)
CCcli=Cci(l)
cc2i=cc2(l)
CC3I=CC3(l)

C CALCULATION OF THE COEFFICIENTS RELATED WITH THE EXPRESSION OF
C THE PERTURBED FILM PRESSURE, P2

C

C

CA=0.25*CC1I*EPHO*DELTH*SIN(THETAI)/CC2I
CBA=0.25*CC1I*COS(THETAI)*DELTH/CC2I
CBB=0.25*CC3I*EPHO*SIN(THETAI*SIN(THETAI)*DELTH/C c2l
CBC=0.5*CC1I*SIN(THETAI)/CC2I
CA10=(0.5-CA)

CA11=(0.5+CA)

CA12=(CBA-CBB+CBC)
CA13=-CC1I*SIN(THETAI)/CC2I
CA14=(-CBA+CBB+CBC)
CA15A=-0.25*COS(THETAI)*DELTH2/CC2I
CA15B=-RLAMDA*SIN(THETAI)*DELTH2/CC2I
CA15=CMPLX(CA9A,CA9B)

C CALCULATION OF PERTURBED FILM PRESSURE, P2

C

TERM21=CA10*P2(I+1)+CA11*P2(1-1)+CA12*P(I+1)+C A13*P(1)+CA14*P(I-1)
#+CA15

DEV2=TERM21-P2(l)

P2(1)=P2(l)+ORF*DEV2
IF(LEQ.2) THEN
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220

230

240

260

BOOO

C

320

P2(15)=P2(2)
ELSEIF(I.EQ.14) THEN
P2(1)=P2(14)

ELSE
GOTO 220
ENDIF
CONTINUE

TEST FOR CONVERGENCE OF P2

SPN2=CMPLX(0.,0.)
DO 230 I=2,NCAVI
SPN2=SPN2+P2(l)
CONTINUE
DEV2=1.-SPO2/SPN2

IF((CABS(DEV2).LE.0.001).OR.ITERP2.GE.500) GO TO 2

ITERP2=ITERP2+1
SPO2=SPN2
GOTO 250
IF(ITERP2.GE.500) THEN
GOTO 260

ELSE

GOTO 300
ENDIF

WRITE(*,*)'GIVE NEW VALUE OF ORF FOR COMPUTATIO

READ(*,*)ORF
GOTO 200

EVALUATION OF STIFFNESS

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

IF(NCAVI.EQ.I5) THEN
NMOD=I3
ELSE
NMOD=PRECAV
ENDIF
DO 310 1=2,NMOD,2
IF(ILEQ.PRECAV) GOTO 320
Al=l
TH1=(Al-2.0)*DELTH
TH2=TH1+DELTH
TH3=TH2+DELTH

AM11=P1(I)*COS(TH1)+4.*P1(I+1)*COS(TH2)+P1(1+2)*CO
AM12=P1(1)*SIN(TH1)+4.*P1(I+1)*SIN(TH2)+P1(1+2)*SI
WDX1=WDX1+AM11*DELTH/3.0
WDY1=WDY1+AM12*DELTH/3.0

AM21=P2(I)*COS(TH1)+4.*P2(I+1)*COS(TH2)+P2(I+
AM22=P2(1)*SIN(TH1)+4.*P2(1+1)*SIN(TH2)+P2(I+2)*S|
WDX2=WDX2+AM21*DELTH/3.0
WDY2=WDY2+AM22*DELTH/3.0

GOTO 310

M=PRECAV-1
Al=M-2

40

N OF P2'

S(TH3)
N(TH3)

2)*COS(TH3)
N(TH3)
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TH1=ADELTH
TH2=TH1+DELTH
TH3=TH2+DELTH

C
AM11=-P1(M)*COS(TH1)+8.*P1(M+1)*COS(TH2)+5.*P1(M+2 )*COS(TH3)
AM12=-P1(M)*SIN(TH1)+8.*P1(M+1)*SIN(TH2)+5.*P1(M+2 )*SIN(TH3)
WDX1=WDX1+AM11*DELTH/12.

WDY1=WDY1+AM12*DELTH/12.

C
AM21=-P2(M)*COS(TH1)+8.*P2(M+1)*COS(TH2)+5.*P2(M+2 )*COS(TH3)
AM22=-P2(M)*SIN(TH1)+8.*P2(M+1)*SIN(TH2)+5.*P2(M+2 )*SIN(TH3)

WDX2=WDX2+AM21*DELTH/12.
WDY2=WDY2+AM22*DELTH/12.
310 CONTINUE

C STIFFNESS AND DAMPING COEFFICIENTS FOR THE PE ~ RTURBED FILM
C PRESSURE, P1
C

RWDX1=REAL(WDX1)
RWDY1=REAL(WDY1)
WDX1A=AIMAG(WDX1)
WDY1A=AIMAG(WDY1)

SRR=-2.0*RWDX1
SPR=-2.0*RWDY1
DRR=-2.0*WDX1A/RLAMDA
DPR=-2.0*WDY1A/RLAMDA

STIFFNESS AND DAMPING COEFFICIENTS FOR THE PE =~ RTURBED FILM
PRESSURE, P2

OO0

RWDX2=REAL(WDX2)
RWDY2=REAL(WDY?2)
WDX2A=AIMAG(WDX2)
WDY2A=AIMAG(WDY?2)

SRP=-2.0*RWDX2
SPP=-2.0*RWDY2
DRP=-2.0*WDX2A/RLAMDA
DPP=-2.0*WDY2A/RLAMDA

CALCULATION OF WHIRL RATIO AND CRITICAL MASS PARA METER

OO0

TRM1=((SRR*DPP+SPP*DRR)-(SPR*DRP+SRP*DPR)-(DPR*W*S IN(ATTRAD)-DRR*

#W*COS(ATTRAD))/EPHO0)/(DPP+DRR)
TRM2=SRR+SPP+(W*COS(ATTRAD))/EPHO
TRM3=DPP*DRR-DRP*DPR
TRM4=SPP*SRR-SRP*SPR+(SRR*W*COS(ATTRAD)-SPR*W*SIN(ATTRAD))/EPHO
WRSQ=(TRM1*(TRM1-TRM2)+TRM4)/TRM3
IF (WRSQ.LT.0.0) THEN
GOTO 350
ELSE
WR=SQRT(WRSQ)
EM=TRM1/(WRSQ*W)
GOTO 360
ENDIF
C
350 WRITE(3,1020)EPHO,ITER,W,ATT,ITERPL,ITERP2,RWDX  1,WDX1ARWDY1,
#WDY1A,RWDX2,WDX2A, RWDY2,WDY2A,SRR,SPR,DRR,DPR,SRP,SPP,DRP,DPP
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1020 FORMAT(F4.2,1X,14,1X,F8.2,1X,F8.2,9X,13,1X,13, IX,F11.2'+i ",

#F11.2,1X,F11.2,'+ i',F11.2,A1X,F11.2,'+ i ',F1 1.2,1X,F11.2,'+i ",
#F11.2,1X,F12.2,1X,F12.2,1X,F12.2,1X,F12.2,1X, F12.2,1X,F12.2,1X,
#F12.2,1X,F12.2,2X,'INFINITE")
GOTO 370
360 WRITE(3,1030)EPHO,ITER,W,ATT,SN,ITERPL,ITERPZ2, SRR,SPR,DRR,DPR,SRP,

#WDY 1A RWDX2,WDX2A,RWDY2,WDY2A,SRR,SPR,DRR,DPR,SRP,SPP,DRP,DPP,WR,
#EM

1030 FORMAT(F4.2,1X,14,2X,F8.2,2X,F8.2,9X,13,1X,I3, IX,F11.2'+1i ",
#F11.2,1X,F11.2,'+ i"',F11.2,1X,F11.2,'+ i ',F1 1.2,1X,F11.2,'+i ",
#F11.2,1X,F12.2,1X,F12.2,1X,F12.2,1X,F12.2,1X, F12.2,1X,F12.2,1X,

#F12.2,1X,F12.2,2X,'FINITE',2X,F10.2,3X,F8.2)
C
370 KOUNT=3
IF(KOUNT-2)180,380,390

C

380 WRITE(*,*)'NEW VALUE OF ORF ='
READ(* *)ORF
ITER=1
DO 400 I=1,16

P1()=CMPLX(0.,0.)
P2()=CMPLX(0.,0.)
400 CONTINUE

GO TO 210

C

390 EPHO=EPHO0+0.1
KNT=KNT+1
GOTO 410

420 ILM=ILM+1
GOTO 430

440 AN2=AN2+0.2
GOTO 450

460 WRITE(*,*)PROGRAM TERMINATED'
C420 WRITE(*,*)PROGRAM TERMINATED'
STOP
END
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7.2 APPENDIX-II:

Programme For Calculating Load Carrying Capacity t#ude Angle, Stiffness &

Damping Of Infinitely Long Hydrodynamic Journal Barings With Newtonian

Fluids.

COMPLEX P1(55),P2(55), TERM11,TERM21,SPO1,SPO2,SPN1,  SPN2
COMPLEX AM11,AM12,AM21,AM22,F11(55),F12(55),F21(55 ),F22(55)
COMPLEX CA9,CA15,WDX1,WDY1,WDX2,WDY2,DEV1,DEV2

INTEGER PRECAV
REAL LM, LM2
DIMENSION P(55), THETA(55),HHO(55)

DIMENSION RLM(10),CC1(55),CC2(55),CC3(55)

OPEN(3,FILE='RESULTN.DAT)
WRITE(*,*)'LM=?"'AN2="7"
READ(*,*)LM,AN2
RLAMDA=1.0
EPH0=0.1
WRITE(3,1520)RLAMDA

1520 FORMAT(5X,'/RLAMDA =',F4.1/)
WRITE(3,1010)

1010 FORMAT(EPHO',1X,ITER',2X,'SS LOAD'2X,'ATT A
#3X,'IP1',1X,'IP2',8X,'WDX1(Cos:P1)',15X,'WDY1
#WDX2(Cos:P2)',15X,"'WDY2(Sin:P2)',12X,'SRR', 1
#10X,'DPR',10X,'SRP',10X,'SPP',10X,'DRP",10X,’
#2X,"WH RATIO',2X,'MASS PARA)

410  IF (EPHO.GE.1.0) STOP

C

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

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

C

IPT=44
Pl=4.*ATAN(L.0)
I5=IPT+2
16=15+1
14=15-1
13=14-1
12=13-1
Al3=13
DELTH=2.0*PI/AI3
DELTH2=DELTH*DELTH
LM2=LM*LM
AN=SQRT(AN2)
AN3=AN2*AN

@

ITER=1
SPO=0.

AND F2={COSECH(N*LM*H0/2)}"2

O0O00

DO 10 1=2,15
Al=l-2
THETAI=ADELTH
THETA()=THETAI
HO=1.0+EPHO*COS(THETAI)
HHO(I)=HO

CALCULATION OF FILM THICKNESS AND THE FUNTIONS F1

NGLE',5X,'SN',
(Sin:P1)',15X,
0X,'SPR',10X,'DRR’,
DPP',4X,'STABILITY',

"“F7.2,3X,

=COTH(N*LM*H0/2)
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0008

SO0OO0N

OO0

0004y

A=0.5*AN*LM*HO

TANHA=TANH(A)

COTHA=1.0/TANHA

SINHA=SINH(A)

CSCHA=1.0/SINHA

CSCHA2=CSCHA*CSCHA

HO2=HO0*HO

HO3=HO02*HO
CC1(1)=H02/4.+1./LM2-AN*HO*COTHA/LM+AN2*H02*CSCHA2
CC2(1)=H03/12.+H0/LM2-0.5*AN*H02*COTHA/LM
CC3(I)=H0/2.+AN2*HO*CSCHA2-AN*COTHA/LM-AN3*LM*H02*
CONTINUE

INITIALISATION OF PRESSURE

DO 20 1=1,I6
P(1)=0.0
P1(1)=CMPLX(0.,0.)
P2(1)=CMPLX(0.,0.)
CONTINUE

SETTING OF BOUNDARY CONDITIONS

IF(LEQ.2) THEN
P()=0.0
ENDIF

SOLUTION OF REYNOLDS' EQUATION

DO 30 I=2,15
THETAI=THETA())

CC1I=CC1(l)

cc21=Ccc2(l)

CC3I=CC3(l)
CA=0.25*CC1I*EPHO*DELTH*SIN(THETAI)/CC2I
CA1=(0.5-CA)

CA2=(0.5+CA)
CA3=0.25*EPHO*DELTH2*SIN(THETAI)/CC2I
TERM=CA1*P(1+1)+CA2*P(I-1)+CA3
ERR=TERM-P(l)

P())=P(l)+ORF*ERR
IF(P(1).LT.0.0) P(1)=0.0
IF(LEQ.2) THEN
P(I5)=P(2)
ELSEIF(I.EQ.14) THEN
P(1)=P(14)
ELSE
GOTO 30
ENDIF
CONTINUE

TEST FOR CONVERGENCE

SPN=0.0

DO 40 1=2,I5
SPN=SPN+P(l)
CONTINUE
ERR=1.0-SPO/SPN

/4.

CSCHA2*COTHA/4.

98



50

70

80
120
100

110
90

OO0

140

130

NOOO

IF(ABS(ERR).LE.0.001.0R.ITER.GE.500) GOTO 50
ITER=ITER+1
SPO=SPN
GOTO 60
IF(ITER.GE.500) THEN
GOTO 70
ELSE
GOTO 80
ENDIF
WRITE(*,*)'GIVE NEW VALUE FOR: ORF'
READ(*,*)ORF
ITER=1
GOTO 60

TEST FOR CAVITATION

=5
IF(P(1))90,90,100

IF(.EQ.I5) GOTO 110

I=I+1

GOTO 120

WRITE(*,*'NO CAVITATION IN THE BEARING'
NCAVI=I

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

EVALUATION OF LOAD AND ATTITUDE ANGLE

WX=0.0

WY=0.0

DO 130 I=2,PRECAV,2

IF(ILEQ.PRECAV) GOTO 140

Al=l-2

TH1=AI*DELTH

TH2=TH1+DELTH

TH3=TH2+DELTH
TERM1=P(I)*COS(TH1)+4.*P(I+1)*COS(TH2)+P(I+2)*COS(
TERM2=P(I)*SIN(TH1)+4.*P(I+1)*SIN(TH2)+P(1+2)*SIN(
WX=WX+TERM1*DELTH/3.

WY=WY+TERM2*DELTH/3.

GOTO 130

M=PRECAV-1

Al=M-2

TH1=AI*DELTH

TH2=TH1+DELTH

TH3=TH2+DELTH
TERM1=-P(M)*COS(TH1)+8.*P(M+1)*COS(TH2)+5.*P(M+2)*
TERM2=-P(M)*SIN(TH1)+8.*P(M+1)*SIN(TH2)+5.*P(M+2)*
WX=WX+TERM1*DELTH/12.
WY=WY+TERM2*DELTH/12.

CONTINUE

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

CALCULATION OF THE PERTURBED FILM PRESSURE, P2

ITERP1=1

TH3)
TH3)

COS(TH3)
SIN(TH3)
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SPO1=CMPLX(0.,0.)
180 DO 150 I=2,PRECAV
THETAI=THETA())
CC1I=CC1(l)
cc21=Ccc2(l)
CC3I=CC3(l)
C
C CALCULATION OF THE COEFFICIENTS RELATED WITH  THE EXPRESSION OF
C THE PERTURBED FILM PRESSURE, P1
C
CA=0.25*CC1I*EPHO*DELTH*SIN(THETAI)/CC2I
CAA=0.25*CC1I*SIN(THETAI)*DELTH/CC2I
CAB=0.25*CC3I*EPHO*SIN(THETAI)*COS(THETAI*DELTH/C  C2I
CAC=0.5*CC1I*COS(THETAI)/CC2I
CA4=(0.5-CA)
CA5=(0.5+CA)
CA6=(-CAA-CAB+CAC)
CA7=-CC1I*COS(THETAI)/CC2I
CA8=(CAA+CAB+CAC)
CA9A=0.25*SIN(THETAI)*DELTH2/CC2]
CA9B=-0.5*RLAMDA*COS(THETAI)*DELTH2/CC2I
CA9=CMPLX(CA9A,CA9B)
C
C CALCULATION OF PERTURBED FILM PRESSURE, P1
C
TERM11=CA4*P1(1+1)+CA5*P1(I-1)+CA6*P(I+1)+CA7*P(l) +CA8*P(I-1)+CA9
DEV1=TERM11-P1(l)
P1()=P1()+ORF*DEV1
IF(ILEQ.2) THEN
P1(15)=P1(2)
ELSEIF(.EQ.14) THEN
P1(1)=P1(14)
ELSE
GOTO 150
ENDIF
150 CONTINUE

C TEST FOR CONVERGENCE OF P1

SPN1=CMPLX(0.,0.)
DO 160 1=2,NCAVI
SPN1=SPN1+P1(l)
160 CONTINUE
DEV1=1.-SPO1/SPN1
IF((CABS(DEV1).LE.0.001).OR.ITERP1.GE.500) GO TO 1 70
ITERP1=ITERP1+1
SPO1=SPN1
GOTO 180
170  IF(ITERP1.GE.500) THEN
GOTO 190
ELSE
GOTO 200
ENDIF
190  WRITE(**)'GIVE NEW VALUE OF ORF FOR COMPUTATIO N OF P1'
READ(*,*)ORF
GOTO 210

CALCULATION OF THE PERTURBED FILM PRESSURE, P2

NOOO

0 |ITERP2=1
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250

C

SP0O2=CMPLX(0.,0.)

DO 220 1=2,PRECAV
THETAI=THETA(I)
CC1lI=CC1(l)
cc2i=cc2(l)
CC3I=CC3(l)

C CALCULATION OF THE COEFFICIENTS RELATED WITH THE EXPRESSION OF
C THE PERTURBED FILM PRESSURE, P2

C

C

CA=0.25*CC1I*EPHO*DELTH*SIN(THETAI)/CC2I
CBA=0.25*CC1I*COS(THETAI)*DELTH/CC2I
CBB=0.25*CC3I*EPHO*SIN(THETAI*SIN(THETAI)*DELTH/C c2l
CBC=0.5*CC1I*SIN(THETAI)/CC2I
CA10=(0.5-CA)

CA11=(0.5+CA)

CA12=(CBA-CBB+CBC)
CA13=-CC1I*SIN(THETAI)/CC2I
CA14=(-CBA+CBB+CBC)
CA15A=-0.25*COS(THETAI)*DELTH2/CC2I
CA15B=-RLAMDA*SIN(THETAI)*DELTH2/CC2I
CA15=CMPLX(CA9A,CA9B)

C CALCULATION OF PERTURBED FILM PRESSURE, P2

C

TERM21=CA10*P2(l+1)+CA11*P2(1-1)+CA12*P(I+1)+C A13*P(1)+CA14*P(I-1)
#+CA15

220

230

240

260

C
C

DEV2=TERM21-P2(l)

P2(1)=P2(1)+ORF*DEV?2
IF(I.LEQ.2) THEN
P2(15)=P2(2)
ELSEIF(.EQ.14) THEN
P2(1)=P2(14)
ELSE
GOTO 220
ENDIF
CONTINUE

TEST FOR CONVERGENCE OF P2

SPN2=CMPLX(0.,0.)
DO 230 1=2,NCAVI
SPN2=SPN2+P2(l)
CONTINUE
DEV2=1.-SPO2/SPN2
IF((CABS(DEV2).LE.0.001).OR.ITERP2.GE.500) GO TO 2 40
ITERP2=ITERP2+1
SPO2=SPN2
GOTO 250
IF(ITERP2.GE.500) THEN
GOTO 260
ELSE
GOTO 300
ENDIF
WRITE(*,*)'GIVE NEW VALUE OF ORF FOR COMPUTATIO N OF P2’
READ(*,*)ORF
GOTO 200

EVALUATION OF STIFFNESS
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300 WDX1=CMPLX(0.,0.)
WDY1=CMPLX(0.,0.)
WDX2=CMPLX(0.,0.)
WDY2=CMPLX(0.,0.)

IF(NCAVI.EQ.I5) THEN
NMOD=I3
ELSE
NMOD=PRECAV
ENDIF
DO 310 1=2,NMOD,2
IF(I.EQ.PRECAV) GOTO 320
Al=l
TH1=(Al-2.0)*DELTH
TH2=TH1+DELTH
TH3=TH2+DELTH

AM11=P1(I)*COS(TH1)+4.*P1(I+1)*COS(TH2)+P1(1+2)*CO
AM12=P1(1)*SIN(TH1)+4*P1(I+1)*SIN(TH2)+P1(I1+2)*SI
WDX1=WDX1+AM11*DELTH/3.0
WDY1=WDY1+AM12*DELTH/3.0

C

S(TH3)
N(TH3)

AM21=P2(I)*COS(TH1)+4.*P2(I+1)*COS(TH2)+P2(I+ 2)*COS(TH3)

AM22=P2(1)*SIN(TH1)+4.*P2(1+1)*SIN(TH2)+P2(I+2)*SI
WDX2=WDX2+AM21*DELTH/3.0
WDY2=WDY2+AM22*DELTH/3.0

GOTO 310

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

AM11=-P1(M)*COS(TH1)+8.*P1(M+1)*COS(TH2)+5.*P1(M+2
AM12=-P1(M)*SIN(TH1)+8.*P1(M+1)*SIN(TH2)+5.*P1(M+2
WDX1=WDX1+AM11*DELTH/12.
WDY1=WDY1+AM12*DELTH/12.

AM21=-P2(M)*COS(TH1)+8.*P2(M+1)*COS(TH2)+5.*P2(M+2
AM22=-P2(M)*SIN(TH1)+8.*P2(M+1)*SIN(TH2)+5.*P2(M+2
WDX2=WDX2+AM21*DELTH/12.
WDY2=WDY2+AM22*DELTH/12.

310 CONTINUE

C

N(TH3)

)*COS(TH3)
)*SIN(TH3)

)*COS(TH3)
)*SIN(TH3)

C STIFFNESS AND DAMPING COEFFICIENTS FOR THE PE ~ RTURBED FILM

C PRESSURE, P1

C
RWDX1=REAL(WDX1)
RWDY1=REAL(WDY1)
WDX1A=AIMAG(WDX1)
WDY1A=AIMAG(WDY1)

SRR=-2.0*RWDX1

SPR=-2.0*RWDY1

DRR=-2.0*WDX1A/RLAMDA

DPR=-2.0*WDY1A/RLAMDA
C

C STIFFNESS AND DAMPING COEFFICIENTS FOR THE PE ~ RTURBED FILM
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C PRESSURE, P2

C
RWDX2=REAL(WDX2)
RWDY2=REAL(WDY?2)
WDX2A=AIMAG(WDX2)
WDY2A=AIMAG(WDY?2)

SRP=-2.0*RWDX2
SPP=-2.0*RWDY2
DRP=-2.0*WDX2A/RLAMDA
DPP=-2.0*WDY2A/RLAMDA

CALCULATION OF WHIRL RATIO AND CRITICAL MASS PARA METER

OO0

TRM1=((SRR*DPP+SPP*DRR)-(SPR*DRP+SRP*DPR)-(DPR*W*S IN(ATTRAD)-DRR*
#W*COS(ATTRAD))/EPHO)/(DPP+DRR)
TRM2=SRR+SPP+(W*COS(ATTRAD))/EPHO
TRM3=DPP*DRR-DRP*DPR
TRM4=SPP*SRR-SRP*SPR+(SRR*W*COS(ATTRAD)-SPR*W*SIN(ATTRAD))/EPHO
WRSQ=(TRM1*(TRM1-TRM2)+TRM4)/TRM3
IF (WRSQ.LT.0.0) THEN
GOTO 350
ELSE
WR=SQRT(WRSQ)
EM=TRM1/(WRSQ*W)
GOTO 360
ENDIF
C
350 WRITE(3,1020)EPHO,ITER,W,ATT,ITERP1,ITERP2,RWDX  1,WDX1ARWDY1,
#WDY1A,RWDX2,WDX2A,RWDY2,WDY2A,SRR,SPR,DRR,DPR ,SRP,SPP,DRP,DPP

1020 FORMAT(F4.2,1X,14,1X,F8.2,1X,F8.2,9X,I3,1X,13, IX,F11.2,'+1i ",
#F11.2,1X,F11.2,'+ ", F11.2,1X,F11.2,'+i'F1 1.2,AX,F11.2,'+i",
#F11.2,1X,F12.2,1X,F12.2,1X,F12.2,1X,F12.2,1X, F12.2,1X,F12.2,1X,
#F12.2,1X,F12.2,2X,' INFINITE")

GOTO 370
360 WRITE(3,1030)EPHO,ITER,W,ATT,SN,ITERPL,ITERPZ2, SRR,SPR,DRR,DPR,SRP,

#WDY1A RWDX2,WDX2A,RWDY2,WDY2A,SRR,SPR,DRR,DPR,SRP,SPP,DRP,DPP,WR,
#EM

1030 FORMAT(F4.2,1X,14,2X,F8.2,2X,F8.2,9X,13,1X,13, IX,F11.2,'+0 ",
#F11.2,1X,F11.2,'+ i',F11.2,1X,F11.2,'+ i ',F1 1.2,1X,F11.2,'+i ",
#F11.2,1X,F12.2,1X,F12.2,1X,F12.2,1X,F12.2,1X, F12.2,1X,F12.2,1X,

#F12.2,1X,F12.2,2X, FINITE',2X,F10.2,3X,F8.2)
C
370 KOUNT=3

IF(KOUNT-2)180,380,390

C

380 WRITE(**'NEW VALUE OF ORF ='
READ(* *)ORF
ITER=1
DO 400 I=1,16

P1(1)=CMPLX(0.,0.)
P2(1)=CMPLX(0.,0.)
400 CONTINUE

GO TO 210

C

390 EPHO=EPHO0+0.1
KNT=KNT+1
GOTO 410
END
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7.3APPENDIXIII:

Programme For Calculating Bearing Stability Paramet of Infinitely Long Flexibly

Supported Hydrodynamic Journal Bearings.

IMPLICIT REAL*8(A-H,0-Z)

DIMENSION A(5),XR(3),F(3)

PARAMETER (P1=3.1415927)

OPEN(5,FILE='STD1.DAT)

OPEN(7,FILE='STO.DAT)

WRITE(*,2)

FORMAT(1X,3HSK,2HD,1HZ)

WRITE(*,*) 'KBAR,D,Z'

READ(**)SK,D,Z

WRITE(* *'EPHO=','W=',ATT='"SRR=','SPR=''DRR="' /DPR='
#,'SRP=','SPP=''DRP=','DPP='

READ(* *)EPHO,W,ATT,SRR,SPR,DRR,DPR,SRP,SPP.DRP.DP P

PHI=ATT*PI/180.

X=((SRR+SRP*PHI)*DSIN(PHI)+(SPR+SPP*PHI)*DCOS(PHI) )*EPHO/SK

Y=((SRR+SRP*PHI)*DCOS(PHI)-(SPR+SPP*PHI)*DSIN(PHI) )*EPHO/SK

B1=(X*DSIN(PHI)+Y*DCOS(PHI))

B2=(Y*DSIN(PHI)-X*DCOS(PHI))

'_‘1‘8000 (@]

AL=-(Z**2)*EPHO*(W**4)

A2=(Z*SRR*EPH0+Z*SPP*EPHO+Z*(SK*B1+2 *SK*EPHO)+(Z*  *2)*(SRR*EPHO+
#SPP*EPHO+W*DCOS(PHI)))*(W**3)

A31=((DRR*DPP-DPR*DRP)*EPH0+2.*Z*(DRR*DPP-DRP*DPR)  *EPHO0+D*EPHO*

#(DRR+DPP)+2.*Z*D*EPHO*(DRR+DPP)+(Z**2)*(DRR*D PP-DRP*DPR)*EPHO+
#(D**2)*EPHO)*(W**2)

A32=((SRP*SPR-SRR*SPP)*EPH0+2.*Z*(SRP*SPR-SRR*SPP-  SK*SRR-SK*SPP)*
#EPHO-SK*(SRR+SPP)*EPHO-Z*W*SRR*DCOS(PHI)*(1.+ 2)+Z*W*SPR
#DSIN(PHI)*(1.+Z)+(Z**2)*(SRP*SPR-SRR*SPP)*EP HO-2.*Z*SK*
#W*DCOS(PHI)-(SK**2)*EPHO-SK*B1*(SRR-SPR+Z*SRR +SK)+Z*SK*B2*SPR)
HH(WH2)

A42=(2.*SK*(DPR*DRP-DPP*DRR)*EPH0+2.*D*(DPR*SRP-SR R*DPP)*EPHO
#+D*SK*B2*DPR+2.*D*(SPR*DRP-SPP*DRR)*EPHO-D*W* DRR*(1.+2.*2)

#DCOS(PHI)-(D**2)*W*DCOS(PHI)-D*SK*B1*DRR+D*W *DPR*DSIN(PHI)*
#(1.+2.%Z)-(D**2)*EPHO*(SRR+SPP)+2.*Z*SK*(DPR* DRP-DPP*DRR)*EPHO-
#2 *D*SK*(DRR+DPP)*EPH0-2.*Z*D*(DRR*SPP+SRR*DP P-SRP*DPR-SPR*DRP)
#*EPHO)*W

A51=(D**2)*(DRP*DPR-DRR*DPP)*EPHO

A41=(2.*SK*(SRR*SPP-SRP*SPR)*EPHO0+(SK**2)*(SRR +SPP)*EPHO+SK*W*SRR*
#DCOS(PHI)*(1.+2.*Z)-SK*W*SPR*DSIN(PHI)*(1.+2. *Z)+(SK**2) W
#DCOS(PHI)+2.*Z*SK*(SRR*SPP-SPR*SRP)*EPHO-(SK* *2)*B2*SPR+
#(SK**2)*B1*SRR)*W

A52=(D**2)*(SRR*SPP-SPR*SRP)*EPHO+(SK**2)*(DRR*DPP -DRP*DPR)*EPHO
#+2 *D*SK*(DRR*SPP+SRR*DPP-SRP*DPR-SPR*DRP)*EP  HO+W*D*COS(PHI)*
#(D*SRR+2.*SK*DRR)-D*W*DSIN(PHI)*(D*SPR+2.*SK* DPR)

AB53=(SK**2)*(SRP*SPR-SRR*SPP)*EPHO+(SK**2)*W*(SPR* DSIN(PHI)-SRR*
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#DCOS(PHI))

BB1=(Z*(DRR+DPP+2.*D)*EPHO0+(Z**2)*(DRR+DPP)*EP

BB2=((SRP*DPR+SPR*DRP-SRR*DPP-DRR*SPP)*EPHO+2.

#SRR*DPP-SPP*DRR)*EPHO-D*(SRR+SPP)*EPH0-Z*W*DR
#Z*W*DPR*DSIN(PHI)*(L.+Z)-2.*Z*D*W*DCOS(PHI)-(
#*DPP-DPR*SRP-SPR*DRP)*EPH0-2.*Z*SK*(DRR+DPP)*
#)*EPHO-SK*(DPP+DRR)*EPHO0-D*B1*SK-Z*D*SK*EPHO0-
#SK*B2*(DPR+Z*DRP))*(W**2)

BB32=(2.*D*DPR*DRP*EPHO0-2.*D*DRR*DPP*EPH0-2.*Z*D*D

#(D**2)*(DRR+DPP)*EPHO0)*W

HO)*(W**3)

*7*(DPR*SRP+SPR*DRP-
R*DCOS(PHI)*(1.+Z)+
Z**2)*(SPP*DRR+SRR
EPHO0-2.*Z*D*(SPP+SRR
B1*DRR*SK*(1.+Z)+

RR*DPP*EPHO-

BB31=(2.*SK*(SRR*DPP+SPP*DRR-DPR*SRP-SPR*DRP)*EPHO +2.*D*(SPP*SRR-

#SRP*SPR)*EPHO0+SK*W*DRR*DCOS(PHI)*(1.+2.%Z)-D*
#(1.+2.¥Z)+D*W*SRR*DCOS(PHI)*(1.+2.*Z)-SK*W*DP
#(1.+2.%2)+2 *D*SK*W*DCOS(PHI)+2.*D*SK*(SRR+SP
#(SK**2)*(DRR+DPP)*EPH0+2.*SK*Z*(SPP*DRR+SRR*D
#EPHO+2.*Z*D*(SRR*SPP-SRP*SPR)*EPH0-SK*B2*(SK*
#SK*B1*(D*SRR+SK*DRR))*W

BB41=2.*D*SK*DRR*DPP*EPH0+(D**2)*(SPP*DRR+SRR*
#*EPHO+(D**2)*W*(DRR*DCOS(PHI)-DPR*DSIN(PHI))

BB42=2.*SK*D*(SRP*SPR-SRR*SPP)*EPHO+(SK**2)*(S
#SPP*DRR-SRR*DPP)*EPHO-SK*W*DCOS(PHI)*(2.*D*SR
#SK*W*DSIN(PHI)*(SK*DPR+2.*D*SPR)

W*SPR*DSIN(PHI)*
R*DSIN(PHI)*

P)*EPHO+
PP-SRP*DPR-SPR*DRP)*
DRP-D*SPR)+

DPP-SRP*DPR-SPR*DRP)

RP*DPR+SPR*DRP-
R+SK*DRR)+

C SIMULTANEOUS SOLUTION BY NEWTON RAPHSON-METHOD

401 ITER=1
WRITE(*,*)'LAMDA,SM,’
READ(**)SL,SM
S=SL**2*SM
V=SL**2
200  F1=AL*S**4+A2*S*3+(A31*V+A32)*S**2+(A42*V/+A41)
H(AS1V*2+A52*V+A53)

*S+

F2=BB1*S**3+BB2*S**2+(BB32*V+BB31)*S+(BB41*V+BB42)

IF(ITER.NE.1) GO TO 20
WRITE(*,*) 'F1="F1,F2=",F2
WRITE(*,*)FURTHER INITIALIZE? IF YESS PRESS 1'
READ(*,*) LOGIC
IF(LOGIC.EQ.1) GO TO 401

20  DF1S=4.*A1*S*3+3*A2*S**2+2 *(A31*V+A32)*

HS+(A42*V+A41)

DF2S=3.*BB1*S*2+2 *BB2*S+(BB32*V+BB31)
DF1V=A31*S**2+A42*S+2*A51*V+A52
DF2V=BB32*S+BB41
DEN=DF1S*DF2V-DF2S*DF1V
H=(F2*DF1V-F1*DF2V)/DEN
AK=-(F2*DF1S-F1*DF2S)/DEN
WRITE(*,*'K=",AK,'H=",H,'ERR1=",ERR1,' ERR2=",ERR2
WRITE(*,*)'V="V,'M="S/V
AS=S+H
AV=V+AK

C ERR1=1.-S/AS

C ERR2=1.-V/AV
ERR1=DABS(S-AS)
ERR2=DABS(V-AV)
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400

2000

2001

100

300

310

C26

c27
Cl4

IF((ERR1).GT.1.0E-08) GO TO 100
IF((ERR2).GT.1.0E-08) GO TO 100

WRITE(*,*)S,V

IF(V) 400,400,2000

WRITE(*,*) 'INFINTELY STABLE'

GO TO 2001

SL=SQRT(V)

SM=S/V

WRITE(*,*) 'WHIRL RATIO=",SL,'CRITICAL MASS=",SM
WRITE(*,*)SRR,SPR,DRR,DPR
WRITE(*,*)'INDEX=?,INDEX=1 IMPLIES GOING FOR N
READ(*,*) INDEX

IF INDEX.EQ.1) GO TO 310

STOP

IF(ITER.GT.100) GO TO 300

S=AS

V=AV

ITER=ITER+1

GO TO 200

WRITE(*,*)MODIFY THE INITIAL VALUES AS ITER IS
GO TO 401

GO TO 14

WRITE(7,26)EPHO0,SM,SL
FORMAT(1X,'R=",F7.1,2X,'EPH0=",F3.1,2X,'SM="F12
WRITE(*,27)EPHO,SM,SL
FORMAT(1X,'R='",F7.1,2X,/EPHO=",F3.1,2X,'SM='F12
CONTINUE

END

EXT CALCULATION'

>100'

.9,2X,'SL=",F12.9)

9,2X,'SL=",F12.9)
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7.4 Appendix-IV:Additional Literature Review

Sinha[56] derived the generalized Reynolds equation for aadyoally loaded journal
bearing, considering the presence of both wedgesandeze films, in which the load
and speed of rotation varied with time in magnitugled direction. The bearing
characteristics for an infinitely long journal biegr were obtained and the dynamic
behaviour of squeeze films in a half journal begnimder a fluctuating load with no
journal rotation was studied in detalil.

Yousif and Ibrahim[57] analyzed numerically the characteristics of conosial
infinitely long thrust bearings for the steady laan flow of an incompressible
micropolar fluid, which showed the enhancement loé tbearing performance in
micropolar fluids over the Newtonian fluid.

Bessonov[58erived the generalized Reynolds equation that evbelapplicable to the
cases of all possible variations in boundary vidgand microrotations near the friction
surface. The slider bearing performance was stualkedn example. Sufficient decrease
in the friction coefficient of the bearing withoatnoticeable change in its load capacity
was found to be obtained by varying the interacbetween a micropolar lubricant and
friction surfaces.

Tomantschger[59] reported an analysis of the motion of a micropaaspension
between two coaxial cylinders. The general and iapemlutions of two coupled
ordinary second-order differential equations weggwvetd. These solutions were found to
be modified forms of Bessel functions of the fiestd second kind, and powers of the
variable.

A numerical analysis of a finite journal bearingden micropolar lubrication was
presented byang andZhu[60], considering both thermal and cavitational effettse
modified Reynolds equation was derived alongwith ¢éhergy equation and was solved
using the Elord's cavitation algorithm. The effectd micropolarity on the
thermohydrodynamic performance of the bearing wereestigated. The results
exhibited the increase in load capacity and tenperabut the decrease in coefficient of
friction and side leakage flow in the micropolarifls, when compared with Newtonian
fluids. It was observed that in the full film regionon-dimensional density was
increased with the degree of micropolarity, whildhe cavitated region, both micropolar
fluids and Newtonian fluids yielded the same valokthe fractional film content.
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Suresh Verma,Vijay Kumar,K. D. Gupta[61] presents a theoretical study of the
performance characteristicsatonstant flow valve compensated multirecess Isydtic
journal bearings operatingith micropolar lubricant. The finite element methand
iterative procedurbave been used to solve the modified Reynolds egugbverning
the micropolar lubricant flow in the bearing. Therformance characteristicgre
presented for a wide range of nondimensional |dalicantflow, and micropolar
parameters. It has been observed thantioeopolar parameters significantly influence
the performance characteristics of the bearing.

K. Prabhakaran Nair, Mohammed Shabbir Ahmed, Saed hamer Al-gahtani [62]
presents the static and dynamic analysis of hydradlyc journal bearing operating
under nanolubricants are presented. The load ogroapacity of journal bearing mainly
depends upon the viscosity of the lubricant. Thelitewh of nano particles on
commercially available lubricant may enhance thecaesity of lubricant and in turn
changes the performance characteristics. In th@osex work, to obtain pressure
distribution in the clearance space of the joub®aring, modified Raynolds equation is
used. An iterative procedure is used to establghfim extent of the bearing. The
modified Raynolds equation is solved by using tbhesgrful numerical technique, finite
element method. The static characteristics in tevfiead capacity, attitude angle and
end leakage and dynamic characteristics in termstifhess coefficients, damping
coefficients, threshold speed and damped frequeheyhirl are evaluated for different
eccentricity ratios.

Ravindra R. Navthar ,Dr. N.V. Halegowda[63] presents, journal bearings are widely
applied in different rotating machineries. Thesarbgys allow for transmission of large
loads at mean speed of rotation. These bearingsuapeptible to large amplitude lateral
vibration due to self exited instability which isdwn as oil whirl or Synchronous whirl.
This paper presents a method to determine the &ymobhs whirl i.e. Stability of
hydrodynamic Journal bearings by using dynamic attaristics such as stiffness
coefficients. Analysis shows that Bearing operatihg speed of 800 rpm and 150N load
remains stable up to a speed of 1666rpm. This tidiack experimentally on journal
bearing test rig by operating the bearing up to6168m and observing the pressure
distribution plot .Different journal speeds anddeare considered for the analysis.
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