
 

  
Abstract—This article aims to investigate the performance of a 

magnetic fluid based squeeze film between rotating transversely 

rough curved porous annular plates incorporating the effect of elastic 

deformation. The associated stochastically averaged Reynolds type 

equation is solved to obtain the pressure distribution leading to the 

calculation of the load carrying capacity. The results suggest that the 

transverse roughness of the bearing surfaces affects the performance 

adversely although the bearing systems register a relatively improved 

performance due to the magnetization. The deformation causes 

reduced the load carrying capacity while the curvature parameters 

tend to nominally increase the load carrying capacity. Besides, the 

adverse effect of porosity, deformation and standard deviation can be 

minimized to some extent by the positive effect of the magnetization 

and the curvature parameters in the case of negatively skewed 

roughness by suitably choosing the rotational inertia and the aspect 

ratio, which becomes significant when negative variance occurs. 

 

Keywords—Annular plates curved rough surface, deformation, 
load carrying capacity, rotational inertia, magnetic fluid, squeeze 

film.  

I. INTRODUCTION 

HE behavior of squeeze film between various geometrical 

configurations of the flat surface was analyzed by 

Archibald [1]. Wu [2], [3] investigated the performance of the 

squeeze film for porous annular disks and rotating porous 

annular disks respectively. Ting [4] simplified the method of 

Wu [2], [3] considerably by taking only the lower disk to be 

rotating. Prakash and Vij [5] resorted to the well known 

Morgan Cameron approximation when the porous facing 

thickness was assumed small. In fact, they considered squeeze 

film in porous plates of various geometries. Hays [6] 

discussed the squeeze film phenomenon between the curved 

plates considering the curvature of sine form keeping 

minimum film thickness as constant. Murti [7] dealt with the 

squeeze film performance in curved circular plates describing 

the film thickness by an exponential expression. His analysis 

was based on the assumption that the central film thickness 

was constant instead of minimum film thickness as considered 

by Hays [6]. Gupta and Vora [8] discussed the corresponding 

problem for annular plates. In the above analysis only the 

lower plate was flat. Ajwaliya [9] developed this analysis by 

assuming the lower plate also to be curved. According to his 
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findings such situation could be found useful in the design of 

machine elements like clutch plates and collar bearings. Patel 

and Deheri [10] studied the behavior of squeeze film between 

curved circular plates describing the film thickness by a 

hyperbolic expression. 

All the above studies dealt with conventional lubricants. 

Use of magnetic fluid as a lubricant modifying the 

performance of the bearing system has attracted considerable 

attentions. Verma [11] investigated the squeeze film 

performance by taking a magnetic fluid lubricant. Bhat and 

Deheri [12] extended the above analysis to present a study of 

the squeeze film performance in porous annular disks in the 

presence of a magnetic fluid lubricant. Here it was found that 

the application of magnetic fluid lubricant improved the 

performance of the squeeze film. The magnetic fluid consisted 

of fine magnetic grains suspended in a magnetically passive 

solvent. Regarding the details of the behavior and properties 

of magnetic fluid one can turn to Bhat [13]. However, in 

actual practice the flatness of the plates does not endure due to 

elastic, thermal and uneven wear effects. With this point of 

view, Bhat and Deheri [14] investigated the performance of 

magnetic fluid based squeeze film on the configuration of 

Ajwaliya [9]. Patel and Deheri [15] considered the squeeze 

film behaviour between curved circular plates lying along the 

surface determined by a secant function under the presence of 

a magnetic fluid lubricant. Here it was found that the magnetic 

fluid lubricant significantly enhanced the performance of the 

bearing system. Lin, Lu and Liao [16] dealt with the squeeze 

film performance between the curved circular plates with an 

electrically conducting fluid in the presence of a transverse 

magnetic field. 

The bearings surfaces particularly, after receiving some 

run–in and wear develop roughness. Even sometimes 

contamination of lubricants and chemical degradation of the 

surfaces add to roughness. The roughness appears to be 

random in character seldom following any particular structural 

pattern.  

In order to study and analyze the effect of surface roughness 

on the performance of bearing system several methods have 

been proposed. A stochastic approach to mathematically 

model the random roughness was adopted by [17]-[20]. A 

comprehensive general analysis for the surface roughness 

(both transverse as well as longitudinal) based on a general 

probability density function was deployed by Christensen and 

Tonder [18]-[20] by developing the approach of Tzeng and 

Seibel [17]. Subsequently, a good number of investigations 
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made use of Christensen and Tonder [18]-[20] approach to 

investigate the effect of surface roughness [21]-[25]. In fact, 

Ting [21] discussed the problem of engagement of porous 

clutch plates, simulating it by annular plates incorporating the 

effect of elastic deformation and surface roughness of the 

porous housing while Prajapati [23] dealt with the 

performance of squeeze film in rotating porous circular plates 

and studied the effects of the surface roughness together with 

elastic deformation. Andharia, Gupta and Deheri [26], [27] 

presented the study dealing with the effect of surface 

roughness on the performance of a squeeze film bearing using 

the general stochastic analysis (without using a specific 

probability distribution) describing the roughness by 

stochastic random variable. Prakash and Peeken [28] observed 

the effect of surface roughness and elastic deformation in one 

dimensional slider bearing and found that there was strong 

interaction between the roughness and elastic deformations. 

Hsu, Lu and Lin [29] investigated the combined effects of 

surface roughness and rotational inertia on squeeze film 

characteristics between parallel circular disks. 

All though, the effect of transverse roughness is adverse in 

general, the investigation by Patel, Deheri and Patel [30], 

Deheri, Patel and Abhangi [31] and Patel, Deheri and Vadher 

[32] reported that the negatively skewed roughness turned in 

better performance. Here, it has been sought to study and 

analyze the effect of surface roughness and elastic 

deformation on the performance of a magnetic fluid based 

squeeze film in a curved porous rotating annular plates.  

II. ANALYSIS 

The configuration of bearing system is shown in Fig. 1 

which consists of the annular disks.  

 

 

Fig. 1 Configuration of Bearing system 
 

Both the disks are assumed to be elastically deformable and 

their contact surfaces are assumed to be transversely rough. 

The upper disk moves towards the lower disk normally with 

uniform velocity
dh

h
dt

•

= . Both the disks are considered to 

have transversely rough surfaces. In view of the discussions 

regarding stochastic modeling of the roughness carried out by 

Christensen and Tonder [18]-[20] and Prajapati [23] the film 

thickness is assumed to be  

 

( ) ( ) ( ), , ,sh r t r t h rδ ξ+ +
                            (1) 

 

wherein h denotes the smooth and unstressed part of the film 

thickness and 
Sh  is the part due to surface roughness 

measured from the mean level h δ+  and its random character 

is expressed by the variable ξ . 
Sh  is governed by the 

probability density function  

 

( )

3
2

2

35
1 ,

32

0, .

s

s
S

h
c h c

f h c c

otherwise

  
 − − ≤ ≤ =   

                  (2)

 

 

where c  is the maximum deviation from the mean film 

thickness. The meanα , the standard deviation  σ  and the 

parameter ε  which is the measure of symmetry of random 
variable

sh   are defined by the relationships  

 

( )sE hα =                                          (3)  

( )22

sE hσ α = −                                   (4)
 

and  

( )3sE hε α = −                                     (5)
 

 

where E denotes the expected value defined by  
 

( ) ( )
c

s

c

E R Rf h ds
−

= ∫
                             (6)

 

 

Assuming axially symmetric flow of the magnetic fluid 

between the annular plates under an oblique magnetic field  

 

( ) ( ) ( ) ( )( )cos , , 0, sin ,H H r r z H r r zφ φ=
         (7) 

 

whose magnitude H  is a function of r  vanishing at r a=  

inner radius and r b=  outer radius Bhat [13], the modified 

Reynolds equation governing the film pressure p  under the 

usual assumptions of hydromagnetic lubrication becomes   

[23][14][15] 
 

 

( ) { } ( )2

0

1
0.5 12 4

d d
rg h p H h sf h

r dr dr
µ µ µ

• − = +  
      (8) 

 

with 

( ) ( ) ( )
( ) ( )

3 2

2 2 2 3

0

' 3 '

3 ' 3 12

a a

a

g h h p p h p p

h p p H

δ α δ

α σ δ σ α α ε φ

= + + +

+ + + + + + +
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( ) ( ) ( )( )3 2 2

2 3

' 3 '

3

a af h h p p h p pδ α σ δ

σ α α ε

= + + + +

+ + +
         (10)

 

 

where  

( )( )2 ;H k r a b r= − −
                        (11)

 

0

1 1
1 ,
1 1

h h a r b
Br Cr

 = + − < < + +              (12)

 

 

where 
14 2 410k A m−=  chosen so as to have a magnetic field of 

strength over 
510k =  [Bhat [13]], 

0µ is permeability of free 

space, µ  is the magnetic susceptibility of particles and µ  is 

the viscosity of the lubricant, φ  is the permeability of porous 

facing, 0H  is the thickness of porous medium, δ is the local 

elastic deformation of the porous facing, 
ap  is the reference 

ambient pressure. 

The concerned boundary conditions are  

 

( ) ( )0, 0p a p b= =
                              (13) 

 

In view of the following non-dimensional quantities, 
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3
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B Br C Cr p p p m s
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φ µ µε µ
ε ψ κ µ

µ

δ ρ
δ

•

•

•

= − = = =
−

= = = = −

Ω
= = = = = =

  (14) 

  

( ρ being density of lubricant and Ω  is angular velocity) 

Integrating the stochastically averaged Reynolds equation 

under the boundary conditions (13) one obtains the expression 

for the non-dimensional pressure distribution 

 

( )( ) ( )
*

2
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( ) ( ) ( )2 2 2
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2
3 1 3 3 3 1B C B p p pδ δ α σ δ = − + + + + +   (20) 
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The load carrying capacity in non-dimension form then, is 

derived as 

 

( )

3

0

22
2 2

1

2

1

m
h w

W RPdR
m

h b a

π

µ
•

= − =
−−

∫
            (27) 

 

which turns out to be  
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where, 

2

1 2
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1 3 2

;
4
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E
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−
                       (29) 

2
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2

4
;
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3 1 ;
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E
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4
2
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2
.
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A A A
E
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−
=

−
                             (32) 

III. RESULTS AND DISCUSSION 

It is can be easily seen that the dimensionless pressure 

distribution is obtained from (15) while the load carrying 

capacity in non-dimensional form is governed by (28). These 

two equations indicate that the dimensionless film pressure 

and load carrying capacity depend on various parameters such 

as 
* , , , , , , , , /m C B sµ σ α ε ψ κ  and δ . These parameters 

respectively describe the effect of magnetic fluid lubricant, 

surface roughness, aspect ratio, porosity, curvature 

parameters, rotational inertia and elastic deformation. A 

cursory glance at (28) suggests that the expression is linear in 
*µ , as a result of which increasing values of *µ  would lead to 

increased load carrying capacity. It is found that for a 

nonporous bearing with smooth surfaces this study reduces to 

the investigation of Bhat and Deheri [12] dealing with 

magnetic fluid based squeeze film between annular plates in 

the absence of rotation and deformation. Further, setting the 

magnetization parameter *µ to be equal to zero for a 

nonporous bearing with smooth surfaces one obtains the 

results of Prakash and Vij [5] in the absence of rotation and 

deformation. A closer look at (28) suggests that the elastic 

deformation of the bearing decreases the load carrying 

capacity. It is noticed from (15) that the non-dimensional 

pressure increases by  

 

( ) ( )*

2

1

2 1

R m R

m

µ − − 
 

−                            (33) 
 

while (28) reveals that the dimensionless load carrying 

capacity enhances by  

* 1

12 1

m

m

µ π − 
 +                                  (34) 

 

as compared to the case of conventional lubricant. Further, it 

is manifest that the aspect ratio plays a key role in improving 

the performance of magnetic fluid based bearing system. In 

addition, this (3) underlines that the elastic deformation of the 

bearing significantly distorts the profile of the pressure 

distribution. 

It is noticed that the effect of transverse roughness is 

adverse in general and this negative effect gets further boosted 

due to elastic deformation. Probably, this is due to the fact that 

the roughness of the bearing surfaces retards the motion of 

lubricant, resulting in decreased lubricant pressure in turn, 

which leads to decreased load carrying capacity. 

The variation of load carrying capacity with respect to the 

magnetization parameter for various values of , ,σ α  

, , , , , /m C B sε ψ κ  and δ presented in Figs 2-10 makes it 
clear that the load carrying capacity increases due to magnetic 

fluid lubricant. Therefore, it becomes clear from these graphs 

that the performance of bearing systems gets improved due to 

the magnetization and this positive effect is sharper in the case 

of standard deviation especially when negatively skewed 

roughness is involved. It is seen that the curvature parameters 

increase the load carrying capacity. 

 

 

Fig. 2 Variation of Load carrying capacity with respect to *µ and σ  
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Fig. 3 Variation of Load carrying capacity with respect to 
*µ and α  

 

Fig. 4 Variation of Load carrying capacity with respect to  
*µ  and ε  

 

Fig. 5 Variation of Load carrying capacity with respect to 
*µ  and m  

 

Fig. 6 Variation of Load carrying capacity with respect to 
*µ  and  ψ  

 

Fig. 7 Variation of Load carrying capacity with respect to  *µ and C  

 

Fig. 8 Variation of Load carrying capacity with respect to  *µ and  B  
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Fig. 9 Variation of Load carrying capacity with respect to 
*µ and 

/s κ  

 

Fig. 10 Variation of Load carrying capacity with respect to 
*µ and δ  

 

Figs. 11-16 present the profile for the distribution of non-

dimensional load carrying capacity with respect to the 

standard deviation associated with roughness. It is clearly 

noticed that the standard deviation adversely affects the 

bearing systems in the sense that the load carrying capacity 

decreases considerably due to the standard deviation. 

However, this decrease in load carrying capacity is relatively 

less in the case of the aspect ratio while this rate of decrease is 

more in the case of deformation. It is further seen that the 

decreased load carrying capacity due to the standard deviation 

gets further decreased owing to porosity. 

 

 

Fig. 11 Variation of Load carrying capacity with respect to σ  and α  

 

Fig. 12 Variation of Load carrying capacity with respect to σ  and ε  

 

Fig. 13 Variation of Load carrying capacity with respect to σ and m  
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Fig. 14 Variation of Load carrying capacity with respect to σ  and ψ  

 

Fig. 15 Variation of Load carrying capacity with respect to σ  and 
s / κ  

 

Fig. 16 Variation of Load carrying capacity with respect to σ  and δ  
 

In Figs 17-21, one can have the profile for the load carrying 

capacity with respect toα . It is seen that α   (positive) 

decreases the load carrying capacity while α   (negative) 

tends to increase the load carrying capacity except in the case 

of deformation where the trends are reversed. 

 

Fig. 17 Variation of Load carrying capacity with respect to α  and ε  

 

Fig.18 Variation of Load carrying capacity with respect to α and  m  

 

Fig. 19 Variation of Load carrying capacity with respect to α and ψ  
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Fig. 20 Variation of Load carrying capacity with respect to α  and δ  

 

Fig. 21 Variation of Load carrying capacity with respect to α and 
s / κ  

 

The variation of load carrying capacity with respect to 

skewness depicted in Figs 22-25 indicates that the trends 

skewness are identical with that of trends of α except in the 

case of δ  wherein trends are opposite. Therefore, the 
combined effect of negatively skewed roughness and negative 

variance is significantly positive in most of the situations. 

Further, it is observed that the positive effect of negatively 

skewed roughness is quite sharp as compared to the positive 

effect of negative variance. 

 

 

Fig. 22 Variation of Load carrying capacity with respect to ε and m  

 

Fig. 23 Variation of Load carrying capacity with respect to ε and ψ  

 

Fig. 24 Variation of Load carrying capacity with respect to ε and 
s / κ  
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Fig. 25 Variation of Load carrying capacity with respect to 

 

The effect of the aspect ratio on the distribution of load 

carrying capacity presented in Figs 26-28 suggests that the 

aspect ratio has a strong effect on the performance of bearing 

system. In fact, the load carrying capacity decreases sharply 

with the increase in the aspect ratio. 

 

Fig. 26 Variation of Load carrying capacity with respect to 

Fig. 27 Variation of Load carrying capacity with respect to 

s / κ  
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25 Variation of Load carrying capacity with respect to ε  and  δ  

aspect ratio on the distribution of load 

28 suggests that the 

aspect ratio has a strong effect on the performance of bearing 

system. In fact, the load carrying capacity decreases sharply 

 

26 Variation of Load carrying capacity with respect to m and ψ  

 

27 Variation of Load carrying capacity with respect to m and 

Fig. 28 Variation of Load carrying capacity with respect to 

 

The effect of porosity on the distribution of load carrying 

capacity is considerably adverse as can be seen from Fig

30. One can see that indeed the load carrying capacity sharply 

decreases due to porosity and this effect is sharper in the case 

of deformation. Fig. 31 underlines that the rotational inertia 

s / κ  decreases the load carrying capac
this decrease is more when a larger value of deformation is 

involved. 

 

Fig. 29 Variation of Load carrying capacity with respect to 

Fig. 30 Variation of Load carrying capacity with respect to 
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28 Variation of Load carrying capacity with respect to m and δ  

The effect of porosity on the distribution of load carrying 

verse as can be seen from Figs 29-

30. One can see that indeed the load carrying capacity sharply 

decreases due to porosity and this effect is sharper in the case 

31 underlines that the rotational inertia 

decreases the load carrying capacity substantially and 

this decrease is more when a larger value of deformation is 

 

29 Variation of Load carrying capacity with respect to ψ and  

s / κ  

 

30 Variation of Load carrying capacity with respect to ψ and δ  
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Fig. 31 Variation of Load carrying capacity with respect to 

δ  
 

Fig. 32 Variation of Load carrying capacity with respect to 

 

Fig. 33 Variation of Load carrying capacity with respect to 

 

Some of the figures presented here reveal that the combined 

negative effect of s / κ ,m  and ψ is more pronounced 

especially when larger values of deformation is involved. 

Furthermore, the combined negative effect of porosity, 

deformation and rotational inertia can be compensated up to 

some extent by the positive effect of the magnetic fluid 
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31 Variation of Load carrying capacity with respect to s / κ  and 

 

32 Variation of Load carrying capacity with respect to B and C  

 

33 Variation of Load carrying capacity with respect to C and  B  

presented here reveal that the combined 

is more pronounced 

especially when larger values of deformation is involved.  

Furthermore, the combined negative effect of porosity, 

deformation and rotational inertia can be compensated up to 

some extent by the positive effect of the magnetic fluid 

lubricant in the case of negatively skewed roughness 

especially when negative varian

suitable values of aspect ratio. 

From this investigation it is noticed that the effect of 

deformation becomes more significant when larger values of 

rotational inertia are involved. However, the effect of standard 

deviation remains adverse for a large range of values of 

deformation. 

The results found here are in good agreement with various 

other earlier investigations Bhat and Deheri [14] and 

Patel and Abhangi [33]. Some of the conclusions obtained 

here are in consonance with the results of 

Abhangi [33] especially when the exponent shape is 

considered but for small range of curvature parameters, our 

study offers a slightly better measure in the case of secant 

shape. This article offers some measures for m

adverse effect of porosity and roughness by the magnetic fluid 

lubricant for a squeeze film in rotating annular plates even if 

the bearing is deformed considerably. Of course, here the 

aspect ratio plays a crucial role in minimizing this adve

effect. 

III. CONCLUSION

It is observed that most of the parameter appears to have 

adverse effect on the performance of the bearing system. 

However, the situation is retrieved up to certain

positive effect of the magnetization and 

in the case of negatively skewed roughness. This study 

establishes that the bearing can support a load even when there 

is no flow. This article makes it mandatory that the roughness 

must be duly respected while designing this type of b

system even if suitable values of curvature parameters and the 

aspect ratio are chosen. This is all the more essential from 

bearing’s life period point of view. This investigation also 

underlines the importance of the curvature parameters in this 

type of rotating bearing system.
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