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ABSTRACT 

The thesis discusses the numerical solution of some bearing problems using roughness and 

magnetic fluid in the Tribological system. The mathematical formulation of the physical 

phenomenon leads to an ordinary differential equation with appropriate boundary 

conditions whose approximate analytical solutions are obtained and the integrals occurring 

in these solutions are evaluated by Simpson‟s one-third rule to represent the solution 

numerically and graphically. 

Due to speedy industrial development, there has been an eruption in machines.   Bearings 

are the most noticeable constituents of today‟s machines. When the parts of the machine 

components move relatively in contact with each other, friction and wear are developed. 

While friction consumes and wastes energy, wear causes loss of material. Thus, the life of 

the machine is significantly reduced. To reduce this outcome, we insert matters in the 

bearing system called lubricants. Tribology is a study that deals with the design of 

bearings, friction, wear and lubrication of interacting surfaces in relative motion. So, to 

study the friction, wear, lubrication, design of bearings and the science of interacting 

surface in relative motion we need to understand Tribology. 

Tribology gives the guidelines to the difficult representation of wear and friction. For 

better understanding these phenomena, we develop mathematical model and its numerical 

analysis. The prediction of lubricating film characteristics is the essential factor from an 

application point of view. 

The bearing surfaces tend to be rough in several ways, normally by machining treatment 

and coating process. The effect of surface roughness plays an important role in the 

progress of the study on Tribology. The roughness gives an adverse effect on the bearing 

performance. To decrease this effect, we use the magnetic fluid as a lubricant. 

In industry, many production plants are constantly in the working process. So heat is 

produced. Due to heat, the conventional lubricant melts. Hence, to minimize this problem 

we use magnetic fluid and we also consider thermal effect. 

The porous medium is an important part of the bearing system in Tribology. The porous 

medium enhances the performance of the bearing and subsequently the life period of the 

bearing system. 
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An effort has been made to evaluate the extent to which a magnetic fluid can work in 

reducing the adverse effect of roughness induced by friction and wear. Thus, efforts have 

been made to analyze the effect of roughness in short bearing, the effect of roughness and 

MF on exponential slider bearing and on the truncated conical plate. The method is related 

to the stochastically averaged Reynolds‟ type equation with suitable boundary conditions. 

The pressure distribution and load carrying capacity are obtained numerically. Then we 

presented these results graphically. The graphical results show the LCC with respect to 

different parameters of roughness and magnetization. The results indicate that the LCC 

decreases due to transverse surface roughness and the MF lubrication minimizes the 

adverse effect. 
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CHAPTER 1 

Introduction 

1.1 Abstract of the Thesis 

The thesis discusses the numerical solution of some bearing problems using roughness and 

magnetic fluid in the Tribological system. The mathematical formulation of the physical 

phenomenon leads to an ordinary differential equation with appropriate boundary 

conditions whose approximate analytical solutions are obtained and the integrals occurring 

in these solutions are evaluated by Simpson‟s one-third rule to represent the solution 

numerically and graphically. 

Due to speedy industrial development, there has been an eruption in machines. Bearings 

are the most noticeable constituents of today‟s machines. When the parts of the machine 

components move relatively in contact with each other, friction and wear are developed. 

While friction consumes and wastes energy, wear causes loss of material. Thus, the life of 

the machine is significantly reduced. To reduce this outcome, we insert matters in the 

bearing system called lubricants. Tribology is a study that deals with the design of 

bearings, friction, wear and lubrication of interacting surfaces in relative motion. So, we 

need to understand Tribology to study the friction, wear, lubrication, design of bearings 

and the science of interacting surface in relative motion. Tribology gives the guidelines to 

the difficult representation of wear and friction for better understanding these phenomena. 

We develop mathematical model and its numerical analysis. The prediction of lubricating 

film characteristics is the essential factor from an application point of view. 



Introduction 

 

2 

 

The bearing surfaces tend to be rough in several ways, normally by machining treatment 

and coating process. The effect of surface roughness plays an important role in the 

progress of the study on Tribology. The roughness gives an adverse effect on the bearing 

performance. To decrease this effect, we use the magnetic fluid as a lubricant. 

In industry, many production plants are constantly in the working process. So heat is 

produced. Due to heat, the conventional lubricant melts. Hence, to minimize this problem 

we use MF and we also consider thermal effect. 

The porous medium is an important part of the bearing system in Tribology. The porous 

medium enhances the performance of the bearing and subsequently the life period of the 

bearing system. 

An effort has been made to evaluate the extent to which a magnetic fluid can work in 

reducing the adverse effect of roughness induced by friction and wear. Thus, efforts have 

been made to analyze the effect of roughness in short bearing, the effect of roughness and 

MF on exponential slider bearing and on the truncated conical plate. The method is related 

to the stochastically averaged Reynolds‟ type equation with suitable boundary conditions. 

The pressure distribution and load carrying capacity are obtained numerically. Then we 

presented these results graphically. The graphical results show the LCC with respect to 

different parameters of roughness and magnetization. The results indicate that the LCC 

decreases due to transverse surface roughness and the MF lubrication minimizes the 

adverse effect. 

We have summarized the work done in the present thesis in the form of various chapters. 

The Current chapter is about the brief introduction of the thesis which contains various 

sections such as abstract of the thesis, brief description on the state of the art of the 

research topic, definition of the problem, objectives and scope of the work, original 

contribution by the thesis, methodology of research and results with comparison, 

achievements with respect to objectives, conclusion of the work and list of the 

publications. 

The Second chapter deals with the essential knowledge about Tribology. Its components 

are friction, wear, lubrication etc. The necessary fundamental governing equations of fluid 

flow are also given. 
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In the Third chapter, the performance of a rough short porous bearing by considering 

thermal effect and slip velocity is studied. The pressure and LCC are also calculated. 

In the Fourth chapter, combined impact of slip velocity and transverse roughness on the 

Ferrofluid lubrication of the porous exponential slider bearing is investigated. 

The Fifth chapter focuses on the study of thermal effect on the Ferrofluid lubrication of a 

rough porous exponential slider bearing by considering the slip velocity. 

The Sixth chapter copes with the magnetic fluid lubrication of a double layered porous 

squeeze film in longitudinally rough truncated conical plates considering the slip velocity. 

The associated stochastically averaged Reynolds‟ type equation is solved with suitable 

boundary conditions. The expressions are obtained for pressure and LCC, the numerical 

results are also presented graphically. The graphical results present the LCC with respect to 

the magnetic and roughness parameters. These results suggest that the performance of the 

bearing can be improved by the use of the magnetic fluid as a lubricant as compared to the 

conventional lubricant along with appropriate bearing geometry.    

1.2 Brief Description on the State of the Art of the Research Topic 

There is a long history of Tribology. In the 15th century, Leonardo da‟ Vinci developed 

many of the basic rules of friction, the relationship between normal force and frictional 

force, Dowson, [24]. Even the ancient civilizations dealt with low frictional surfaces and 

developed bearings.  

Tribology deals with the study of 

i. The characteristic of the film of intervening material between contacting bodies and 

ii. The consequences of either film failure or absence of a film which are usually 

demonstrated by severe friction and wear.   

Reynolds‟ [69] verified that the produced hydrodynamic pressure of the lubricant between 

sliding surfaces was acceptable to prevent contact between surfaces. The roughness has 

gained much attention after the development of the associated stochastic concept by 

Christensen [22, 23]. The stochastic Reynolds‟ equation governing the mean pressure in 

bearing having longitudinal and transverse roughness was derived by Christensen and 
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Tonder [19, 20, 21]. Berthe and Godet [9] studied a more general form of Reynolds‟ 

equation on roughness. 

Christensen-Tonder [19, 20, 21] method built the base of the analysis to study the effect of 

surface roughness in a number of investigations done by Patir and Change [62], Prakash 

and Tiwari [65], Guha [29], Gupta and Deheri [28], Andharia et al. [4]. 

The MF flow is governed by the model of Neuringer-Rosensweig [41]. Beavers-Joseph 

[10] slip model accounts for the impact of slip velocity. Tipei [83] model is used for 

thermal effect. Using the above standard models valuable works have been done by 

numerous authors like Siddangouda et al.  [78], Patel et al.  [51]. 

Bhat [11] considered the fluid-based lubrication of an exponential porous slider bearing 

and implied that utilization of porous matrix reduces the LCC and friction force on slider 

bearing. Cameron [16] suggested an exponential form of the slider to be nearest to the true 

shape. Patel et al. [50] studied hydrodynamic journal bearing with Ferrofluid Lubrication.  

Patel et al.  [45] investigated the Ferrofluid lubrication of a journal bearing considering the 

thermal effect. The LCC got reduced due to thermal effect. Andharia and Deheri [6] 

discussed the consolidated impact of MF lubrication and longitudinal roughness on the 

squeeze film lubrication between truncated conical plates. Patel and Deheri [57] analyzed 

the effect of slip velocity on short bearing. 

First, in the study dealing with the performance of a rough short bearing considering the 

thermal effect and slip velocity. It was noticed that the situation remained better in the case 

of negatively skewed roughness. But the overall situation was comparatively better when 

the negative value of variance occurred.  

The combined impact of roughness and slip velocity of the porous exponential slider 

bearing is analyzed in the presence of MF and associated stochastically averaged 

Reynolds‟ type equation is solved for the pressure distribution and in turn the LCC is 

calculated. It is noticed that the magnetization went to a limited extent to counter the effect 

of slip velocity and roughness. 

To extend the above investigation in the presence of a thermal effect, the model of Tipei 

has been adopted. To overcome the thermal effect, porosity is added at a reduced level. 
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An investigation is carried out for the MF lubrication of a double-layered porous squeeze 

film in longitudinal rough truncated conical plates considering slip velocity. The 

longitudinal roughness is shaped in the light of the stochastic method of Christensen and 

Tonder [19, 20, 21]. For any type of improved performance, smaller values of porosity and 

slip velocity are found to be useful. 

1.3 Definition of the Problem 

The mathematical model is created on hydrodynamic lubrication. The problem relates to 

bearing which is a part of machine elements. To some extent bearing surfaces are always 

rough. Due to rough surface, the wear and friction occur. So, we use a lubricant. In some 

machinery, due to constant operational process thermal effect also occurs. In our study 

instead of conventional lubricant, MF is used. For the self-lubrication, the porous medium 

is also used. 

In numerous engineering applications like in gears, machine tools, clutch plates, sliding 

contact bearing, etc. the MF is applied to minimize the effect of roughness and porosity. 

The model governing the mean pressure is known as averaged Reynolds‟ type equation, 

solving this differential equation one can find pressure and afterwards the LCC. During the 

entire study, Simpson‟s one-third rule is applied for numerical integration.      

1.4 Objectives of the Present Work  

The main objective is to minimize the adverse impact of roughness, porosity and slip 

velocity by lubricating the system with a MF for this purpose, short bearing, exponential 

slider bearing and truncated conical plates are considered for investigation. 

1.5 Scope of the Future Work 

The research work shows that investigations can be modified and developed in the 

following directions. 

 The mathematical model presented in one dimension can be extended to two-

dimensional models. 
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 Longitudinal or transverse roughness can be considered for analyzing the 

performance for various kinds of bearing systems such as triangular bearing, 

elliptical bearing and rectangular bearing. 

 As the change in temperature can affect the viscosity of the lubricant, the effect of 

temperature can be measured and analyzed in the bearing systems like truncated 

conical plates, inclined plane slider and elliptic plates etc. 

 Shliomis and Jenkin‟s models can be incorporated for MF lubrication. 

 

1.6 Original Contribution by the Thesis 

Various mathematical models have been developed which analyze: 

 The effect of transverse roughness and MF on the performance of porous 

exponential slider bearing considering slip velocity. This study has been extended 

to consider the thermal effect.  

 The effect of MF lubrication of a double-layered porous squeeze film of truncated 

conical plates with slip velocity in presence of longitudinal roughness. 

 The impact of roughness and slip velocity on the performance of a short bearing in 

the presence of a thermal effect. 

The results of such bearings geometry problems are obtained numerically and presented 

graphically. The measures have been suggested to improve the bearing design. 

 

1.7 Methodology of Research and Results with Necessary Comparison 

In various mathematical models, below mentioned assumptions are considered: 

 There are no extra fields of force acting on the lubricant i.e. body forces are 

neglected. 

 The Reynolds‟ hydrodynamic lubrication theory concept applies to lubrication in 

the bearing system. 

 The bearing dimensions are assumed to be constant for width, length, axial height, 

outer and inner diameter and clearance. 

 The flow is assumed to be steady in horizontal direction and surface roughness is 

considered either transverse or longitudinal. 
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In the research work, one-dimensional problem is considered. In this problem magnetic 

parameter, various roughness parameters like variance, standard deviation and skewness 

are taken. The roughness pattern parameters for transverse and longitudinal of the rough 

surface are introduced at different stages and then one dimensional differential equation is 

solved for the mean pressure at the contact zone of the bearing system with suitable 

boundary conditions. The LCC is also obtained. 

Throughout the work, the integrals occurred in the calculation are carried out by Simpson‟s 

one-third rule. The results of LCC and mutual relations between two parameters are shown 

graphically with the help of numerical data. The LCC is obtained for various film shapes 

like exponential slider bearing, truncated conical plates and short bearing.   

1.8 Achievements with Respect to Objectives 

The objective was to enhance the performance of the bearing system in the presence of 

several parameters affecting the system adversely to a limited extent. According to the 

mathematical model of research work, Reynolds‟ equation of pressure distribution is 

modified to achieve our aim and  

 Solved the mathematical model with the use of suitable boundary conditions for 

finding relationships among various parameters like magnetic parameter, 

longitudinal or transverse roughness pattern, roughness parameters and shape of 

bearing geometry etc. 

 Used suitable combinations of such kinds of parameters and achieved satisfactory 

results as desired. That result enhances the performance of the bearing system and 

subsequently life of it. 

 

1.9 Conclusion 

The investigation for rough short bearing suggests that the transverse roughness and slip 

velocity induce an adverse impact on LCC, the situation improves when negative values of 

skewness are involved. The impact of MF and roughness parameters on the pressure and 

LCC for a rough porous exponential slider bearing with slip velocity have been analyzed. 

It is observed that the LCC gets increased by decreasing the value of the transverse 

roughness and increasing the value of the longitudinal roughness. The bearing system 
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remains a little better in case of the negative value of skewed roughness. The adverse effect 

of roughness augments when moderate to higher values of porosity are involved. If there is 

no flow, certain amount of load sustains in such type of bearing system, in the case of 

conventional lubricant based bearing system that does not happen. When the thermal 

impact is considered at reduced level magnetization helps in countering the impact of 

surface roughness. The performance of the bearing system remains a little better in case, 

negative values of variance are involved. In the truncated conical plates, the longitudinal 

roughness also helps to overcome the effect of slip velocity up to a certain extent. The 

positive effect of double layered in conjunction with MF lubrication presents a better 

picture. It is also clear that the performance and life of the bearing system can be enhanced 

by choosing proper bearing geometry.    
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CHAPTER 2 

Fundamentals and Governing Equations of 

Tribology  

2.1 Tribology 

Tribology word comes from the Greek word “Tribos” which means rubbing or sliding and 

the suffix “ology” means “the study of”. It deals with phenomena related to friction, wear 

and lubrication. The science and technology of interacting surfaces in relative motion. In 

everyday life, we come across the surface in contact and in relative motion against each 

other. 

British government formed a commission in the year 1966 to investigate damage caused by 

wear. Dr. H. Peter Jost reported the word Tribology first in “The Jost Report” to the British 

parliament ministry for education and science. 

In encircle the interdisciplinary aspects of science and technology of interacting surfaces in 

relative motion and associated subjects. It includes chemistry, physics, fluid mechanics, 

solid mechanics, mathematics, material science, heat transfer etc. Although, the name 

Tribology came later. 

The essential parts of Tribology encompassing friction and wear are as old as history. 

Drilling holes or producing fire wear fitted with bearings, made from antlers or bones and 

potters‟ wheels or stones for grinding cereals, etc. clearly, had a requirement for some form 

of bearing. The record shows the use of wheels from 3500 BC. 
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The transportation of large stone building blocks and monuments requires the know-how 

to frictional devices and lubricants, such as water-lubricated sleds. A sledge to transport a 

heavy statue was used by the Egyptians, circa 1880 BC. A tomb in Egypt that was dated 

several thousand years BC provides the evidence of the use of lubricants. A chariot in this 

tomb contained some of the original animal fat lubricants in its wheel bearings. During and 

after the Roman Empire, military engineers rose to prominence by devising both war 

machinery and methods of fortification, using Tribological principles. 

It was the engineer-artist Leonardo da Vinci in the late 15th century who developed first 

postulated a scientific approach to friction. Da Vinci deduced the rules governing the 

motion of a rectangular block sliding over a flat surface. He introduced the coefficient of 

friction force to a normal load. His work had no historical influence, because his notebooks 

remained unpublished for hundreds of years [15]. 

In the year 1699, the French physicist Guillaume Amontons rediscovered the rules of 

friction after he studied dry sliding between two flat surfaces. First, the friction force that 

resists sliding at in interface is directly proportional to the normal load. Second, the 

amount of friction force does not depend on the apparent area of contact. These 

observations were verified by the French physicist Charles-Augustine Coulomb. He added 

a third law that the friction force is independent of velocity once motion starts. He also 

made a clear distinction between static friction and kinetic friction [15]. 

Many other developments occurred during the 1500s, particularly in the use of the 

improved bearing materials. In 1684, Robert Hooke suggested that the combination of steel 

shafts and bell-metal bushes would be preferable to wood shod with iron for wheel 

bearings. 

The principle of hydrodynamic lubrication was made possible by the experimental studies 

of tower in 1884 and the theoretical interpretation of Reynolds [69] and related works by 

Petroff [64]. Since then, developments in hydrodynamic bearing theory and practice have 

been extremely accelerated in meeting the demands for reliable bearings in new machinery 

systems. Tribology attracted serious attention with the publication of Osborne Reynolds‟ 

[69] classical paper on hydrodynamic lubrication in 1886. Reynolds‟ investigated that 

hydrodynamic pressure of liquid implicated between sliding surfaces was sufficient to 

prevent contact between surfaces even at very low skiing speeds. The work of Reynolds‟ 

improved the interaction between two contacting surfaces. The industrial revolution (Ad 
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1750-1850) is recognized as the period of rapid and notable development of machinery of 

production. The use of steam power and the subsequent development of the railways in the 

1830s, automobiles in the early 1900s and aircraft in use 1940s led to the need for reliable 

machine components. 

The economic aspects of Tribology are significant. Investigations by several countries 

arrived at fingers of saving 1.0% to 1.4% of the GNPS, obtainable by application of 

Tribological principles, much for proportionally minimal expenditure in research and 

development [15]. 

Tribology is the art of applying operational analysis to problems of great economic 

significance, namely reliability, maintenance and wear of technological equipment, ranging 

from spacecraft to household appliances. The purpose of research in Tribology is 

understandably the minimization and elimination of losses resulting from friction and wear 

at all levels of technology where the rubbing of surfaces is involved. Tribology resulted in 

greater plant efficiency, better performance, fewer breakdowns and a significant saving. 

Tribology has been used in aircraft, automobiles and manufacturing processes of machine 

components. Some of the Tribological machine components used in these applications 

includes bearings, seals, gears and metal cutting, magnetic storage devices and 

micro/nanoelectromechanical system (MEMS/NEMS) and beauty care products. Tribology 

also applies in our daily life. For example, writing with a pencil there should be good 

adhesion between the lead and the paper so that a small quantity of lead transfers to the 

paper and lead should have adequate toughness or hardness so that it does not fracture or 

break [15]. 

2.2 Friction 

Friction is the force resisting the relative motion during sliding or rolling contact. When 

one solid body moves tangentially over another with which it is in contact. A tribometer is 

an instrument that measures friction on a surface. Friction is an important and crucial 

factor. In many engineering disciplines, friction is desirable or undesirable, depending on 

the application. Friction is desirable in some applications, such as walk, use automobiles 

tyres on a roadway, vehicle brakes and clutches etc. Friction causes wear and generate heat 

which frequently leads to premature failure at that time it is undesirable. 
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FIGURE 2.1 Friction 

There are several types of friction. 

2.2.1 Fluid Friction 

Fluid friction occurs between adjacent layers in a fluid that are moving at different 

velocities relative to each other. 

 Lubricated Friction: It is a case of fluid friction where a fluid separates two solid 

surfaces. 

 Skin Friction: It arises from the interaction between the fluid and the skin of the 

body. 

 

FIGURE 2.2 Fluid Friction 

SOURCE https://tinyurl.com/ychnxvo4 
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2.2.2 Dry Friction 

Dry friction resists the relative lateral motion of two solid surfaces in contact. The two 

regimes of dry friction are „static friction‟ and „kinetic friction‟. 

 Static Friction: Static friction occurs when two or more solid objects that are not 

moving relative to each other. 

 Kinetic Friction: Kinetic friction occurs when two objects are moving relative to 

each other and rub together. 

 

FIGURE 2.3 Types of Friction 

SOURCE https://tinyurl.com/y458dsug 

 

 

2.2.3 Internal Friction 

Internal friction is the force resisting motion between the elements making up a solid 

material while it undergoes deformation. 

Laws of Friction 

There are three important laws discovered in 15
th

 to 18
th

 centuries as follows: 

 Amontons’ First Law: The force of friction is directly proportional to the applied 

load. 

 Amontons’ Second Law: The force of friction is independent of the apparent area 

of contact. 

 Coulomb’s Law of Friction: Kinetic friction is independent of the sliding 

velocity. 

https://tinyurl.com/y458dsug
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2.3 Wear 

 

FIGURE 2.4 Wear on Bearing 

SOURCE https://tinyurl.com/yyoc3gnp 

Wear is a progressive loss of material. Wear occurs through surface interaction at 

asperities. Wear is the surface damage or removal of material from one or both of two solid 

surfaces in a sliding, rolling or impact motion relative to each other. The removal and 

deformation of material on a surface is a result of mechanical action of the opposite 

surface. 

Wear is a much new subject than friction and bearing development. The study of the 

processes of wear is a part of the discipline of Tribology. Some commonly referred to wear 

mechanisms include: 1) adhesive, 2) abrasive, 3) surface fatigue, 4) fretting wear and 5) 

erosive wear.  

2.4 Porosity 

The word „porosity‟ is derived from the Greek word poros for “pore” which means 

“passage”, space in a material and is a fraction of the volume of voids over the total 

volume. 

If a roof is leaking during the rain, it has some porosity which leads to a problem. A 

raincoat has no porosity because it is waterproof. 

The porous media was introduced in the bearing systems mainly, to reduce the effect of 

friction and wear. 

https://tinyurl.com/yyoc3gnp
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FIGURE 2.5 Porous Material 

SOURCE https://tinyurl.com/y3arbc63 

2.5 Lubrication 

Lubrication is the process to reduce friction between interacting surfaces which are in 

relative motion. A lubricant is any substance that reduces friction and wear and provides 

smooth running and satisfactory life for machine elements. The lubricants are in the form 

of liquid, gas, semi-solid or solid. 

 

FIGURE 2.6 Oil as Lubrication 

SOURCE https://tinyurl.com/y44gj9nt 
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2.5.1 Fluid Film Lubrication 

In this lubrication, viscous forces the load is fully supported by the lubricant with the space 

between the parts in motion relative to one another object and solid-solid contact is 

escaped. 

2.5.2 Hydrostatic Lubrication 

In this type of lubrication, external pressure is applied to the lubricant in the bearing, to 

maintain the fluid lubricating film where it would, otherwise be squeezed out. Hydrostatic 

bearings can be designed to give predetermined performance characteristics, e.g. pressure 

load capacity, stiffness, friction and pumping power. 

2.5.3 Hydrodynamic Lubrication 

The motion of the contacting surfaces and the exact design of the bearing are used to pump 

lubricant around the bearing to maintain the lubricating film. Generally, the lubricant film 

is thick. It exists when a low-pressure load is applied. This condition is usually referred to 

as “the ideal form of lubrication” since it provides low friction and high resistance to wear. 

2.5.4 Elastohydrodynamic Lubrication 

Elastohydrodynamic Lubrication or EHL is a lubrication regime a type of hydrodynamic 

lubrication in which significant elastic deformation of the surfaces takes place and it 

greatly alters the shape and thickness of the lubricant film in the contact. The term 

underlines the importance of the elastic deflection of the bodies in contact in the 

development of the total lubricant film. EHL is used to decrease friction and wear in 

Tribological contacts. It is achieved by the development of a thin lubricant film between 

rubbing surfaces, which separates them and decreases friction. EHD lubrication is also 

known as partial lubrication and comes in picture when two surfaces are partially separated 

by a thin film of lubricant. 
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2.5.5 Boundary Lubrication (Mixed Lubrication)  

Boundary lubrication is defined as a condition of lubrication in which friction between the 

two surfaces in relative motion is determined by the properties of the surfaces and by the 

properties of the lubricant, other than viscosity.   

Boundary lubrication is also known as boundary film lubrication it occurs when the 

hydrodynamic lubrication fails to exist. In this case, no oil film or an extremely thin (about 

0.08 to 0.4 micro inch) oil film is generated between the two surfaces. Surfaces separated 

by films of molecular dimensions. Such a kind of lubrication comes into existence when 

extreme pressure is applied. 

Another very special lubricant normally known as Ferrofluid is a magnetic liquid that is 

prepared with magnetite-ferromagnetic nano-sized particles (like mono disperse super 

paramagnetic particles of ferric oxide Fe2O3 or Ferro ferric oxide Fe3O4) in a carrier liquid 

(like kerosene, water, oil etc.). The nano sized particles of the magnetite having a mean 

diameter of 10 nm to 20 nm. about the spread out in the base fluid to make the Ferrofluid. 

These kinds of Ferrofluid are hugely used in many industrial areas to overcome friction 

and prevent material from probable wear. 

However, the variety of joint demands also suggests the existence of a combination of 

fluid-film and boundary lubrication, so it is called mixed lubrication. 

 

FIGURE 2.7 Fluid Film and Boundary Film Lubrication 

SOURCE https://tinyurl.com/yyswkofg 

https://tinyurl.com/yyswkofg
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FIGURE 2.8 Hydrostatic Bearing Creates Lubricating Film by External Pump 

SOURCE https://tinyurl.com/yyu7vr35 

 

 

FIGURE 2.9 Hydrodynamic and Elastohydrodynamic Lubrication 

SOURCE https://tinyurl.com/y5sys28w 

2.6 Bearing 

A bearing is a system of machine elements whose function is to support an applied load by 

reducing friction between the relatively moving surfaces. The load may be radial, axial or 

combination of both. 

They are mainly two types of bearings widely used in practice, rolling element bearings 

and fluid film bearings. 

Rolling-element bearings are generally used for axles due to their low rolling friction. For 

light loads, such as bicycles, ball bearings are often used. For heavy loads and where the 

loads can greatly change during cornering, such as cars and trucks, tapered rolling bearings 

https://tinyurl.com/yyu7vr35
https://tinyurl.com/y5sys28w
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are used. These bearings are found in everything from electric motors to gearboxes and 

conveyor systems. If a shaft needs to spin, it can be supported by a rolling element bearing. 

Rolling element bearings are composed of two races separated by a group of rollers. The 

shape of these rollers determines the load a particular bearing can hold as well as the 

lubrication requirements. Rolling element bearing must be lubricated with appropriate oil 

or grease to sustain a lubricant film that can provide sufficient separation of the contacting 

surfaces during start-up and continuous operation under the normal service conditions.  

If two matting surfaces during operating conditions are completely separated by a lubricant 

film, such a type of lubricant is called fluid film lubrication. Bearing operating this under 

the type of lubrication is called fluid film bearings. In a fluid film bearing, the stationary 

and rotating surfaces are separated by a thin film of lubricants, such as oil, air, water or 

process fluid.  

Fluid film bearings are one of the most fundamental and critical components in rotating 

machinery.  Fundamentally bearings constrain the motion of a rotating shaft and provide a 

means to transmit force from a rotating shaft to stationary support with minimal friction. 

Typically, larger and higher speed and load equipment utilize fluid film bearings. In 

industry, these are typically referred to as plain bearings, journal bearings, or sleeve 

bearings.  

In a fluid film bearing the shaft is supported by a thin layer of lubricating fluid, and the 

rotating and stationary parts are not in direct contact with one another. There are two main 

types of fluid film bearings used in industry; hydrostatic and hydrodynamic. 

Hydrostatic bearings are externally pressurized with a lubricant and do not rely on rotating 

the shaft to develop a fluid film. The hydrodynamic bearings rely on the speed of the shaft 

to pressurize the fluid in the bearing and lift the shaft off the bearing.  

In a hydrodynamic fluid film bearing, the film pressure that separates the surfaces is 

created by the relative motion (rotation) of the surfaces as the lubricant is pulled into a 

converging geometry between the surfaces. Hydrodynamic fluid film bearings are 

characterized by different lubrication regimes that occur on startup and shutdown. When a 

fluid film bearing first starts up at slow speeds there is insufficient pressure in the wedge to 

lift the shaft off the bearing surface and the two surfaces rub. Once the shaft reaches a 

enough speed the hydrodynamic lubrication generates enough pressure in the wedge to lift 
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the shaft off the bearing and there is no contact between the stationary and rotating 

components. For this reason, most of the wear in hydrodynamic bearings occurs on 

startups and shutdowns. 

There are several kinds of bearings available, each used for a different purpose, which 

include ball bearings, roller bearings, ball thrust bearings, roller thrust bearings, tapered 

roller thrust bearings, journal bearings and sliding contact bearings. 

2.6.1 Journal Bearing 

 

 

FIGURE 2.10 Journal Bearing 

SOURCE https://tinyurl.com/y5m737gc 

 

A Journal bearing is a simple bearing in which a shaft, or “Journal”, rotates in the bearing 

with a layer of oil or grease separating the two parts through fluid dynamic effects. The 

bearing support radial load.  

2.6.2 Slider Bearing 

 

FIGURE 2.11 Slider Bearing 

SOURCE https://tinyurl.com/y6k5pjwt 

https://tinyurl.com/y5m737gc
https://tinyurl.com/y6k5pjwt
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In Slider Bearing the two moving surfaces slide against each other supported by a layer of 

lubrication. Slider Bearings are the simplest, oldest, less expensive bearing technology and 

they have a broad variety of applications, from construction machines to equipment with 

atomic resolution. 

2.7 Types of Fluid 
 

2.7.1 Ideal Fluid 

An ideal fluid is that fluid which is not compressible (i.e. density is constant) and non-

viscous (inviscid- has no internal friction). Since all fluids have some viscosity, Ideal fluid 

(perfect fluid) is only imaginary fluid. In the case of an ideal fluid, there is no shearing 

effect between adjacent layers of fluid. In reality, no such fluid exists. But the closest we 

can get to ideal conditions are super fluids at cryogenic conditions. 

2.7.2 Real Fluid 

A viscous fluid is known as Real fluid (practical fluid). The Real fluid possesses some 

viscosity and is compressible in nature. All existing fluids are real fluids. Such fluid obeys 

Newtonian law that shear stress is directly proportional to shear strain. 

2.7.3 Newtonian Fluid  

A fluid in which the shear stress is directly proportional to the velocity gradient. i.e.  

   
  

  
. That is the viscous stresses arising from its flow, at every point, are linearly 

correlated to the rate of change of its deformation over time. Kerosene, Silicone oils, air, 

gases, Glycerin etc. are examples of a Newtonian fluid. 

Here, the Shear stress is the amount of force per unit area perpendicular to the axle of the 

member. 

Newton's viscosity Law states that, the shear stress between adjacent fluid layers are 

proportional to the velocity gradients between the two layers. The ratio of shear stress to 

shear rate is a constant, for a given temperature and pressure, and is defined as the 

viscosity or coefficient of viscosity. 



Fundamentals and Governing Equations of Tribology 

 

22 

 

2.7.4 Non - Newtonian Fluid 

A non-Newtonian fluid is a fluid that does not follow Newton's law of viscosity.  For such 

fluid, the shear stress is not directly proportional to the velocity gradient. 

In a non-Newtonian fluid, the relation between the shear stress and the strain rate is 

nonlinear and can even be time dependent. The viscosity of a non-Newtonian fluid will 

change due to shear stress. The physical behavior of non-Newtonian fluid depends on the 

forces acting on it from second to second. Slurries, suspensions, toothpaste, gels and 

colloids are examples of non-Newtonian fluids. Many polymer solutions and molten 

polymers are non-Newtonian fluids. 

 

FIGURE 2.12 Newtonian and Non-Newtonian Fluids 

SOURCE https://tinyurl.com/yxe6f5q6  ; https://tinyurl.com/y4pbqd5k  

2.8 Types of Fluid Flows 

There are various types of fluid flows are described as follows  

2.8.1 Laminar Flow 

It is a well-defined pattern of flow that contains a series of parallel layers with one layer 

sliding smoothly over the nearby layer. In Laminar flow, the fluid travels smoothly or in 

regular paths and the velocity, pressure, and other flow properties at each point in the fluid 

remain constant. The fluid in contact with the horizontal surface is stationary, but all the 

other layers slide over each other.  

 

https://tinyurl.com/yxe6f5q6
https://tinyurl.com/y4pbqd5k
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2.8.2 Turbulent Flow 

The flow in which adjacent layers cross each other and do not move along a well-defined 

path is known as turbulence flow. In Turbulent flow, the fluid undergoes irregular 

fluctuations and mixing. The examples of turbulent flow are the flow-through pumps and 

turbines, blood flow in arteries, oil transport in pipelines, atmosphere and ocean currents, 

and the flow around aircraft-wing tips. 

 

 

FIGURE 2.13 Laminar and Turbulent Flow 

SOURCE https://tinyurl.com/y2cbltwt ; https://tinyurl.com/y2665c72 ; 

https://tinyurl.com/y4etyr3q 

2.8.3 Uniform Flow 

The fluid flow in which the properties of fluid like pressure, temperature, velocity etc. 

changes with respect to time but does not change concerning position is known as uniform 

flow. In uniform flow, the flow velocity is of the same direction and magnitude at every 

point in the fluid. 

 

https://tinyurl.com/y2cbltwt
https://tinyurl.com/y2665c72
https://tinyurl.com/y4etyr3q
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2.8.4 Non Uniform Flow 

The fluid flow in which the properties of fluid like pressure, temperature, velocity etc. 

changes with respect to time as well as with respect to position, is known as non-uniform 

flow. That is in the non-uniform at a given instant, the velocity is not the same at every 

point. 

 

FIGURE 2.14 Uniform and Non-Uniform Flow 

SOURCE https://tinyurl.com/y4pcanty 

2.8.5 Steady Flow 

The flow in which characteristics of fluid like velocity, temperature, pressure, density etc. 

do not change at a point with time is known as steady flow. In practice, there are always 

slight variations in velocity and pressure, but if the average values are constant, the flow is 

considered steady Flow. 

2.8.6 Unsteady Flow 

The flow in which characteristics of fluid changes with time at the same point is known as 

unsteady flow. 

 

FIGURE 2.15 Steady and Unsteady Flow 

SOURCE https://tinyurl.com/y6taerhy 

https://tinyurl.com/y4pcanty
https://tinyurl.com/y6taerhy
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2.8.7 Compressible Flow  

If the density of fluid varies from point to point in the flow, the flow is known as 

compressible flow. All gases are compressible. 

2.8.8 Incompressible Flow 

If the density of fluid remains constant through the flow, the flow is known as an 

incompressible flow. Most liquids do not compress very much at all, so they fall into the 

incompressible category. 

The main difference between compressible and incompressible fluid is that a force applied 

to a compressible fluid changes the density of fluid whereas a force applied to an 

incompressible fluid does not change the density to a considerable degree.

 

     

FIGURE 2.16 Compressible and Incompressible Flow 

SOURCE https://tinyurl.com/y3adx4fr 

2.9 Neuringer-Rosensweig Magnetic Fluid Flow Model 

In 1964, Neuringer and Rosensweig presented a phenomenological treatment for the fluid 

dynamics and thermal interactions assistant to the flow of heated and unheated, 

incompressible, polarizable magnetic fluids. An analytical solution is found for the 

problem of source flow with heat addition in order to display the thermomagnetic and 

https://tinyurl.com/y3adx4fr
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magneto mechanical effects attendant to simultaneous heat addition and fluid motion in the 

presence of a magnetic field. 

2.10 Surface Roughness 

It is not possible to manufacture a part with a perfectly smooth surface. Imperfections and 

irregularities are bound to occur. They arise in the form of successive hill and valley. 

Surface roughness is defined as the irregularities which are inherent in the production 

process. Surface roughness is the measure of the finely spaced micro irregularities on the 

surface texture which is composed of three components namely roughness, waviness and 

form. Surface roughness is quantified by the deviations in the direction of the normal 

vector of a real surface from its ideal form. If these deviations are large, the surface is 

rough; if they are small, the surface is smooth. Roughness is sometimes known as “Micro-

geometrical deviation” or “Micro-geometrical irregularities”. 

Therefore, the effects of surface roughness become important when the size of the surface 

asperity height reaches the same order as the lubricant film thickness. The effect of surface 

roughness plays a significant role in the development of science and technology of 

Tribology. The surface roughness of interacting surfaces consists of micro asperities that 

are micro or nano-sized peaks and valleys. Depending on the size, shapes, orientation and 

distribution of these asperities, the hydrodynamic lubrication characteristics of the surfaces 

can vary significantly. 

There are two types of surface characteristics in lubricant flow [77] 

1. Both surfaces are rough and moving relatively. 

2. One surface is rough and stationary while the other one is smooth and moving. 

Mainly two types of one-dimensional roughness are used to evaluate the effect of surface 

roughness on system [77]. 

2.10.1 Longitudinal Roughness 

The shape of this type of roughness is only dependent on Y-coordinate. In this way, the 

shape is constant in the lubricant and therefore, the problem reduces to a two-dimensional 
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stationary one, whether or not both surfaces have a velocity. Also, this kind of roughness is 

assumed to avoid the pure slip condition. 

2.10.2 Transverse Roughness 

This type of roughness has edges perpendicular to the direction of lubricant entrainment. 

So, it is also a pure slip situation. Because the couette flow dominates the total fluid flow, 

this leads to more favorable conditions than the case of longitudinal roughness. 

Surface texture is concerned with the geometric irregularities of the surface of a solid 

material which is defined in terms of surface roughness, waviness and flows. Surface 

roughness consists of the fine irregularities of the surface texture, including feed marks 

generated by the machining process. The mechanism behind the formulation of surface 

roughness is very dynamic, complicated and process dependent. Therefore, a mathematical 

model using a statistical method provides a better solution. 

The challenge of modern machining industries is mainly, focused on the achievement of 

high quality in terms of workpiece dimensional accuracy, surface finish, less wear on the 

cutting tools, high production rate, the economy of machining in terms of cost-saving and 

increase of the performance of the product with reduced environmental impact [39]. 

 

       

FIGURE 2.17 Transverse and Longitudinal Roughness 

SOURCE https://tinyurl.com/y5mwtz6o ; 

 

https://tinyurl.com/y5mwtz6o
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2.11 Governing Equations 

 

2.11.1 Equation of State 

Phenomenological consideration requires specification of the state of fluid which is given 

by an equation which is called the equation of state. For an incompressible fluid, it is given 

by  

   constant  (2.1) 

While for a perfect gas for isothermal variations in pressure it is given by Boyle-Mariotte 

law as  

      (2.2) 

where,   is the universal gas constant also   is temperature and   is pressure. 

For constant compressibility fluids under isothermal conditions, equation of state is  

        , (    )- (2.3) 

where,    is the value of   at the reference atmospheric pressure    and   is the 

compressibility. This particular equation of state applies rather well to most liquids. 

2.11.2 Darcy’s Law 

The governing equation for fluid motion in a vertical porous column was first introduced 

by Darcy in 1856. That is given by 

   
 

 
   

where   is the space averaged velocity also known as Darcian velocity,   is the 

permeability of the porous region,   is the coefficient of viscosity and   is the pressure in 

the porous region. 

2.11.3 Continuity Equation 

For a compressible fluid, the continuity equation is 

  

  
   (  )    (2.4) 
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where,   is the velocity vector of the flowing fluid,   is the density. If the flow is steady 

  

  
   and hence the continuity equation turns out to be 

  (  )    (2.5) 

The equation of continuity for homogeneous, incompressible fluid takes the form  

      (2.6) 

A comparison of equations (2.4) and (2.6) suggest that the density of the fluid does not 

appear in the continuity equation for incompressible fluids, whereas it does appear in the 

corresponding equation for compressible fluids. Thus, the continuity equation for 

incompressible fluids is a purely kinematical equation whereas for compressible fluids, it is 

a dynamical one. 

2.11.4 Navier-Stokes Equations 

The Navier-Stokes equations are, 
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(2.9) 

Where, the velocity of the fluid is      ̂     ̂     ̂.      and    are the body forces in 

the directions of     and   respectively.   is the viscosity of the fluid. The left-hand side 

term of equations (2.7-2.9) is the inertia term that represents the total force in the system 

per unit volume. The right-hand side terms contain the body force, the pressure gradient, 

and the viscous term respectively. 

2.11.5 Generalized Reynolds’ Equation 

Generalized Reynolds‟ equation is derived from Navier-Stokes equations (2.7-2.9) and the 

continuity equation (2.4). Following basic assumptions in the theory of lubrication are 

considered, which will be applicable to both compressible and incompressible fluids. 

 Inertia and body force term are negligible in compared with the pressure and 

viscous term. That is, 

  

  
  

  

  
 

  

  
         

 There is no variation of pressure across the fluid film. That is, 

  

  
   

 There is no slip in the fluid-solid boundaries. 

 No external forces act on the film. 

 The flow is viscous and laminar. 

 Due to the geometry of fluid film, the derivatives of   and   with respect to   are 

much larger than other derivatives of velocity component. 

 The height ( ) of the film is very small compared to the bearing length( ). (a 

typical value of      is about     ). 

Thus, the Navier-Stokes Equations are reduced to, 
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Integrating equations (2.10) and (2.11) with respect to  ,  we have, 

  
 

  

  

  
          

  
 

  

  

  
          

Where          and    are constants. 

 

FIGURE 2.18 The Fluid Film and its Velocity Components 

The boundary conditions (for   and  ) are: 

 . At               

 . At               

Using the boundary conditions the generalized Reynolds‟ equation is derived as:  



Fundamentals and Governing Equations of Tribology 

 

32 

 

 

  
*
   

   

  

  
+  

 

  
*
   

   

  

  
+  

 

  
*
 (     ) 

 
+   

 

  
*
 (     ) 

 
+  

 (  )

  
 (2.12) 

In this equation, the left-hand side describes the flow rate due to pressure gradient. The 

right-hand side first two terms describes the flow rate due to surface velocities known as 

Poiseuille (pressure induced) and Couette (velocity induced) terms respectively. The right-

hand side last term describes the net flow rate due to squeeze motion and local 

compression. 

2.11.6 Equations for Neuringer-Rosensweig Model 

In 1964, Neuringer and Rosensweig [41] investigated a simple flow model to describe the 

steady flow of magnetic fluids in the presence of slowly changing external magnetic fields. 

The model consisted of the following equations: 

 (
  

  
     *                (   )  (2.13) 

      (2.14) 

         (2.15) 

    ̅   (2.16) 

   (   )    (2.17) 

Where   represent the fluid density,   (     ) was the fluid velocity in the film region, 

  was the film pressure,   represented the fluid viscosity,    denoted the permeability of 

free space,   was the magnetization vector,   denoted the external magnetic field and  ̅ 

was the magnetic susceptibility of the magnetic particles. 

Using above equations (2.15) and (2.16), the equation (2.13) assumes the form 

 (
  

  
     *     (  

   ̅

 
  *       

This suggested that an extra pressure 
   ̅

 
   was introduced in to the Navier-Stokes 

equations when a MF was used as lubricant. Thus, the modified Reynolds equation in this 

case was derived as 
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In most of the applications of slider bearings we consider the upper surfaces as non-porous 

and moving with a uniform velocity   in the   direction together with a normal velocity 

   and the lower surface is stationary and has a porous facing of thickness   . 

2.12 Important Terminology 

 

2.12.1 Magnetic Susceptibility 

It measures the ease with which a specimen takes magnetism. Magnetic susceptibility of a 

magnetic substance is defined as the ratio of the intensity of magnetization induced in the 

substance to the strength of magnetizing field   in which the substance is placed. 

Susceptibility is zero for air, is positive in case of Para magnetism, ferromagnetism and 

negative in case of diamagnetism. As it is the ratio of same quantities, it has no units. 

 

2.12.2 Magnetic Permeability 

It measures the degree to which the specimen can be penetrated. The magnetic 

permeability of a material is defined as the ratio of magnetic induction to the strength of 

magnetization. In SI system, the unit of Magnetic Permeability is Henry/meter. For free 

space permeability is         Henry/meter. 

2.12.3 Load Carrying Capacity 

The meaning of load carrying capacity is different according to the system environment. In 

mechanical engineering, the meaning LCC is treated in terms of basic dynamic load rating. 

The basic dynamic load ratings for bearings are dependent on performance standards and 

the fatigue behavior of the materials. The magnitude of the load rating is always affected 

by running speed. Every bearing is introduced or known worldwide with its maximum 

LCC which is specified corresponding to various running speeds. 
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2.12.4 Slip Velocity 

In fluid dynamics, the no-slip condition for viscous fluids states that at a solid boundary, 

the fluid will have zero velocity relative to the boundary. But it was noticed that this 

phenomenon was not always true. The fluid will have some velocity relative to the solid 

boundary; this velocity is defined as Slip velocity. The slip velocity is the difference 

between the average velocities of two different fluids flowing together in a pipe, in vertical 

ascending flow. The lighter fluid flows faster than the heavier fluid. The slip velocity 

depends mainly, on the difference in density between the two fluids and their holdups.  

 

2.12.5 Probability Distribution Function 

In probability theory, a probability density function or density of a continuous random 

variable is a function that describes the relative trend for this random variable to take on a 

given value. The probability of the random variable falling within a range of values is 

given by the integral of this variable‟s density over that range. That is, it is given by the 

area under the density function but above the horizontal axis and between the lowest and 

greatest value of the range. The probability density function is non-negative everywhere, 

and its integral over the entire space is equal to one. 

 

2.12.6 Standard Deviation 

In probability and statistics theory, the Standard Deviation measures the amount of 

variation or dispersion from the average. A low standard deviation indicates that the data 

points tend to be very close to the mean (also called expected value) and a high standard 

deviation indicates that the data points are spread out over a large range of values. The 

standard deviation of a random variable, statistical population, data set, or probability 

distribution is the square root of its variance. It is represented by the Greek letter sigma. 

2.12.7 Skewness 

The skewness is a measure of the asymmetry of the probability distribution of a real-

valued random variable about its mean. The skewness value can be positive or negative, or 

even undefined. It is denoted by symbol epsilon. 
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2.12.8 Variance 

The variance measures how far a set of numbers is spread out. A variance of zero indicates 

that all the values are identical. A small variance indicates that the data points tend to be 

very close to the mean (expected value) and hence to each other, while a high variance 

indicates that the data points are very spread out around the mean and from each other. 

2.12.9 Viscosity 

Viscosity represents internal friction of the fluid. Such internal friction forces in flowing 

fluids result from cohesion and molecules. 

The viscosity of a fluid depends on temperature (i.e. cohesion decreases with the 

increasing temperature).In gases viscosity increases with increasing temperature (i.e. 

molecular interchange between layers of fluid increasing with a temperature setting up 

strong internal shear). 

2.12.10  Pressure and Shear Stress  

A fluid is defined as a substance that deforms continuously when acted on by shearing 

stress (tangential force per unit area) of any magnitude. Both liquids and gases are 

considered as fluids. A shearing stress is created due to a tangential force on a surface as 

shown by the Consider a force      ̂     ̂     ̂ acting on a 2  region of area A setting 

on     plane. 

where   ,    and    represent tangential forces in  -direction,  - direction and in  - 

direction respectively. 

For simplicity we take     .Then the shear stress is given by 

  
  
 
 (

 

  
                       * 

The pressure (normal stress) is defined by,  

  
  
 
 (

 

  
                       * 
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2.12.11  Density 

The ratio of the mass of a fluid to its volume is called density. The density of a material 

varies with temperature and pressure. This variation is typically small for solids and liquids 

but much greater for gases. The SI unit of density is     ⁄ . It is denoted by symbol   

(rho). 
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CHAPTER 3 

Performance of a Rough Short Porous Bearing 

Considering Thermal Effect and Slip Velocity 

3.1 Introduction 

The objective of the present study is to analyze the performance characteristics of a rough, 

porous short bearing with slip velocity and thermal effect. The stochastic model of 

Christensen and Tonder [19, 20, 21] has been used to study the effect of transverse surface 

roughness on the performance of the bearing system. The effect of slip velocity has been 

studied using the slip model of Beavers and Joseph [10]. The model of Tipei has been 

adopted for the thermal effect. The associated stochastically averaged Reynolds‟ type 

equation is solved with appropriate boundary conditions to obtain the pressure distribution 

which gives the expression for load carrying capacity. The results are shown in graphical 

form establish that transverse roughness and slip velocity induce an adverse effect on the 

bearing system. In the case of negatively skewed roughness, the situation yields better 

results. The thermal effect induced negative effect which can be retrieved in the case of 

negatively skewed roughness, to a certain extent. 

Hydrodynamic lubrication is a process by which two surfaces moving at some relative 

velocity with respect to each other are separated by a fluid film in which forces are 

generated by the relative motion only. Lubricated bearings are well known in industrial 

applications and their main advantages compared with rolling and friction bearings are 

their low friction and high precision. 
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Tanner [82] studied an isothermal short journal bearing with Non-Newtonian lubricants 

and applied the method to predict the temperature in the short journal bearing. Rohde and 

Li [70] also analyzed short bearing performance. Whereas Benerjee et al. [8] investigated 

the short bearing performance by considering the effect of rotation about an axis across the 

fluid film. Short bearings have been subjected to investigation by Patel et al. [55], Shimpi 

and Deheri [75], Patel and Deheri [57]. However, bearing surfaces could be rough through 

the manufacturing process. Tzeng and Seibel [84] dealt with the effect of roughness. A 

simple statistical model was mooted by Christensen and Tonder [19, 20, 21] to evaluate the 

effect of surface roughness. Later, this approach of Christensen and Tonder was used by 

many investigators Andharia and Deheri [4], Patel et al. [47]. Patir and Cheng [63] 

proposed an average flow model for deriving the Reynolds‟ type equation which applied to 

any general surface roughness structure. Dresse and Sinha [25] studied the roughness and 

thermal effect on tilted pad slider bearings. Porous bearings have the features of low cost 

and simple structure. Non-porous bearings are impracticable owing to lack of space or 

inaccessibility for lubrication where Porous bearings are used. The applications of Porous 

bearings in mounting horsepower motors include vacuum cleaners, coffee grinders, hair 

dries, saving machines, sewing machines, water pumps, tape recorders, generators and 

distributors. For the porous bearings, the hydrodynamic lubrication theory was first studied 

by Morgan and Cameron [40]. Ahmad and Singh [3], Kashinath and Hanumagowda [33], 

Shah and Patel [73], Thakkar et al. [81] have investigated the porous slider bearing by 

using Darcy‟s equation to model the flow of Newtonian lubricant in the porous matrix. The 

performance of an idealized rough porous hydrodynamic plane slider bearing was studied 

by Patel et al. [53]. Tipei [83] observed that the highest temperature happened when the 

film thickness was the least. The thermal effect was also found to be analyzed by Kumar et 

al. [35] and Patel et al. [45]. Slider bearings are used primarily for load bearing 

applications in large civil projects such as bridges where they accommodate a limited 

range of movement.    

Here, it has been proposed to study the performance of a rough short porous bearing 

considering the thermal effect and slip velocity. 
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3.2 Analysis 

The geometry and configuration of the present bearing system are shown in Fig. 3.1. The 

slider moves with the uniform velocity   in the   direction.  

 
FIGURE 3.1 Configuration of Short Bearing System 

 

The length of the bearing is   in   direction and breadth   is in   direction where    , 

the dimension of   to be very small.  

It is widely known that the Reynolds‟ pressure distribution equation for two-dimensional 

fluid flow by Cameron [17] is 
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The pressure gradient   
  

  
  is much larger as compared to the pressure gradient  
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In the light of Christensen and Tonder [19, 20, 21] the thickness   of the lubricant film is 

assumed to be 

   ̅     (3.2) 
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Where  ̅ is the mean film thickness and    is the deviation from the mean film thickness 

characterizing the random roughness of the bearing surface.  

The details regarding the roughness characterization of an application can be hold from 

Christensen and Tonder [19, 20, 21]. 

Under the normal assumptions of hydrodynamic lubrication and using the Beavers and 

Joseph [10] slip model, Christensen-Tonder [19, 20, 21] roughness model the governing 

Reynolds equation, Patel and Deheri [57] is given by 
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Equation (3.3) transforms into the following 
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The thermal effect gives the viscosity-temperature relation as     .
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  where,   is the 

thermal factor which usually lies between 0 and 1 according to the nature of the lubrication 

in Tipei [83].  Here,    is the fluid viscosity and at      is known as   . Inserting above 

condition we get 
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Integrating equation (3.4) with the associated boundary conditions  
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 , we get  
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The following dimensionless quantities are introduced.  
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Using dimensionless quantities, one gets the pressure equation in non-dimensional form as 
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Now, the dimensionless LCC of the bearing system comes out to be 
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3.3 Result and Discussion 

 

FIGURE 3.2 Variation of LCC with respect to m to  ̅ 
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TABLE 3.1 Relation of                  ̅ 

                  ̅ 

  0.8 0.9 1 1.1 1.2   ̅

  

0.06953 0.078594 0.087732 0.096941 0.106218 -0.02 

0.066836 0.07555 0.084335 0.093188 0.102108 -0.01 

0.064353 0.072744 0.081204 0.08973 0.09832 0 

0.062057 0.07015 0.078309 0.086532 0.094816 0.01 

0.059927 0.067743 0.075623 0.083565 0.091567 0.02 

 

 

FIGURE 3.3 Variation of LCC with respect to m to    

 

TABLE 3.2 Relation of                   

                   

  0.8 0.9 1 1.1 1.2   

  

0.079944 0.090361 0.100862 0.111442 0.1221 0.007 

0.065322 0.07384 0.082427 0.09108 0.099799 0.009 

0.055394 0.06262 0.069905 0.077249 0.084648 0.011 

0.048191 0.05448 0.060821 0.067212 0.073652 0.013 
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FIGURE 3.4 Variation of LCC with respect to m to  ̅ 

 

TABLE 3.3 Relation of                  ̅  

                 ̅  

  0.8 0.9 1 1.1 1.2  ̅ 

  

0.06029 0.068155 0.076086 0.084079 0.092134 -0.016 

0.060203 0.068056 0.075975 0.083956 0.091998 -0.008 

0.060113 0.067955 0.075861 0.08383 0.091859 0 

0.060022 0.067851 0.075744 0.0837 0.091716 0.008 

0.059927 0.067743 0.075623 0.083565 0.091567 0.016 

 

 

FIGURE 3.5 Variation of LCC with respect to   ̅⁄   to    
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TABLE 3.4 Relation of             ̅⁄         

            ̅⁄         

  ̅⁄  0.01 0.02 0.03 0.04 0.05   

  

0.071647 0.063759 0.059927 0.057661 0.056162 0.8 

0.081047 0.072118 0.067743 0.065143 0.063419 0.9 

0.090524 0.080552 0.075623 0.07268 0.070723 1 

0.100075 0.089056 0.083565 0.080272 0.078075 1.1 

0.109694 0.097627 0.091567 0.087915 0.085473 1.2 

 

 

FIGURE 3.6 Variation of LCC with respect to  ̅ to  ̅ 

 

TABLE 3.5 Relation of             ̅     ̅ 

           ̅       ̅ 

 ̅ -0.016 -0.008 0 0.008 0.016   ̅

  

0.031281 0.031264 0.031246 0.031228 0.031209 -0.02 

0.030884 0.030868 0.030851 0.030833 0.030815 -0.01 

0.030499 0.030483 0.030466 0.030449 0.030431 0 
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FIGURE 3.7 Variation of LCC with respect to  ̅ to  ̅ 

 

TABLE 3.6 Relation of             ̅     ̅ 

           ̅      ̅  

 ̅ -0.016 -0.008 0 0.008 0.016  ̅ 

  

0.076171 0.07609 0.076006 0.075918 0.075826 0.11 

0.07613 0.076035 0.075937 0.075835 0.075729 0.12 

0.076086 0.075975 0.075861 0.075744 0.075623 0.13 
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FIGURE 3.8 Variation of LCC with respect to  ̅ to   
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TABLE 3.7 Relation of             ̅      

           ̅      

  ̅ -0.02 -0.01 0 0.01 0.02   

  

0.124628 0.117636 0.111424 0.105865 0.100862 0.007 

0.097204 0.093006 0.089174 0.08566 0.082427 0.009 

0.080019 0.077211 0.074602 0.072173 0.069905 0.011 

0.068197 0.06618 0.064286 0.062503 0.060821 0.013 

0.059542 0.058022 0.056581 0.055213 0.053914 0.015 

 

 

FIGURE 3.9 Variation of LCC with respect to   to   

 

TABLE 3.8 Relation of                   

                 

  0.1 0.15 0.2 0.25 0.3   

  

0.100862 0.092847 0.08547 0.078678 0.072427 0.007 

0.082427 0.076733 0.071432 0.066498 0.061904 0.009 

0.069905 0.065675 0.0617 0.057966 0.054458 0.011 

0.060821 0.057583 0.054519 0.051617 0.04887 0.013 

0.053914 0.051387 0.048979 0.046684 0.044496 0.015 
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FIGURE 3.10 Variation of LCC with respect to   to   ̅⁄  

 

TABLE 3.9 Relation of                   ̅⁄  

                 ̅⁄  

  0.1 0.15 0.2 0.25 0.3   ̅⁄  

  

0.090524 0.084675 0.079204 0.074087 0.0693 0.01 

0.080552 0.075347 0.070479 0.065925 0.061665 0.02 

0.075623 0.070737 0.066166 0.061891 0.057892 0.03 

0.07268 0.067984 0.063592 0.059483 0.055639 0.04 

0.070723 0.066154 0.061879 0.057881 0.054141 0.05 

 

 

The effect of aspect ratio on the load carrying capacity is presented in Figs. 3.2.- 3.4. It is 

observed that the aspect ratio causes increased LCC in the sense that the LCC increases 

sharply. The load carrying capacity decreases with increasing slip velocity in Fig. 3.5. 

Figs. 3.6 and 3.7 underline that the LCC decreases with respect to positive variance while 

the negative variance induces an increase in the LCC. The fact that the standard deviation 

has a significant adverse impact on the performance of the bearing system. However, the 

decrease remains nominal in the case of variance while it remains negligible in the case of 

standard deviation it can be seen from Fig. 3.7. 

The impact of skewness on the LCC follows almost the trends of the variance in Figs. 3.6 

and 3.8. Therefore, the increased LCC due to variance (negative) gets further increased 

owing to the negatively skewed roughness. 
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As usual form Figs. 3.3, 3.8 and 3.9, it is noticed that the LCC decreases with increasing 

values of porosity. 

In Figs. 3.9 and 3.10 the LCC reduces when the value of thermal parameter increases. 

3.4 Conclusion 

This investigation confirms that the thermal effect is quite significant in this type of 

bearing systems. But the situation is registered to be a little better in the case of negatively 

skewed roughness. The slip parameter needs to be put at a minimum value. It is suggested 

that the adverse effect of slip velocity can be compensated by a suitable aspect ratio value. 

However, if this type of bearing system is designed properly then it can be of some use to 

the industry, as an aspect ratio has a prominent role to play. 
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CHAPTER 4 

Combined Impact of Roughness and Slip Velocity 

on the Ferrofluid Lubrication of the Porous 

Exponential Slider Bearing 

4.1 Introduction 

The objective is to study the combined impact of roughness and slip velocity on the 

Ferrofluid lubrication of porous Exponential Slider Bearing because some investigations 

shows that a porous exponential slider bearing with porous and a Ferrofluid considering 

slip velocity and demonstrated that comparing to inclined plane porous slider bearing, an 

exponential porous slider bearing has more load capacity, friction and the coefficient of 

friction. The decrease in load capacity of the bearing as a result of the slip velocity and the 

material parameter can be made greater by increasing the magnetization of the fluid. The 

surface roughness is described in the perspective of the stochastic model of the Christensen 

and Tonder [19, 20, 21]. The MF flow is administered by the model of Neuringer-

Rosensweig. Beavers-Joseph slip model represents the impact of slip velocity. The concern 

stochastically averaged Reynolds‟ type equation is solved to get the pressure distribution in 

the bearing system then the LCC is figured numerically. The outcomes that appeared in 

graphical structures confirm that the magnetization goes to a limited extent to counter the 

impact of slip velocity and roughness. 

The slider bearings are mainly designed to help the transverse load in the engineering. The 

slip velocity and impact of surface roughness on the execution of bearing have pulled in 

numerous specialists as of late. The vital work has been finished by considering the impact 

of MF also. The stochastic model displayed by Tzeng and Saibel [84] was additionally 
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created by Christensen and Tonder [19, 20, 21] to think about the effect of longitudinal and 

transverse surface roughness on the performance of the bearing system. It has been utilized 

by numerous researchers. Berthe and Godet [9] studied a more general form of the 

Reynolds‟ equation on roughness. Agrawal [2] considered theoretically the magneto-

hydrodynamic leading composite slider bearing in the presence of a transverse magnetic 

field and it was built up that the load carrying limit increases as the thickness of the 

boundaries and the conductivity increases. Puri and Patel [67] considered the performance 

of a porous composite slider bearing considering the slip velocity at the interface of the 

fluid film and the porous matrix. Cameron [16] proposed the closest shape of an 

exponential form of the slider. Shah and Bhat [74] investigated a porous exponential slider 

bearing with porous and a Ferrofluid considering slip velocity and demonstrated that 

comparing to inclined plane porous slider bearing, an exponential porous slider bearing has 

more load capacity, friction and the coefficient of friction. The decrease in load capacity of 

the bearing as a result of the slip velocity and the material parameter can be made greater 

by increasing the magnetization of the fluid. Jaw-Ren Lin and Chi-Ren Hung [36] 

examined the dynamic abilities of wide slider bearing for an exponential film profile and 

found the higher estimation of stiffness coefficient, load carrying limit and damping 

coefficient. These are predicted for the bearing with large values of the inlet-outlet film 

ratio. Ochonski [42] investigated the possibility of another outline of MF based sliding 

bearing and to utilize them in current bearing innovation, in audio-visual equipment and a 

new computer. Patel et al. [47] examined the impact of MF on a rough, porous composite 

slider bearing, they demonstrated that the negative impact of porosity and standard 

deviation can be limited by the positive impact of magnetization by the suitably chosen 

length of curved and length of flat pads. Beavers and Joseph [10] calculated that in a 

naturally permeable material an assumption might not hold at the nominal boundary. Patel 

et al. [52] showed that magnetization may not go a long way for reducing the adverse 

impact of roughness, regardless of whether the slip parameter is reduced using Ferrofluid 

lubrication of a rough, porous convex pad slider bearing considering slip velocity by 

Jenkin‟s model. However, the situation improves when negatively skewed roughness 

occurs. Shah and Patel [73] studied the impact of various and arbitrary porous structures on 

the performance of the step bearing lubricated with MF, the calculation shows that 

globular sphere model has better performance for LCC than capillary fissures model.   



Basic Equations and Analysis 

51 

 

To extend this work in the present study, magnetic liquid has been taken as lubricant to 

consider the impact of roughness and slip velocity on an exponential slider bearing. 

 The articulations for pressure and LCC have been determined and the impact of different 

dimensionless parameters has been considered using Simpson's one-third rule. 

4.2 Basic Equations and Analysis 

 
FIGURE 4.1 Configuration of Exponential Slider Bearing 

In Fig. 4.1, the configuration of the exponential slider bearing is given. The stochastically 

model of Christensen and Tonder [19, 20, 21] has been considered for the evaluation of 

roughness. Accordingly, the film thickness    is considered as 

   ̅     (4.1) 

where, the mean film thickness is  ̅ and the probability density function is   . 
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where,   is the maximum deviation from the mean film thickness and determined by the 

relationships 

   (  )  
   ,(    ) -    ,(    ) - (4.3) 

where,   denotes the expected value defined by 

 ( )  ∫  (  )   

 

  

 (4.4) 

The basic flow equations of magnetic fluid in view of Neuringer-Rosensweig model [41] 

are given as follows. 
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 (   ) ]             (   )  (4.5) 
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   ̅    (   )    (4.7) 

Also, 

                

 

(4.8) 

      are components of fluid film velocity in       directions respectively. 

The magnitude of magnetic field oblique to the bottom surface is expressed as  

     (   ) (4.9) 

where,  (     ) is chosen to suitable the dimensions of both sides. 

with the aid equations (4.5), (4.6), (4.7) and (4.8), the lubricant flow is given by 
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Associated slip boundary condition is 

  
 

 

  

  
  
 

 
 

√ 

 
            



Basic Equations and Analysis 

53 

 

And     when     (4.11) 

The integral form of continuity equation for film region is 

 

  
∫             
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From equation (4.10) we get,  
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Integrating the above equation over the film region, yields 
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After using integral form of continuity equation (4.12), we get 
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(4.13) 

where, 

        
  

  
   ̇ (4.14) 

Equation (4.14) represents the impact of squeeze velocity   in the downward   direction. 

By the generalized Darcy‟s law in porous region, the velocity components are governed by   
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 * (            ) (4.15) 
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 * (            ) (4.16) 

Substituting equations (4.15) and (4.16) in the continuity equation for the porous region 
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Take integration in region (     ) 
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By         is a solid surface so that 
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Consider the normal components of velocity across the film porous interface is continuous, 

therefore  

, -    , -    (4.20) 

From equations (4.13) and (4.16) 
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Using equation (4.18) we get, 
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Now, we put      (   )    therefore equation (4.21) becomes 
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Introducing non- dimensional quantities, we get, 
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where, 
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and we take roughness, 
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Now, taking   ̅                  , with the boundary conditions at 

            where    ̅        

            where   ̅    (4.25) 

Integrating equation (4.24) and using appropriate boundary conditions, we get 
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4.3 Result and Discussion 

 

FIGURE 4.2 Variation of LCC with respect to µ* vs  ̅ 

 

TABLE 4.1 Relation of                   ̅ 

                 ̅ 

   0.01 0.02 0.03 0.04 0.05  ̅ 

  

0.87353656 0.87436989 0.87520323 0.87603656 0.87686989 0.30 

0.86518585 0.86601918 0.86685251 0.86768585 0.86851918 0.35 

0.85594365 0.85677698 0.85761031 0.85844365 0.85927698 0.40 

0.84593511 0.84676844 0.84760178 0.84843511 0.84926844 0.45 
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FIGURE 4.3 Variation of LCC with respect to µ* vs   ̅ 

 

TABLE 4.2 Relation of                   ̅ 

                 ̅ 

   0.01 0.02 0.03 0.04 0.05  ̅ 

  

0.87353656 0.87436989 0.87520323 0.87603656 0.87686989 -0.05 

0.86471993 0.86555326 0.86638659 0.86721993 0.86805326 -0.025 

0.85567814 0.85651148 0.85734481 0.85817814 0.85901148 0 

0.8463364 0.84716973 0.84800306 0.8488364 0.84966973 0.025 

0.83662827 0.8374616 0.83829494 0.83912827 0.8399616 0.05 

 

 

FIGURE 4.4 Variation of LCC with respect to µ* vs   ̅ 
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TABLE 4.3 Relation of                   ̅ 

                  ̅

   0.01 0.02 0.03 0.04 0.05   ̅

  

1.00175908 1.00259241 1.00342575 1.00425908 1.00509241 -0.05 

0.95947303 0.96030636 0.96113969 0.96197303 0.96280636 -0.02 

0.93322701 0.93406034 0.93489368 0.93572701 0.93656034 0 

0.90838993 0.90922326 0.9100566 0.91088993 0.91172326 0.02 

0.87353656 0.87436989 0.87520323 0.87603656 0.87686989 0.05 

 

 

FIGURE 4.5 Variation of LCC with respect to µ* vs   

 

TABLE 4.4 Relation of                    

                  

   0.01 0.02 0.03 0.04 0.05   

  

5.09748063 5.09831396 5.09914729 5.09998063 5.10081396 0.01 
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FIGURE 4.6 Variation of LCC with respect to µ* vs   ̅⁄  

 

TABLE 4.5 Relation of                    ̅⁄  

                  ̅⁄  

   0.01 0.02 0.03 0.04 0.05   ̅⁄  

  

0.99300669 0.99384002 0.99467335 0.99550669 0.99634002 0.01 

0.86518585 0.86601918 0.86685251 0.86768585 0.86851918 0.02 

0.78094971 0.78178304 0.78261637 0.78344971 0.78428304 0.03 

0.7199784 0.72081173 0.72164507 0.7224784 0.72331173 0.04 

0.67310492 0.67393825 0.67477159 0.67560492 0.67643825 0.05 

 

 

FIGURE 4.7 Variation of LCC with respect to  ̅ vs  ̅ 
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TABLE 4.6 Relation of            ̅      ̅ 

          ̅      ̅ 

 ̅ 0.3 0.35 0.4 0.45 0.5  ̅ 

  

1.45524826 1.43346696 1.40984882 1.38480577 1.3587084 -0.05 

1.43118057 1.40310048 1.37265459 1.34037953 1.30676107 -0.025 

1.4068545 1.37301214 1.3364564 1.29787165 1.25787674 0 

1.38208388 1.34300579 1.30101924 1.25696599 1.21160084 0.025 

1.35671537 1.31292304 1.26615393 1.21740669 1.16756494 0.05 

 

 

FIGURE 4.8 Variation of LCC with respect to  ̅ vs  ̅ 

 

TABLE 4.7 Relation of             ̅      ̅ 

          ̅       ̅

 ̅ 0.3 0.35 0.4 0.45 0.5   ̅

  

2.56680752 2.47905244 2.38710606 2.29293919 2.19814975 -0.05 

2.302332 2.23047224 2.15465989 2.07648356 1.99726085 -0.02 

2.15474156 2.09114874 2.02378818 1.95404856 1.88309685 0 

2.02517145 1.96847139 1.90819323 1.84555876 1.78160694 0.02 

1.85794257 1.80962383 1.75800559 1.70410712 1.648809 0.05 
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FIGURE 4.9 Variation of LCC with respect to  ̅ vs   

 

TABLE 4.8 Relation of            ̅       

          ̅       

 ̅ 0.3 0.35 0.4 0.45 0.5   

  

3.51568521 3.35819777 3.19719574 3.03621873 2.87789381 0.01 

2.56745926 2.47922719 2.38685766 2.2923309 2.19724678 0.015 

2.02517145 1.96847139 1.90819323 1.84555876 1.78160694 0.02 

1.67333875 1.63373044 1.5911603 1.5464375 1.50027529 0.025 

1.42634247 1.39706741 1.3653435 1.33173556 1.29675511 0.03 

 

 

FIGURE 4.10 Variation of LCC with respect to   ̅  vs 1/  s 
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TABLE 4.9 Relation of            ̅       ̅⁄  

          ̅       ̅⁄  

 ̅ 0.3 0.35 0.4 0.45 0.5   ̅⁄  

  

4.03613561 3.86101133 3.68139795 3.50123311 3.32347831 0.01 

2.56745926 2.47922719 2.38685766 2.2923309 2.19724678 0.02 

1.8421298 1.78947204 1.73357973 1.67559644 1.61648957 0.03 

1.41948898 1.38471105 1.34742168 1.30834316 1.2681073 0.04 

1.14688801 1.12230474 1.09573938 1.06767795 1.03855666 0.05 

 

 

FIGURE 4.11 Variation of LCC with respect to   ̅ vs  ̅ 

 

TABLE 4.10 Relation of            ̅       ̅ 

           ̅     ̅ 

  ̅ -0.05 -0.02 0 0.02 0.05  ̅ 

  

2.6610103 2.37797405 2.22093718 2.0836066 1.90709194 -0.05 

2.58234956 2.31485362 2.16571991 2.03487864 1.86612453 -0.025 

2.50508109 2.25243989 2.11091904 1.98636094 1.8251621 0 
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FIGURE 4.12 Variation of LCC with respect to   ̅ vs    

 

TABLE 4.11 Relation of            ̅        

           ̅      

  ̅ -0.05 -0.02 0 0.02 0.05   

  

5.63021574 4.46932679 3.93414912 3.51568521 3.03432226 0.01 

3.51614356 3.03395068 2.78092198 2.56745926 2.30312712 0.015 

2.56680752 2.302332 2.15474156 2.02517145 1.85794257 0.02 

2.02439907 1.85716372 1.76040195 1.67333875 1.55794326 0.025 

1.67262997 1.55725837 1.48889331 1.42634247 1.34188403 0.03 

 

 

FIGURE 4.13 Variation of LCC with respect to   ̅ vs   
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TABLE 4.12 Relation of            ̅        

          ̅       

 ̅ -0.05 -0.025 0 0.025 0.05   

  

5.03483083 4.34505838 3.82208461 3.40842093 3.07079317 0.01 

3.21818956 2.9323408 2.69103253 2.48347236 2.30217866 0.015 

2.3858508 2.22752705 2.08720534 1.96138851 1.84745817 0.02 

1.90207218 1.80091903 1.70870466 1.62392137 1.54539392 0.025 

1.58410794 1.51367591 1.44826844 1.38710692 1.32956995 0.03 

 

 

FIGURE 4.14 Variation of LCC with respect to  ̅ vs 1/ ̅ 

 

TABLE 4.13 Relation of            ̅        ̅⁄  

          ̅       ̅⁄  

 ̅ -0.05 -0.025 0 0.025 0.05   ̅⁄  

  

1.65713272 1.63034334 1.60326521 1.57568554 1.54742782 0.01 

1.43346696 1.40310048 1.37301214 1.34300579 1.31292304 0.02 

1.28399277 1.24975992 1.21645605 1.18386538 1.15181459 0.03 

1.1743634 1.13610295 1.09952685 1.06436022 1.03038107 0.04 

1.08907979 1.04671043 1.0068974 0.96926073 0.93349326 0.05 
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FIGURE 4.15 Variation of LCC with respect to   ̅  vs 1/ ̅ 

 

TABLE 4.14 Relation of            ̅        ̅⁄  

           ̅      ̅⁄  

  ̅ -0.05 -0.02 0 0.02 0.05   ̅⁄  

  

6.41069685 5.11311676 4.50989451 4.03613561 3.48900183 0.01 

3.51614356 3.03395068 2.78092198 2.56745926 2.30312712 0.02 

2.34049094 2.09676667 1.96107332 1.8421298 1.68886175 0.03 

1.72279795 1.5779993 1.49447893 1.41948898 1.32032319 0.04 

1.34943207 1.25432813 1.19815986 1.14688801 1.07783685 0.05 

 

 

FIGURE 4.16 Variation of LCC with respect to    vs 1/ ̅ 
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TABLE 4.15 Relation of                    ̅⁄  

                 ̅⁄  

  0.01 0.015 0.02 0.025 0.03   ̅⁄  

  

5.76718336 3.68095882 2.72495044 2.16982263 1.8053355 0.01 

4.22945765 2.88092204 2.19814975 1.78181491 1.50021996 0.02 

3.45873695 2.44063456 1.89589185 1.55386941 1.31823571 0.03 

2.92110106 2.12366462 1.67620843 1.38775756 1.18562009 0.04 

2.42245153 1.8264876 1.47156069 1.23468434 1.06483538 0.05 

 

It is seen from equations (4.26) and (4.27) that the dimensionless pressure increases by 

 

 
    (   ) while the dimensionless LCC moves up by     ⁄  in comparison with the 

usual fluid based bearing system. An increase in the magnetization parameter possesses an 

increase in the LCC as it can be seen from Figs. 4.2 – 4.6. The fact that the standard 

deviation causes load reduction is given in Figs. 4.7 – 4.10. Fig. 4.11 and Fig. 4.13 suggest 

that increasing variance decreases the LCC while decreasing variance increases LCC. 

Increasing the value of skewness decreases the LCC, a better load can be observed for the 

negative value of skewness, which can be seen in Fig. 4.12. The significant impact of slip 

velocity on the performance characteristic is presented in Figs. 4.14 – 4.16. But it is easily 

seen that an increase in slip velocity can cause considerable load reduction. However, this 

impact is less when negative variance occurs. These figures underline that for a better 

performance the slip velocity must be added at a reduced level. Also LCC decreases for 

increasing value of porosity in Fig. 4.16.  

4.4 Conclusion 

This investigation establishes that the execution of the bearing system remains a little 

better in the case of negatively skewed roughness. In particular, the slip is added at a 

reduced level. The adverse impact of roughness augments when moderate to higher values 

of porosity are involved. If there is no flow in such type of bearing system sustains a 

certain amount of load, which does not happen in the case of a conventional lubricant 

based bearing system. 
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CHAPTER 5 

A Study of Thermal Effect on the Ferrofluid 

Lubrication of a Rough Porous Exponential Slider 

Bearing Considering Slip Velocity 

5.1 Introduction 

The objective of the present investigation is to study the Ferrofluid lubrication of a rough 

porous exponential slider bearing considering the thermal effect and slip velocity as the 

many investigators have concluded that Ferrofluid lubricant caused an increase in load 

capacity of the bearing without influencing the friction force and if slip velocity is 

considered then an exponential porous slider bearing had more burden bearing limit and 

friction than the related inclined plane permeable slider bearing. The model of Christensen 

and Tonder [19, 20, 21] has been taken into consideration for evaluating the effect of 

transverse roughness. The Ferrofluid flow model of Neuringer-Rosensweig has been 

invoked for the development of the modified Reynolds equation. The model of Tipei has 

been adopted for the thermal effect. Beavers and Joseph [10] slip model is used for slip 

velocity. The load bearing capacity has been obtained numerically. The graphical 

representation shows that there is an immense hike in the LCC due to magnetization which 

becomes nearly enough to overcome the thermal effects when the porosity is at a reduced 

level. Of course, the transverse roughness registers a negative effect, but the situation 

remains relatively better in the case of negatively skewed roughness. However, for better 

performance, the slip is desired to be less. 

Short time ago, the application of Ferrofluid lubrication of rough surfaces has achieved 

much observation by researchers. Generally, the bearing surfaces are not smooth in nature.
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 When the film thickness between the surfaces is very microscopic, the surface asperities 

establish to interface with the lubricant. The impact of surface roughness has been taken 

into account to study the performance of lubricant system, where the flow becomes 

narrow. The surface roughness effect has been evaluated by Christensen and Tonder [19, 

20, 21]. The model of Christensen and Tonder has been used by many investigators 

Andharia and Patel [5], Chawla and Bhardwaj [18], Patel and Deheri [48] these studies 

confirm that the LCC reduces due to roughness effect. MF lubrication is also used by many 

research [76], [34], [43]. Investigators managing hydrodynamic lubrication have thought 

about consistency, as steady. Though, it depends on temperature and pressure. The 

variation of viscosity with temperature remains crucial in numerous tribological 

applications, especially where a wide range of temperature is required. Tipei [83] observed 

that the highest temperature happened when the film thickness was the least. The combined 

impact of surface roughness and variation of viscosity because of added substances on long 

journal bearing was analyzed by Siddangouda et al. [78] for the different designs of 

bearings. Cameron [16] proposed the closest shape of an exponential form of the slider. 

Bhat [11] considered the oil-based lubrication of an exponential permeable slider bearing 

and implied that the utilization of porous matrix diminished the load limit and friction 

force on slider bearing. Bhat and Patel [12] studied an exponential permeable slider 

bearing, considering a Ferro liquid as a lubricant with the flow represented by Neuringer-

Rosensweig model. It was discovered that Ferrofluid lubricant caused an increase in load 

capacity of the bearing without influencing the friction force. Shah and Bhat [74] dealt 

with a permeable exponential slider bearing lubricated with a Ferrofluid considering slip 

velocity. It was seen that an exponential porous slider bearing had more burden bearing 

limit and friction than the related inclined plane permeable slider bearing. Lin and Hung 

[36] explored the dynamic qualities of slider bearing for an exponential film profile and 

found the higher estimation of firmness coefficient, load bearing capacity and damping 

coefficient.  

Patel et al. [45] investigated the Ferrofluid lubrication of a journal bearing considering the 

thermal effect. The load bearing capacity got reduced due to the thermal effect. It was 

found that for such type of improvement in the performance characteristics, the slip 

velocity is required to be minimized. 
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In order to modify and develop the analysis contained in Patel et al. [58], a Ferrofluid has 

been taken as a lubricant to study an exponential slider bearing taking in to account the 

effect of roughness, slip velocity and porosity considering thermal effect. 

5.2 Analysis 

 

Here we consider the figure 4.1, the configuration of an Exponential Slider Bearing. 

The film thickness is taken as 

     
 (    )

        

As can be seen the bearing length is   . 

The random roughness of the bearing surfaces is characterized by a random variable with 

non-zero mean  , the standard deviation   and the Skewness  . They are defined as 

   (  )  
   ,(    ) -    ,(    ) - 

where,   denotes the expected value which is given by 

 ( )  ∫  (  )

 

  

   

In the light of Christensen and Tonder [19, 20, 21] the thickness   of the lubricant film is 

assumed to be 

   ̅     
(5.1) 

where,  ̅ is the mean film thickness and    is the deviation from the mean film thickness 

characterizing the random roughness of the bearing surfaces. Also    is governed by the 

probability density function 

 (  )  {
  

   
(  

  
 

  
)

 

       

           

 (5.2) 

where,   is the maximum deviation from the mean film thickness. The details can be 

obtained from christensen and tonder [19, 20, 21]. 
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The basic flow equations of MF flow as provided by Neuringer-Rosensweig model [41] 

are 

 [
  

  
 (   ) ]             (   )  (5.3) 

                ̅ ,  (   )    (5.4) 

where, 

            (5.5) 

      are components of fluid film velocity in       directions respectively. 

with the use of equations (5.3), (5.4) and (5.5) the lubricant flow is determined by 

 
   

   
 

 

 

 

  
(  

 

 
   ̅ 

 * (5.6) 

Here,   is the fluid viscosity,   is the film pressure,    is the permeability of free space and 

 ̅ is the magnetic susceptibility. 

Sparrow et al. [79] have considered the following boundary conditions: 

   , when     

   (
 

 

  

  
*  

 

 
 

√ 

 
           (5.7) 

where,   is slip constant. 

Solving equation (5.6) under the boundary conditions (5.7), substituting the value of   in 

the integral form of the continuity equation for the film region, using continuity of velocity 

components of the fluid in the film region and porous matrix across the surface    , one 

arrives at the Reynolds‟ type equation governing the film pressure of Agrawal [1], Shah 

and Bhat [74] Patel et al. [46]. 

 
 

  
*,      

  (    )

    
-

 

  
(  

   ̅ 
 

 
)+     

 

  
*
 (    )

    
+       (5.8) 

Here, the magnetic field is oblique to the lower surface whose magnitude is taken as Bhat 

[13]. 
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     (   )  

where,  (     ) is chosen for a suitable dimension and the roughness 

 ( )  (         (     )           ) 

when the viscosity     at      is known. 

The thermal effect gives the viscosity-temperature relation as 

    (
 

  
*
 

  

where,   is the thermal factor which usually lies between 0 and 1 according the nature of 

the lubrication, Tipei [83]. 

Incorporation of thermal effect and surface roughness effect transform equation (5.8) 
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(5.9) 

Introduce non-dimensional quantities as 
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Equation (5.9) transforms to: 

 
 

  
* 

 

  
(  

 

 
   (   ))+  

  

  
    (5.10) 

where,  

  (
   

. ( ̅)/
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 ( ( ̅))

 
 (   ̅ ̅)

(   ̅ ̅)
 

As discussed the associated boundary conditions are 

     when       

Now, taking 

   ̅                (5.11) 

And integrating equation (5.10) with the above boundary conditions, one gets 

   
 

 
   (   )  ∫

       

 
  

 

 

 

where, 

(5.12) 
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Lastly the LCC is determined by the relation 
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 (5.13) 
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5.3 Result and Discussion 

 

FIGURE 5.1 Variation of W with respect to   and  ̅ 

 

TABLE 5.1 Relation of                    ̅  

                 ̅ 

   0.1 0.3 0.5 0.7 0.9  ̅ 

  

0.40900762 0.41067428 0.41234095 0.41400762 0.41567428 0.1 

0.37599849 0.37766516 0.37933183 0.38099849 0.38266516 0.2 

0.33146148 0.33312815 0.33479481 0.33646148 0.33812815 0.3 

0.28459311 0.28625978 0.28792645 0.28959311 0.29125978 0.4 

0.24121315 0.24287982 0.24454649 0.24621315 0.24787982 0.5 

 

 

FIGURE 5.2 Variation of W with respect to   and  ̅ 
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TABLE 5.2 Relation of                    ̅ 

                  ̅

   0.1 0.3 0.5 0.7 0.9   ̅

  

0.32991213 0.3315788 0.33324546 0.33491213 0.3365788 -0.02 

0.32685442 0.32852109 0.33018776 0.33185442 0.33352109 -0.01 

0.32385068 0.32551734 0.32718401 0.32885068 0.33051734 0 

0.32089999 0.32256666 0.32423333 0.32589999 0.32756666 0.01 

0.31800143 0.31966809 0.32133476 0.32300143 0.32466809 0.02 

 

 

FIGURE 5.3 Variation of W with respect to    and   ̅⁄   

 

TABLE 5.3 Relation of                     ̅⁄  

                  ̅⁄  

   0.1 0.3 0.5 0.7 0.9   ̅⁄  

  

0.35186464 0.35353131 0.35519798 0.35686464 0.35853131 0.1 

0.3142075 0.31587417 0.31754084 0.3192075 0.32087417 0.2 

0.28859328 0.29025995 0.29192661 0.29359328 0.29525995 0.3 

0.27002335 0.27169001 0.27335668 0.27502335 0.27669001 0.4 

0.25593411 0.25760078 0.25926745 0.26093411 0.26260078 0.5 
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FIGURE 5.4 Variation of W with respect to   and  ̅  

 

TABLE 5.4 Relation of                   ̅ 

                 ̅

  0.1 0.2 0.3 0.4 0.5   ̅

  

0.33043027 0.31998955 0.31013854 0.30084369 0.29207367 -0.02 

0.32699545 0.31695106 0.30745948 0.29849068 0.29001655 -0.01 

0.32344959 0.31381908 0.30470449 0.29607906 0.2879177 0 

0.31985553 0.3106398 0.30190479 0.29362667 0.28578305 0.01 

0.31625249 0.30744436 0.29908398 0.29115014 0.28362286 0.02 

 

 

FIGURE 5.5 Variation of W with respect to    and    
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TABLE 5.5 Relation of                    

                 

  0.1 0.2 0.3 0.4 0.5   

  

0.57539989 0.55388065 0.53363212 0.51457539 0.4966371 0.01 

0.49702855 0.47949068 0.46296934 0.44740305 0.43273456 0.02 

0.43920732 0.42439015 0.41042306 0.39725562 0.38484084 0.03 

0.39454369 0.3817114 0.36961127 0.35820052 0.34743927 0.04 

0.35883117 0.34751535 0.33684347 0.32677837 0.3172854 0.05 

 

 

FIGURE 5.6 Variation of W with respect to   and   ̅⁄  

 

TABLE 5.6 Relation of                   ̅⁄  

                 ̅⁄  

  0.1 0.2 0.3 0.4 0.5   ̅⁄  

  

0.40293449 0.39040319 0.37858045 0.36742574 0.35690124 0.1 

0.35883117 0.34751535 0.33684347 0.32677837 0.3172854 0.2 

0.33207495 0.32145295 0.31143782 0.30199424 0.29308934 0.3 

0.31410549 0.3039293 0.29433596 0.28529134 0.27676368 0.4 

0.30119633 0.29132999 0.28202965 0.27326203 0.26499613 0.5 
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FIGURE 5.7 Variation of W with respect to  ̅ and  ̅ 

 

TABLE 5.7 Relation of            ̅      ̅ 

          ̅       ̅

 ̅ 0.3 0.35 0.4 0.45 0.5   ̅

  

0.42382274 0.39721366 0.36944159 0.34181226 0.3152212 -0.02 

0.42030611 0.39332752 0.36563267 0.33833204 0.31215541 -0.01 

0.41583417 0.38892464 0.36157693 0.33473286 0.30903223 0 

0.41080568 0.3842544 0.35739508 0.33107673 0.30588553 0.01 

0.40550522 0.37945768 0.35316075 0.32740413 0.30273862 0.02 

 

 

FIGURE 5.8 Variation of W with respect to  ̅ and   
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TABLE 5.8 Relation of            ̅       

          ̅       

 ̅ 0.3 0.35 0.4 0.45 0.5   

  

0.43711787 0.40716846 0.37588819 0.34526609 0.31624835 0.1 

0.41453354 0.38827091 0.36072165 0.33335507 0.30708533 0.2 

0.3935808 0.37066434 0.34650441 0.32213295 0.29842035 0.3 

0.37413188 0.35425363 0.33317409 0.31155946 0.29022765 0.4 

0.35607006 0.33895149 0.32067294 0.30159704 0.2824831 0.5 

 

 

FIGURE 5.9 Variation of W with respect to  ̅ and   

 

TABLE 5.9 Relation of           ̅       

          ̅       

 ̅ -0.02 -0.01 0 0.01 0.02   

  

0.34893897 0.34515669 0.34054901 0.33558432 0.33043027 0.1 

0.33788621 0.33361202 0.32924072 0.3246789 0.31998955 0.2 

0.32731169 0.32271722 0.31858399 0.31439817 0.31013854 0.3 

0.31720664 0.31243407 0.3085395 0.30470535 0.30084369 0.4 

0.3075611 0.30272698 0.29907073 0.29556614 0.29207367 0.5 
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FIGURE 5.10 Variation of W with respect to    and    ̅⁄  

 

TABLE 5.10 Relation of                  ̅⁄  

                 ̅⁄  

  0.01 0.02 0.03 0.04 0.05   ̅⁄  

  

1.0487709 0.76909216 0.63328911 0.54474224 0.48058443 0.1 

0.93917176 0.68514337 0.56921991 0.4939593 0.43910624 0.2 

0.87984562 0.63729668 0.53134348 0.46307101 0.41328957 0.3 

0.84244967 0.60629997 0.50628816 0.44229186 0.39567864 0.4 

0.81665867 0.58455404 0.48846923 0.42734739 0.38289277 0.5 

 

It is seen from equations (5.12) and (5.13) that the dimensionless pressure increases by  

 

 
   (   ) while the non-dimensional form LCC moves up by 

  

  
 in comparison with 

the usual fluid-based bearing system. Further, an increase in the magnetization parameter 

increases the LCC which can be seen from Figs. 5.1-5.3. When the thermal effect increases 

as the load decreases it can be seen in Figs. 5.4-5.6. The standard deviation causes load 

reduction which can be seen from Figs. 5.7-5.8. The better load can be observed for the 

negative values of skewness in Fig 5.7. The trends of LCC with respect to variance are 

similar to that of skewness in Fig. 5.9. The significant effect of slip velocity on the 

performance characteristic is presented in Fig 5.10, where it is easily seen that an increase 

in slip velocity can cause considerable load reduction. This effect is less when negative 

variance occurs. In addition, the MF lubrication prevents much load reduction due to slip 

effect as compare the case of traditional lubrication. For increasing value of porosity load 

will be reduce. 
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5.4 Validation 

The comparison Tables 5.11-5.16 presents the effect of magnetization, porosity, roughness 

parameter and slip parameter on LCC. 

There is a considerable amount of thermal effect that can be seen from Tables 5.12-5.15. 

However, the thermal effect is registered to be less due to the magnetic effect which is 

reflected in Table 5.11.  

TABLE 5.11 Comparison of LCC for    

Parameter  ̅ = -0.05,  ̅ = 0.4,  ̅ = -0.05,   = 0.03,    ̅  =0.3 

   W with thermal effect  W without thermal effect 

0.1 0.308464 0.311004 

0.3                 0.31013 0.312671 

0.5 0.311797 0.314338 

0.7 0.313464 0.316004 

0.9                 0.31513 0.317671 

 

TABLE 5.12 Comparison of LCC for   

Parameter    = 0.1,   ̅ = -0.05,   ̅ = 0.3  ̅ = -0.05    ̅  = 0.3 

  W with thermal effect  W without thermal effect 

0.01 0.437641 0.445178 

0.02 0.397853 0.404526 

0.03 0.364965 0.370954 

0.04 0.337289 0.342725 

0.05 0.313652 0.318628 
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TABLE 5.13 Comparison of LCC for    ̅  

Parameter   = 0.1,  ̅ = -0.05,  ̅ = 0.3  ̅ = -0.05   = 0.03 

   ̅  W with thermal effect  W without thermal effect 

0.1 0.456604 0.464042 

0.2 0.401466 0.408031 

0.3 0.364965 0.370954 

0.4 0.338989 0.344571 

0.5 0.319547 0.324824 

 

TABLE 5.14 Comparison of LCC for  ̅ 

Parameter   = 0.1,   ̅ = -0.05,     ̅ = 0.3,  ̅ = -0.05,   = 0.03 

 ̅ W with thermal effect  W without thermal effect 

0.1 0.461156 0.474542 

0.2 0.419902 0.429899 

0.3 0.364965 0.370954 

0.4 0.308464 0.311004 

0.5 0.257475 0.257501 

 

TABLE 5.15 Comparison of LCC for  ̅ 

Parameter   = 0.1,  ̅ = -0.05,  ̅ = 0.3,     ̅     ,   = 0.03 

 ̅ W with thermal effect  W without thermal effect 

-0.02 0.353553 0.358742 

-0.01 0.349894 0.354833 

0 0.346305 0.351003 

0.01 0.342787 0.347251 

0.02 0.339336 0.343575 
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TABLE 5.16 Comparison of LCC for  ̅ 

Parameter    = 0.1,   ̅= 0.3,     ̅ = 0.3,  ̅ = -0.05,   = 0.03 

 ̅ W with thermal effect  W without thermal effect 

-0.02 0.339934 0.344369 

-0.01 0.332014 0.335982 

0 0.324299 0.327824 

0.01 0.316784 0.319887 

0.02 0.309464 0.312167 

5.5 Conclusion 

This investigation establishes that the performance of the bearing system remains a little 

better in the case of negatively skewed roughness with suitable magnetic strength. This 

type of bearing system can be made to perform better especially when the slip is kept at 

low. Further, when the thermal effect is kept at reduced level, magnetization helps in 

counting the effect of surface roughness. 

In addition, some amount of load is supported by the bearing system even in the absence of 

flow. This does not happen in the case of traditional lubrication. Lastly, this investigation 

may be some help to reduce the temperature rise, if the design is developed properly. 
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CHAPTER 6 

Magnetic Fluid Lubrication of a Double Layered 

Porous Squeeze Film in Longitudinally Rough 

Truncated Conical Plates Considering Slip 

Velocity 

6.1 Introduction 

The objective of the present study is to analyze the impact of slip velocity for a double-

layered porous magnetic squeeze film in longitudinally rough truncated conical plates. The 

magnetic fluid lubrication results in a faster response of the squeeze action and the positive 

effect of double-layered in conjunction with MF lubrication presents a better picture. The 

stochastic modeling of Christensen-Tonder [19, 20, 21] has been invoked for the impact of 

surface roughness. Neuringer-Rosensweig model takes care of magnetic fluid flow while 

Beavers-Joseph slip model is employed. The graphical results are presented after resolving 

the associated stochastically averaged Reynolds‟ type equation. It is observed that the MF 

lubrication causes relatively better performance. Besides, the longitudinal roughness also 

helps to overcome the effect of slip velocity up to a certain extent. However, for any type 

of improved performance, smaller values of porosity and slip velocity are required.  

Variance in load, as well as relative velocity to create positive fluid pressure is the pitch of 

squeeze film activity. Prakash and Vij [66] studied the squeeze film between permeable 

plates of numerous shapes, for example, annular, elliptic, circular, rectangular and conical. 

In this examination, the comparison was made between the squeeze film executions of 
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different geometries of proportional area. With another parameter continuing as before and 

it was discovered that the highest transient load carrying limit enlist by circular plates. 

Fluid with solid magnetic properties has attracted significant attention in late years. 

Lubrication in a bearing system in a specialized application in the area of Nano scale 

technology and science. Therefore, the utilization of MF oil includes an extra significance 

from the Nano science perspective. The use of MF as a lubricant was considered by 

number of authors Agrawal [1], Urreta et al. [85], Bhat and Deheri [14], Huang et al. [30], 

Deheri and Patel [26]. It has been seen that the execution the bearing system could be 

upgraded by utilizing a magnetic fluid as the lubricant. Besides, the temperature rise was 

less. For all intents and purposes no solid surface which is perfectly smooth on atomic 

scale, the impact of surface roughness assumes a fundamental role in the development of 

science and innovation of Tribology. There are two kinds of one-dimensional roughness, 

which are utilized to assess the impact of surface roughness. One pattern longitudinal and 

the other are transverse. The stochastic model introduced by Christensen and Tonder [19, 

20, 21] to ponder the impact of transverse and in addition longitudinal surface roughness 

on the execution of bearing system has been utilized by numerous researchers Patel and 

Deheri [49], Lin et al. [37], Rusma et al. [72], Patel et al. [54]. 

The model for the count of the slip impact which are given by Beavers and Joseph [10]. 

Deheri et al. [27] broke down the execution of a magnetic fluid based squeeze film 

between rough porous truncated conical shaped plates. The bearing surfaces were assumed 

to be transversely rough. The outcomes recommended that the pressure and LCC and 

reaction time increasing with increasing magnetization parameter, although the roughness 

influenced adversely. Rao et al. [68] talked about a long journal bearing with a double- 

layered porous lubrication film utilizing couple stress and Newtonian fluid and presumed 

that a double-layered porous lubricant film configuration increased the LCC and decreased 

the coefficient of friction in a journal bearing. Uma Srinivasan [80] determined analytical 

solution for the execution qualities of a double-layered porous slider bearing. The 

articulations for load, pressure, coefficient of friction, frictional drag and Centre of 

pressure were provided in closed form. The impact of the double-layer was to expand the 

load and the frictional drag however to decrease the coefficient of friction. However, in 
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Comparison with transverse roughness, a less amount of work has been done for 

longitudinal aspect. Andharia and Deheri [6] discussed the consolidated impact of MF 

lubrication and longitudinal roughness on the squeeze film between truncated conical 

plates. The bearing performance enhanced because of the negative skewed roughness. 

Thus, an attempt has been made to expand this examination done by Andharia and Deheri 

[6] to display the conduct of a squeeze film truncated conical plates other than considering 

double-layered porosity and slip velocity. 

6.2 Analysis 

The configuration of the bearing is shown in Figure.6.1. In the   -direction squeeze film 

velocity 
   

  
. Here we use the assumptions of hydrodynamic lubrication theory. The 

lubrication film is considered to be viscous and incompressible and the flow is laminar. 

 

FIGURE 6.1 Configuration of Truncated Conical Plates 

In view of Christensen and Tonder [19, 20, 21], the film thickness   is expressed as 

   ̅    . The deviation from the mean film thickness characterizing the random 

roughness of the bearing surfaces is denoted by    . The details regarding the roughness 

characterized in Christensen and Tonder [19, 20, 21].  
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The probability density function used, was 

 (  )  {
  

   
(  

  
 

  
)        

          

 (6.1) 

In MF, axially symmetric flow between the truncated conical plates is taken under an 

oblique magnetic field    whose magnitude    is given by Patel and Deheri [56]. 

    (           )(           )       (6.2) 

The basic flow equation of MF based on Neuringer-Rosensweig model [41], 

            (6.3) 

The   is inclination angle of the magnetic field   with the lower plate, one can refer to 

Bhat [13], Andharia and Deheri [6]. 

The pressure distribution is decided by Prakash and Vij [66] and Patel and Deheri [56]. 
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 (6.4) 

Following the normal procedure talked by Andharia et al. [7] and using Equations (6.2) 

and (6.4). 

The stochastic averaging of the equation in the thought of Christensen and Tonder [19, 20, 

21] incorporating slip effect comes out to be  
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Introducing dimensionless quantities  
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Leads to 

 

 

 

  
*   ( )  

 

  
(  

      (       )(           )

 (    )
)+  

          

 (    )
 (6.8) 

The Reynolds boundary conditions associated with the bearing system are 

 (         )     (       )    (6.9) 

Solving the equation (6.8), we can find that 

  
 

  (    )
,  (       )(           )

   ( )       *(         )       (     )+- 

(6.10) 

where 

 ( )  [   {    ̅        ( ̅   ̅ )

      ( ̅    ̅  ̅   ̅    (     ))}]
   ̅ 

    ̅ 
 

(6.11) 

The LCC is calculated by 

    ∫      

         

         

 (6.12) 

whose non-dimensional form is 
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(6.13) 

Lastly, the dimensionless squeeze time     is obtained from equation (6.13) as 

   
   

 

   (     )        
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6.3 Result and Discussion 

Here we observed that the LCC gets a boost of 
  (   )        

   
 as compared to 

conventional fluid-based bearing systems. The expression for LCC is found to be linear in 

   and therefore, the load would increase with increases in    and this is reflected in Figs. 

6.2–6.6. The load decreases considerably when the semi vertical angle of the cone 

increases in Figs. 6.7-6.8. The load is observed to be decreasing when the aspect ratio 

increases in Figs. 6.9-6.10. Further, as can been seen Figs. 6.11-6.12 the standard deviation 

results in increased load also. It is appealing to note that the trends of load with respect to 

variance Fig. 6.13 and skewness Fig. 6.14 are almost alike. It is clearly seen that there is a 

significant load decrease due to double layered porosity Fig. 6.15. The slip affects the 

bearing performance adversely and this effect is further aided by porosity Figs. 6.16-6.18. 

 

FIGURE 6.2 Variation of LCC with respect to  ̅ and µ* 
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TABLE 6.1 Relation of           ̅        

          ̅        

 ̅ -0.05 -0.025 0 0.025 0.05    

  

0.048835333 0.046313027 0.0438634 0.04148086 0.039159817 0.02 

0.049703066 0.04718076 0.044731133 0.042348593 0.04002755 0.04 

0.050570799 0.048048493 0.045598866 0.043216326 0.040895283 0.06 

0.051438532 0.048916226 0.046466599 0.044084059 0.041763016 0.08 

0.052306265 0.04978396 0.047334332 0.044951792 0.042630749 0.1 

 

 

FIGURE 6.3 Variation of LCC with respect to  ̅ and µ* 

 

TABLE 6.2 Relation of           ̅         

          ̅        

 ̅  0.3 0.35 0.4 0.45 0.5    

  

0.048835333 0.050870322 0.053218386 0.055879526 0.05885374 0.02 

0.049703066 0.051738055 0.054086119 0.056747259 0.059721474 0.04 

0.050570799 0.052605788 0.054953852 0.057614992 0.060589207 0.06 
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 FIGURE 6.4 Variation of LCC with respect to µ* and  ̅ 

 

  TABLE 6.3 Relation of                  ̅ 

                  ̅ 

   0 0.02 0.04 0.06 0.08  ̅ 

  

0.053252608 0.054120341 0.054988074 0.055855807 0.05672354 -0.1 

0.0479676 0.048835333 0.049703066 0.050570799 0.051438532 -0.05 

0.042995667 0.0438634 0.044731133 0.045598866 0.046466599 0 

0.038292084 0.039159817 0.04002755 0.040895283 0.041763016 0.05 

0.033812126 0.034679859 0.035547592 0.036415325 0.037283059 0.1 

 

 

FIGURE 6.5 Variation of LCC with respect to µ* and ω  
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TABLE 6.4 Relation of                    

                   

   0 0.02 0.04 0.06 0.08   

  

0.09674401 0.09797634 0.09920866 0.10044098 0.10167330 40 

0.06606732 0.06708569 0.06810406 0.06912243 0.07014080 45 

0.04796760 0.04883533 0.04970307 0.05057080 0.05143853 50 

0.03669001 0.03744891 0.03820781 0.03896672 0.03972562 55 

0.02937180 0.03005081 0.03072983 0.03140884 0.03208785 60 

 

 

FIGURE 6.6 Variation of LCC with respect to µ* and     

 

TABLE 6.5 Relation of                   

                   

     0 0.02 0.04 0.06 0.08   

  

0.076591622 0.077459355 0.078327088 0.079194821 0.080062554 0.015 

0.069435616 0.070303349 0.071171082 0.072038816 0.072906549 0.025 

0.062279611 0.063147344 0.064015077 0.06488281 0.065750543 0.035 

0.055123605 0.055991338 0.056859071 0.057726804 0.058594538 0.045 

0.0479676 0.048835333 0.049703066 0.050570799 0.051438532 0.055 
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FIGURE 6.7 Variation of LCC with respect to ω and  ̅ 

 

TABLE 6.6 Relation of                 ̅ 

                 ̅  

   40 45 50 55 60  ̅ 

  

 

0.109251628 0.074874084 0.054554208 0.04187082 0.033626468 -0.1 

0.098592497 0.067594872 0.049269199 0.037828362 0.030390321 -0.05 

0.088564796 0.060746869 0.044297266 0.034025373 0.027345878 0 

0.07907832 0.054268473 0.039593683 0.030427643 0.024465752 0.05 

0.070042865 0.048098083 0.035113726 0.027000961 0.021722558 0.1 

 

 

FIGURE 6.8 Variation of LCC with respect to ω and  ̅ 
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TABLE 6.7 Relation of                 ̅ 

                   ̅ 

   40 45 50 55 60   ̅

  
 

0.110619725 0.075808369 0.055232537 0.042389669 0.034041827 -0.05 

0.107612918 0.073754995 0.053741703 0.041249342 0.033128951 -0.025 

0.104606111 0.071701621 0.052250868 0.040109015 0.032216074 0 

0.101599304 0.069648247 0.050760034 0.038968689 0.031303198 0.025 

0.098592497 0.067594872 0.049269199 0.037828362 0.030390321 0.05 

  

 

FIGURE 6.9 Variation of LCC with respect to r and  ̅ 

 

TABLE 6.8 Relation of                  ̅ 

                  ̅  

  0.1 0.2 0.3 0.4 0.5  ̅ 

  

 

0.048189608 0.045445104 0.041501075 0.036682188 0.031242499 0.3 

0.050186992 0.047334762 0.043230779 0.038213771 0.032548781 0.35 

0.052491666 0.049515138 0.045226592 0.039980981 0.034056029 0.4 

0.05510363 0.05198623 0.047488514 0.04198382 0.035764243 0.45 

0.058022884 0.054748039 0.050016543 0.044222287 0.037673424 0.5 
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FIGURE 6.10 Variation of LCC with respect to r and ω 

 

TABLE 6.9 Relation of                   

                   

  0.1 0.2 0.3 0.4 0.5   

  

 

0.096530386 0.09111758 0.083266655 0.073636458 0.062742345 40 

0.066147276 0.062409 0.057012147 0.05040527 0.042939297 45 

0.048189608 0.045445104 0.041501075 0.036682188 0.031242499 50 

0.036981402 0.034859639 0.031823833 0.028121578 0.023946654 55 

0.029696382 0.027980918 0.025536328 0.022560263 0.019207443 60 

 

 

FIGURE 6.11 Variation of LCC with respect to σ  and  ̅ 
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TABLE 6.10 Relation of            ̅      ̅ 

           ̅        ̅ 

 ̅ 0.3 0.35 0.4 0.45 0.5   ̅

  
 

0.055232537 0.057267526 0.059615591 0.06227673 0.065250945 -0.05 

0.053741703 0.055776692 0.058124756 0.060785896 0.06376011 -0.025 

0.052250868 0.054285857 0.056633922 0.059295061 0.062269276 0 

0.050760034 0.052795023 0.055143087 0.057804227 0.060778442 0.025 

0.049269199 0.051304188 0.053652253 0.056313392 0.059287607 0.05 

 

 

FIGURE 6.12 Variation of LCC with respect to  ̅ and   

 

TABLE 6.11 Relation of            ̅       

           ̅         

 ̅ 0.3 0.35 0.4 0.45 0.5   

  

 

0.077893221 0.07992821 0.082276275 0.084937414 0.087911629 0.015 

0.070737216 0.072772205 0.075120269 0.077781409 0.080755624 0.025 

0.06358121 0.065616199 0.067964264 0.070625403 0.073599618 0.035 

0.056425205 0.058460194 0.060808258 0.063469398 0.066443613 0.045 

0.049269199 0.051304188 0.053652253 0.056313392 0.059287607 0.055 
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FIGURE 6.13 Variation of LCC with respect to   ̅ and    

 

TABLE 6.12 Relation of           ̅       

          ̅         

 ̅ -0.05 -0.025 0 0.025 0.05   

  

 

0.077893221 0.075370916 0.072921288 0.070538749 0.068217706 0.015 

0.070737216 0.06821491 0.065765283 0.063382743 0.0610617 0.025 

0.06358121 0.061058905 0.058609277 0.056226737 0.053905695 0.035 

0.056425205 0.053902899 0.051453272 0.049070732 0.046749689 0.045 

0.049269199 0.046746894 0.044297266 0.041914726 0.039593683 0.055 

 

 

FIGURE 6.14 Variation of LCC with respect to  ̅ and r 
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TABLE 6.13 Relation of           ̅       

           ̅        

  ̅ -0.05 -0.025 0 0.025 0.05   

  
 

0.054042749 0.052579464 0.051116178 0.049652893 0.048189608 0.1 

0.050982565 0.0495982 0.048213834 0.046829469 0.045445104 0.2 

0.046569806 0.045302623 0.04403544 0.042768258 0.041501075 0.3 

0.041170342 0.040048304 0.038926265 0.037804226 0.036682188 0.4 

0.035070431 0.034113448 0.033156465 0.032199482 0.031242499 0.5 

 

 

FIGURE 6.15 Variation of LCC with respect to    and r 

 

TABLE 6.14 Relation of                  

                   

  0.015 0.025 0.035 0.045 0.055   

  

 

0.076284681 0.069260913 0.062237145 0.055213377 0.048189608 0.1 

0.072024917 0.065379964 0.058735011 0.052090057 0.045445104 0.2 

0.065830985 0.059748507 0.05366603 0.047583552 0.041501075 0.3 

0.058225328 0.052839543 0.047453758 0.042067973 0.036682188 0.4 

0.04961657 0.045023052 0.040429535 0.035836017 0.031242499 0.5 
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FIGURE 6.16 Variation of LCC with respect to     ̅      ̅ 

 

TABLE 6.15 Relation of              ̅      ̅ 

            ̅        ̅ 

   ̅ 0.1 0.3 0.5 0.7 0.9  ̅ 

  

 

0.058369772 0.052878047 0.049269199 0.0467166 0.044815728 -0.05 

0.055368926 0.050165975 0.046746894 0.044328519 0.042527601 -0.025 

0.052454547 0.04753205 0.044297266 0.042009249 0.040305406 0 

0.049619984 0.044970259 0.041914726 0.039753496 0.038144069 0.025 

0.046858585 0.042474593 0.039593683 0.037555967 0.036038519 0.05 

 

 

FIGURE 6.17 Variation of LCC with respect to     ̅ and   
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TABLE 6.16 Relation of              ̅       

             ̅         

   ̅ 0.1 0.3 0.5 0.7 0.9   

  
 

0.092424438 0.0836556 0.077893221 0.073817392 0.0707822 0.015 

0.083910772 0.075961212 0.070737216 0.067042194 0.064290582 0.025 

0.075397105 0.068266824 0.06358121 0.060266996 0.057798964 0.035 

0.066883438 0.060572435 0.056425205 0.053491798 0.051307346 0.045 

0.058369772 0.052878047 0.049269199 0.0467166 0.044815728 0.055 

 

 

FIGURE 6.18 Variation of LCC with respect to     ̅ and ω 

 

TABLE 6.17 Relation of              ̅         

             ̅       

   ̅ 0.1 0.3 0.5 0.7 0.9   

  

 

0.116947093 0.105871044 0.098592497 0.093444257 0.089610461 40 

0.080129383 0.072565454 0.067594872 0.064079095 0.061460963 45 

0.058369772 0.052878047 0.049269199 0.0467166 0.044815728 50 

0.044789312 0.040588739 0.037828362 0.035875901 0.03442194 55 

0.035962837 0.032600112 0.030390321 0.028827298 0.027663345 60 

6.4 Conclusion 

This investigation strongly suggests that the negative impact induced by positive variance, 

semi-vertical angle, aspect ratio and slip can be extensively lessened by the standard 
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deviation and positive effect of magnetization parameter on account of adversely skewed 

roughness. Overall performance of the bearing is effective on the slip parameter is required 

to be minimized. The significance of this examination lies in the way that besides 

providing additional degree of freedom it offers ample scopes for having improved 

performance. As double layered porosity is considered, if developed appropriately, this 

type of bearing design may turn out to be useful to the industry. 
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