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1.1 Lubrication 

The word "Tribology" has been derived from a Greek word "Tribos" which means 

rubbing process. Peter Jost was the first person who used the word Tribology in his 

‘Jost Report’ in England in 1966. Tribology is characterized as the science and 

technology of contacting surfaces in relative movement and of related subjects and 

practices. This subject studies technology of lubrication, friction control and wear 

prevention of surface having relative motion under load. For the comprehensive study 

of this concept and its applications to machine components, it is important to know 

many areas such as Chemistry of lubricants, Physics of fluid flow, Surface 

topography, Contact Mechanics, Material Science, Mathematics and Mechanical 

Engineering. The efforts of all the workers such as, the Chemists, the Physicists, the 

Mathematicians and Mechanical Engineers are directed towards the methods to 

control friction and minimize wear of machinery by adopting new lubrication 

technology, developing new lubricants and finding new wear resistant materials. 

When friction and wear are controlled and reduced, the service life of machine 

elements will be increased and in turn it saves money. Due to this reason, many 

governments and industries are giving importance to the economic aspects of 

tribology. 

A bearing is a mechanical element which locates two machine parts which are related 

to each other and permits a relative motion between them. When any two surfaces are 

in rubbing contact it leads to friction. This friction results in energy dissipation and 

physical damage to the rubbing surfaces. Reduction of this damage is highly desirable 

for the longevity of the surfaces. Lubricating the surfaces is one of the ways to reduce 

the friction between the surfaces. A lubricant thus used should satisfy two conditions. 
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Firstly, the lubricant should have lower shear stress so as to receive less friction. 

Secondly, the lubricant should be strong to carry the total load perpendicular to the 

surfaces, so that the direct contact between the surfaces can be avoided. 

The aim of the lubrication is to minimize friction, wear and heating of machine 

components which are in relative movement. There are two types of bearings, mainly, 

sliding element bearing (fluid film lubrication) and rolling element bearings 

(antifriction bearings), in which the objectives of lubrication are achieved. In fluid 

film lubrication, a very thin layer of fluid completely separates two solid surfaces 

which are in relative motion within the fluid film; this motion causes a shearing action 

that requires relatively small effort in the direction of motion. The surfaces are usually 

part of a bearing which locates and supports a shaft and its loads. The pressure must 

be developed in the fluid film to support a normal load. The pressure thus generated in 

the lubricant film depends on the type of lubrication. The classification of lubrication 

based on the degree with which lubricant separates the surfaces is 

 Hydrodynamic lubrication 

 Boundary lubrication 

 Mixed lubrication 

Hydrodynamic lubrication 

In this type of lubrication the sliding surfaces are separated by a 10-5cm to 10-3cm 

thick fluid film. In this process the lubricant’s viscosity and the film’s geometry helps 

in hydrodynamic lubrication [102, 124]. 
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Boundary lubrication 

This is a lubrication type where the sliding surfaces are separated by a 10-8cm to 10-6 

cm thick fluid film. The molecular properties of the lubricant and the topography of 

the surfaces determine the friction. The influence of hydrocarbons allows the two 

solid surfaces to make a real contact as the thin film cannot completely separate them 

[79].  

Mixed lubrication 

Mixed lubrication lies between the hydrodynamic lubrication and boundary 

lubrication where the lubrication film’s thickness ranges between 10-6cm to 10-5cm.     

The impact of friction is based upon the action of the film and the interaction of the 

surface asperities [32, 38, 48, 61]. 

In general, the characteristics of lubricated bearing systems depend upon following 

factors. 

(i) Nature of lubricant: Physical properties like state, viscosity, thickness, 

composition of additives, rheological characteristics, attitude towards 

bearing surfaces are considered.    

(ii) Nature of surface: The geometry and the shape of fluid film elasticity, 

plasticity and hardness of the bearing material; porosity of the bearing 

surfaces, chemical reaction with the lubricant etc. constitute the nature of 

the surface of the bearing. 

(iii)Running Condition: Kinds of bearing motion such as rolling or normal 

motion, flow of lubricant such as laminar or turbulent in the case of fluid 
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lubricants, types of lubrication process, slip effect at the bearing surfaces, 

effects of body forces etc. represents the running condition of the bearing. 

Lubricating system’s behavior can be best studied with the help of a mathematical 

model. A brief review of effect of load, flow, frictional forces and flux of bearing 

on lubricating film is presented here.  

1.2 Survey of Reynolds equation 

In the study of the lubrication process various factors mentioned in ξ. 1. 1 must be 

taken into account. The first attempt in this direction was made by Sir Osborne 

Reynolds who derived the differential equation, popularly known as Reynolds 

equation, governing the pressure in the fluid film when the bearing function is 

under hydrodynamic conditions [124]. He made the following assumptions in his 

analysis. 

1. The radius of curvature of the bearing surface is large in comparison with 

the film thickness. 

2. The lubricant is an incompressible Newtonian fluid. 

3. The viscosity of the lubricant is constant across as well as along the film       

(Isothermal condition). 

4. Inertia and body forces are small in comparison to viscous forces. 

5. As the film thickness is small, the velocity gradients along the film have 

been neglected as compared to the velocity gradients across the film. 

6. No slip at the bearing surface. 

7. The fluid motion is laminar. 

8. Surfaces are smooth in nature. 
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For more than six decades many attempts have been made by researchers working on 

bearing systems to derive generalized Reynolds equation. Thermal-wedge concept 

proposed by Fogg [47] is the first attempt in this area of lubrication. The assumption 

made by Reynolds [124] was relaxed to extend the theory for variable viscosity and 

density along the fluid by Cope [35]. But the variations of the fluid properties and 

fluid pressure across the fluid film remained untouched by Cope [35]. It was proved 

by Wannier [165] in 1950 that the basic Reynolds equation could be derived from the 

equations of motion by considering the variations of fluid pressure across the film. 

Later, a generalized form of Reynolds equation for rough bearing was derived by 

Halton [55] by extending the investigation performed by Cope [35]. Hunter and 

Zienkiewicz [61], Zienkiewicz [170], Young [169], Cameron [22], Cameron and 

Wood [21] carried out extensive research on the temperature and viscosity variations 

along as well as across the film.  

Dowson [39] proposed a generalized Reynolds equation for the fluid film lubrication 

during the early sixties. Dowson and Hudson [40] studied thermo-hydrodynamic 

analysis of the infinite slider bearings. Mc Callian et al. [82] analyzed the thermal 

effects in a full journal bearing. Currie et al [36] studied thermal wedge lubrication of 

parallel surface thrust bearing. Quale [109] investigated the performance of 

hydrodynamic lubricating films with viscosity variation perpendicular to the direction 

of motion.  

A solution of the thermodynamic problem for lubricating films is studied with 

different approach by Tipei [158]. Also, Tipei and Nica [157] studied the behavior on 

the field of temperature in lubricating films.  
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1.3 Squeeze film lubrication 

When two surfaces that are lubricated approach one another and when their velocity is 

normal, the phenomenon of squeeze film lubrication occurs. These two surfaces are 

separated by the lubricant which acts like a thin film of cushion between them.  The 

physical properties of load and surface structure determine the duration to squeeze out 

this thin film and data about the machine parts involved is necessary for squeeze film 

analysis. Internal combustion engines and engineering devices like gyroscopes rely on 

squeeze film analysis for efficiency.   

The squeeze film lubrication has gained much attention of various researchers. The 

major contributions on squeeze film bearings worth mentioning are: theoretical and 

experimental estimation of the characteristics, Pan et al. [93]; the effect of variation of 

viscosity with temperature and pressure for parallel surface squeeze films, Gould [51]; 

between rotating annuli, Allen and Mckillop [2]; the squeeze film between finite 

plates by fluids with couple stresses, Ramanaiah [121]; the influence of couple stress 

in squeeze films, Bujurke et al. [16]: the squeeze films between rectangular plates of 

which one is pivoted, Ramanaiah [122]; the squeeze film characteristics of long 

partial journal bearings lubricated with couple stress fluids, Lin  [72]; the generalized 

Reynolds equation for bearings under dynamic conditions with varying loads was 

investigated numerically, Xiao-Li Wang et al. [168]; the elastohydrodynamic analysis 

was derived for journal bearings in isothermal  condition, Lahmar [70]; whereas, the 

steady state and dynamic analysis were investigated for ball bearings, Sarangi et al. 

[130]; the analysis of load carrying capacity using Rapid technique, Jaya Chandra 

Reddy et al. [67]; the thickness of the boundary layer formed on the bearing surface 

had been assumed as a hypothetical porous media and applied the Brinkman-extended 
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Darcy equation, a modified Reynolds equation  derived and solved numerically using 

a finite difference scheme, Elasharkawy[42]; squeeze films in porous bearings, 

P.R.K.Murti [84]; the squeeze film lubrication of a short porous journal bearing with 

couple stress fluids, Naduvinamani et al. [85]. 

1.4 Effects of additives in the lubrication 

In general base lubricants are mixed with additives to enhance their lubricating 

properties. Rust and corrosion inhibiters (Amine Phosphates and Sulphurised 

Olefins), anti-inflamables (Halogenated hydrocarbons), dirt removers 

(Calcium/Barium Sulphonate), viscosity enhancers (Polymethocrylate, powders of 

graphite and molybdenum disulphide), extreme pressure additives (Sulphurised fats) 

are some uses of additives. There are several experimental reports in which it has 

been pointed out that additives added to the base oil reduce friction, wear and support 

higher load capacities which leads to the extended life of the bearing [9, 10, 23, 155]. 

In particular, the film thickness in the lubrication of rollers is considerably increased 

when additives are added to the base lubricant [1, 13, 108, 151]. The composition of 

additives in the base lubricants may change its Newtonian character. For instance, if 

the concentration of additives in the lubricant is low, the subsequent fluid may be 

considered as a micropolar fluid. However, if concentration of additives in the 

lubricant is large, it may behave as a non- Newtonian fluid. 

1.5 Stokes couple stress fluid model 

Rheology and studies on lubrication have become important as there is a growth in the 

usage of highly loaded and fast machines. Normally long-chain polymers and specific 

solid particles are mixed to the base lubricants that act as thin films to increase their 

effective viscosity. Rheological abnormalities are exhibited by additive lubricants 
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containing long-chain polymers or contaminated particles. Ariman et al. [8] reviewed 

these theories and their applications. Stokes [151-153] studied the simplest 

generalizations of the classical theory which would allow for polar effects such as the 

presence of couple stress and body couples.  

A number of boundary value problems of fluid dynamics have been solved by Stokes 

[151-153] in his papers. His work indicates that the effect of couple stresses may 

appear in noticeable magnitudes in liquid containing additives or in a lubricant with 

long-chain molecules. In any flow of fluid with microstructure, the departure from 

classical theory depends on the relative size of the substructure compared with the 

linear dimensions of the flow. The presence of substructure in the film is usually thin 

when the lubrication flow takes place in narrow recesses and this feature may have a 

marked effect on the performance of the bearing. Couple stresses are considered as a 

consequence of the assumption that the action of one part of a deforming body on the 

neighborhood can be described by a force per unit area is known as the couple stress 

vector. 

The basic equations governing flow of fluids with couple stress given in Cartesian 

tensor notation are given by 

                                    0,  kkv                 (1.1) 

                                  jjiii Tbv ,                    (1.2) 

                             0,  jjijkijki MTeg                  (1.3) 

where iv  is the velocity vector, ib  is the body force per unit mass and ig  is the body 

couple per unit mass,   is the density, ijT is the stress tensor and ijM couple stress 
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tensor. The superposed dot denotes material time derivative and an index followed by 

comma denotes partial differentiation. The constitutive equation for stress tensor and 

couple stress tensor are given by 

                ijkkij vPT  )( , )(
2

)( ,,

2

,, ijjikijkijji vvgevv  


            (1.4) 

               jiijij veveM   ,

'

, 22                 (1.5) 

where ij  is the Kronecker delta and kije  is the permutation tensor, P  is the pressure 

and ,  are the classical material constants of the fluid. 

Usage of ijT and ijM from (1.4) and (1.5) satisfies (1.3) identically, while (1.2) gives 

the equation of fluid for velocity, namely 

          jkijkijjikikii egebvvPv ,,

2

,

2

, )(
2

1
)()(              (1.6) 

V. K. Stokes proposed the couple stress theory and applied it to various boundary 

value problems of fluid dynamics [151]. Since then many lubrication problems have 

been solved by applying this theory [8, 53, 119-121, 143, 147, 151-153]. G. 

Ramanaiah and P. Sarkar [119] showed that couple stresses increase squeeze load 

capacity and time of approach in squeeze films. G. Ramanaiah applied couple stress 

theory to squeeze films between finite plates lubricated by fluids with couple stress 

[121]. P. Sinha et al. [141, 143] investigated the couple stresses in journal bearings 

and rolling contact bearings considering cavitation. P. Sinha et al. [141] established 

that the inlet film thickness of elastohydrodynamic films is increased. Chandan Singh 

studied lubrication theory for couple stress fluids and its applications to short journal 

bearings [140]; whereas, the improvement in load capacity and the reduction in 
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friction because of the additives in the lubricant were noticed, Oliver [92]. R. S. Gupta 

and L.G. Sharma included inertia effects in their study of hydrostatic thrust bearing 

with couple stress lubricant [53]. Effects of couple stress, the lubrication of finite 

journal bearings were studied by Jaw-Ren Lin [65]. The static characteristics for the 

couple stress fluids were studied under a constant applied load and compared with the 

Newtonian fluid bearings by Jaw-Ren Lin [64]; the stability of the rotor-bearings 

system was investigated by Jaw-Ren Lin [66] and the effect of viscosity variation on 

the static performance of narrow bearing operating with couple stress fluid in 

turbulent flow conditions explained by Jaya Chandra Reddy et al. [68]. 

1.6 Effects of surface roughness 

As it has been pointed out earlier, the topography of the bearing surface plays a 

significant part in the lubrication system. The common assumption that lubricated 

machines are very smooth is actually not realistic because of many limitations in the 

structure of the machinery. The above assumption fails especially if the thickness of 

the film is very small. As a result of the failure of this assumption, in the past four 

decades many studies were conducted to understand the impact of roughness on the 

characteristics of bearing using both deterministic and stochastic approaches [29-32, 

34, 35, 106, 160]. 

The deterministic approach is useful for studying the thin film lubrication effect in 

spiral groove bearings and roller bearings [41]. Here, the Reynolds equation is used to 

represent the film thickness in terms of sine and cosine functions.   

In the stochastic method, governing equation’s statistical mean is calculated by 

considering the surface roughness as a stochastic function. Using this method, the 

surface effects on slider bearing lubrication is investigated by Tzeng and Saibel 
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considering the distribution of roughness effects to be Gaussian [160]. Christensen 

[29] developed the Reynolds equation in generalized form which is applied to study 

the finite rough bearings and various cases have been examined. Since then several 

researchers have made this approach as the basis for the analysis of rough bearings. 

Many researchers have used both deterministic and stochastic approaches in the study 

of the hydrodynamic lubrication of rough surfaces. The generalized Reynolds 

equation for stochastic lubrication and its application is presented by Christensen et 

al. [33]. Later Christensen and Tonder [34] developed the stochastic Reynolds 

equation for transversal and longitudinal roughness and used it to analyze the 

hydrodynamic lubrication of journal and slider bearings. The hydrodynamic 

lubrication of rough bearing surfaces of finite width and rough journal bearings are 

studied by Christensen and Tonder [31]. Prakash and Tonder [106] studied the 

squeeze film between two rough circular plates. Application of average flow model to 

lubrication between rough sliding surfaces was presented by Patir and Cheng [101]. 

Dowson and Whomes [41] considered an axial waveform on a rigid cylinder to 

represent turned and ground surfaces of rigid cylindrical rollers.  

The above mentioned investigations are valid when the mean height of the surface 

asperities is much smaller than the minimum film thickness. In case, the mean height 

of the surface asperities is not small the basic Reynolds conditions may not apply and 

in such cases appropriate modification of this equation needed to investigate the 

surface roughness effects. Sun and Chen [154] used Stokes equation to investigate 

such effects. Shukla [136] gave a new deterministic theory for rough surfaces. Using 

this theory the effects of surface roughness and additives in lubrication have been 

investigated by P. Sinha et al. [147]. Analytic solution of a finite width rough surface 
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hydrodynamic bearing studied by white [166]. Raj et al. [116] studied the transverse 

roughness in short journal bearing under dynamic loadings. Surface roughness effects 

on the oscillating squeeze film behavior of long partial journal bearing studied by Lin 

et al. [75]. Surface roughness in a short porous journal bearing with a couple stress 

fluids is studied by Naduvinamani et al. [86]. Combined effects of couple stresses and 

surface roughness on the lubrication of short journal bearings studied by Cheng et al. 

[27]. Effect of surface roughness on the squeeze film lubrication between curved 

annular plates was presented by Bujurke et al. [19]. 

Keeping this in view in this thesis an attempt has been made to study the effects of 

couple stresses and surface roughness in squeeze film lubrication on various bearing 

characteristics in lubrication systems. The research work done in this thesis has been 

presented in the following summary. 

1.7 Summary 

This thesis consists of eight chapters. 

In chapter-I, a general introduction of the related literature is presented. 

In chapter-II, a generalized form of Reynolds equation for two surfaces is derived by 

considering surface roughness at the bearing surfaces. Various special cases have 

been deducted. The particular form of Reynolds equation in one dimensional form is 

taken and it is applied in chapter-III, chapter-IV and chapter-V to study the impact of 

roughness at the bearing surfaces in squeeze films between two plates that are 

parallel, circular and squeeze films in spherical bearings respectively. 

 In chapter-III, a theoretical analysis of the effects of surface roughness in squeeze 

film between two plates that are parallel is studied. The analysis is based on a 
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deterministic theory of hydrodynamic lubrication. The important squeeze film 

parameters are obtained as simple closed form expressions for roughness types. The 

generalized Reynolds equation accounting for the surface roughness derived in 

chapter-II is used to analyze the impact of roughness in squeeze film lubrication of 

two parallel plates. In order to get the expression for pressure, the generalized 

Reynolds equation is solved. Then by making use of this expression we obtain the 

expression for squeeze load carrying capacity, which in turn is used to find the 

expression for response time. These expressions are numerically computed and the 

results are presented graphically. From the numerical computations of the results, it is 

found that, the squeeze load capacity and squeezing time increases with an increase of 

peripheral viscosity of the lubricant. It is seen that, in case of transverse roughness the 

squeeze load capacity and squeezing time increases whereas it decreases for 

longitudinal roughness. Also squeeze load capacity increases with an increase in 

squeeze velocity. 

In chapter-IV, the one dimensional form of Reynolds equation derived in Chapter-II is 

applied to study the squeeze film between two circular plates. Expressions for squeeze 

load capacity and squeeze time are obtained and analyzed numerically. The effects of 

surface roughness on squeeze load capacity and squeeze time are found. The squeeze 

load capacity and squeeze time increases with an increase in the value of k  which 

represent a ratio of the viscosity of the peripheral layer to the middle layer. In the case 

of transverse roughness the squeeze load capacity and squeezing time increases as the 

mean height of surface asperities increases and the squeeze load capacity and the 

squeezing time decreases as the mean height of surface asperities increases in the case 
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of longitudinal roughness. The effect of surface roughness is more prominent in the 

case of transverse roughness. 

In chapter-V, the one dimensional form of Reynolds equation derived in Chapter-II is 

used to analyze the squeeze films of spherical bearings. Expressions for squeeze load 

capacity and squeeze time are obtained and analyzed numerically. The surface 

roughness effects on squeeze load capacity and squeeze time are found. It is found 

that in case of transversal roughness squeeze load capacity and squeeze time increases 

but the same decreases for longitudinal roughness. 

In chapter-VI, the effects of additives in lubricant have been studied by characterizing 

as couple stress fluid. In this chapter a generalized form of Reynolds equation is 

derived by considering roughness interaction zones along the moving rough surfaces 

and a purely hydrodynamic zone with couple stress lubricant in between them using 

deterministic approach. Various special cases have been deducted. The interactions of 

roughness asperities with the base lubricant are considered. In roughness interaction 

zones Brinkman type equations and in the hydrodynamic zone usual hydrodynamic 

equations are taken. This equation involves three parameters which are, couple stress 

parameter, the mean height of surface asperities ( sh ) and roughness interaction 

parameter ( ). The parameters sh and   depend upon resistance to flow due to the 

asperities, their shape, size and concentration. The particular form of Reynolds 

equation in one dimensional form is taken and it is applied in chapter-VII and chapter-

VIII to study the combined effects of couple stresses and surface roughness on the 

performance of spherical squeeze film bearing and finite journal squeeze film bearing 

respectively.   
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In chapter-VII, the combined effects of couple stresses and surface roughness on the 

performance of spherical squeeze film bearing are analyzed. The modified Reynolds 

equation derived in chapter-VI is applied to study the effects of roughness and couple 

stresses in spherical squeeze film bearing. The expression for pressure is derived by 

solving the Reynolds equation. Then the expression for squeeze load carrying 

capacity is obtained by using the expression of pressure. The expression for squeeze 

load carrying capacity is further used to find the expression for squeeze time. The 

results of the numerical computations of the load capacity and squeeze time 

expressions are presented graphically. From the results, it is noted that, the effect of 

couple stresses leads to a rise in the squeeze load capacity. It is also observed that in 

case of transversal roughness the squeeze load capacity and squeeze time increase but 

the same decrease for longitudinal roughness.  

In chapter-VIII, the combined effects of couple stresses and surface roughness on the 

performance of finite journal squeeze film bearing are analyzed. The modified 

Reynolds equation derived in chapter-VI is applied to study the effects of roughness 

and couple stresses in finite journal squeeze film bearing. From the results obtained in 

this chapter it is observed that, the presence of couple stress fluid directly enhances 

the squeeze load capacity. It is also noted that the consistency layer adjacent to the 

bearing surfaces increases the squeeze load capacity of the bearing. From the above, it 

is seen that the squeeze in fluids with couple stresses is slower than the Newtonian 

fluids.  

 

 


