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Abstract 

The ferrofluid flow model of the Shliomis and continuity equation for the film and porous 

interface with the theory of Darcy, the modified Reynolds equation for ferrofluid squeeze film 

between curved annular plates are discussed with the impact of the rotation of Ferro-particles and 

slip velocity at the boundary. Beavers and Joseph’s slip conditions are adopted to study the impact 

of slip velocity. The generalized non-dimensional pressure equation is derived and expression for 

dimensionless load-carrying capacity is obtained for the same. The graphical representation 

suggests that the bearing's performance enhances due to ferrofluid, considering the appropriate 

values of parameters for slip velocity and porosity.  

Keywords: Shliomis’ Magnetic fluid flow model, annular plates, porosity, slip velocity, load 

carrying capacity (LCC). 

1. Introduction

In bearings, annular plates are one of the most important structural components used in industrial 

applications and engineering fields. They are broadly used in the production of aircraft, ships, 

automobiles and other vehicles. The squeezing action of the approaching surfaces causes fluid to 

flow toward less constrained surroundings. 

A ferrofluid is synthesized in the lab and it represents a liquid that becomes strongly 

magnetized in the presence of a magnetic field, with friction-reducing capabilities. In recent 

years, ferrofluid has had many industrial applications, because of the increased use of liquid metal 

lubricants at high temperatures. The slip velocity depends mainly on the difference in density 

between the two fluids and their holdups. 

In the last three decades, several researchers have analyzed the effect of magnetic fluids in 

various bearings with squeeze film phenomena such as Kumar et al. (1992) in spherical and 

conical bearings, cylindrical rollers by Sinha et al. (1993), Lin (2001) for parallel annular disks, 

Shah and Bhat (2005) in an infinitely long journal bearing, Shah and Bhat (2004) for annular 

plates, Patel and Deheri (2013) in circular plates, parallel plate rough slider bearing by Patel and 

Deheri (2016), Hanumagowda et al. (2018) in annular plates and short bearing by Munshi et al. 
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(2019). They suggested that the negative effect can be easily nullified by the positive impact of 

the squeeze film occurrences and ferrofluid. It improved the MHD squeeze film characteristics 

of the system. 

As per the literature, a porous medium is a well-known phenomenon to improve bearing 

systems' effect. Many authors dealt with the performance of porous medium in various magnetic 

fluid lubricated bearing systems: Agrawal (1986) in inclined slider bearing, Bhat and Deheri 

(1991) for composite slider bearing, annular discs by Bhat and Deheri (1991), Bhat and Deheri 

(1993) for circular discs, Shah and Bhat (2000) in circular plates, annular plates by Shah et al. 

(2002), Patel and Deheri (2014) in curved circular plates, Deheri et al. (2016) convex pad slider 

bearing and Vasanth et al. (2018) for the annular plate. It was examined that the load-bearing 

capacity was affected by the porous medium. 

Nowadays, many investigators (Bujurke et al. (2007), Shimpi and Deheri (2013), Deheri and 

Patel (2015), Patel and Deheri (2016) and Shah et al. (2016)) motivated to prob on annular plates 

due to their extensive applications in various engineering fields. They have examined that we can 

improve the bearing's presentation by choosing suitable parameters (for instance, slip velocity, 

porosity, roughness, etc.). Shah and Patel (2017) discussed the ferrofluid lubricated circular discs 

porous squeeze film bearings with the impact of porosity, slip velocity, anisotropic permeability 

and rotation. It was detected that the unchanging magnetic field did not move on the 

demonstrations of the bearing systems. Mishra et al. (2018) studied an inclined slider bearing 

considering surface roughness, porosity and magnetic field effect. It was investigated that the slip 

parameter's adverse effect, reported in earlier studies over load-lifting capacity, turned rather 

sinusoidal to be encouraging, which might be due to the shape of the variation of a Ferro-field. 

In the present paper, magnetic fluid's effect with the rotation of magnetic particles and slip 

velocity on squeeze film between curved porous annular plates has been theoretically examined. 

2. Mathematical Formulation 

As in Figure 1, the bearing is made of two annular disks with outside radius a and inside radius 

b(a>b). 

 

Fig. 1. Configuration of the Problem 
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The film thickness h is considered as Murti (1975) 

 
2

0 ,
r

h h e b r a


    (1) 

Where r , 0h and   are radial coordinate, central film thickness and the upper plate’s 

curvature, respectively. Two plates approach with a normal velocity 
dh

h
dt

 . 

Ferro particles can relax in two ways as the applied magnetic field changes described in 

Shliomis (1972) and Kumar (1989). One is by the Brownian relaxation time parameter B . 

Another is by the relaxation time parameter s . 

Assuming steady flow, neglecting inertia and the second derivative of the internal angular 

momentum s without assumptions of Shukla and Kumar (1987), the equation for fluid flow of 

Shliomis (1972) can be governed by 

    2
0

1
. 0

2 s

p q M H S I 


           (2) 

  0 ,sS I M H     (3) 

  0
BH

M M S M
H I


   , (4) 

Where p is the pressure,   being the viscosity of the suspension, 0  stands for the 

permeability of free space, H is the applied magnetic field, M be the magnetization vector, q

indicates the fluid velocity, I is the sum of moments of inertia of the particles per unit volume, 

(1/ 2) q   ,and 0M  is the equilibrium magnetization, together with continuity equation, 

 . 0q   (5) 

And equations of Maxwell 

 0H   (6) 

  . 0H M    (7) 

Using equation (3), we observe that equation (2) and (4) reduces to 
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0 0

1
. 0

2
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and 
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The Langevin’s parameter   is a measure of the dimensionless field strength. Neglecting the 

strong magnetic field 1   and s as per Shukla and Kumar (1987), the equation (9) can be 

approximated as 



Niru C. Patel et al.: MAGNETIC FLUID-BASED SQUEEZE FILM BETWEEN CURVED POROUS… 72 
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Where 
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with 6
s

I



  and  3 / ,B BV k T  where nV  stands for the volume concentration of the 

particles, Bk is the Boltzmann constant, n be the number of particles per unit volume, T is the 

temperature and  being the magnetic moment of a particle for spherical particles in suspension 

(Shliomis, 1972). 

One can express   as 
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With uniform magnetic field  00,0,H H and radial velocity component u in axially 

symmetric flow, equation (8) and (10) turns out to be 
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From equations (11-13), one obtains 
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Where 
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Solving equation (14) under the boundary conditions with slip 

0u  when 0z  , 
1 u

u
s z


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
 when z h  with 

1

s
 as a slip parameter. 

One can derive 

 

 

2
1

2 1a

z zsh z h dp
u

sh dr

 
 


(16) 

Where  1a   

Substituting the above value of u in the integral form of the continuity equation 
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With the Einstein’s viscosity of the suspension 0

5
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where the viscosity of carrier 

liquid 0 (Shliomis, 1972)) and 
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equations (17-18) take the form 
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As per the discussion of Bhat (2003), the conditions for the lower surface is solid and the 

porous facing of thickness *
H at the upper surface are,

0 0w  and 1
0h

a
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Where 0h is the squeeze velocity, 1P be the pressure in the porous region and permeability of 

the porous region k . 

Pressure 1P satisfies the equation 
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Using the Morgan-Cameron approximation, 
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Using equation (20) and (22), equation (19) yields 
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Solving the above equation, one can find 
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Upon establishment of the non-dimensional measures: 
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and use of equation (25), Equation (24) reduces to 
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Solving Equation (26) subject to Reynolds boundary conditions for the bearing 

    1 0P P k   (27) 

One can get the dimensionless pressure P as 
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The load-carrying capacity of the bearing can be found in non-dimensional form as  
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3. Results and Discussion 

In section 2, we have analyzed the mathematical relations for the considered problem. Here, 

graphical results are discussed. 

Here the equation (28) describes the non-dimensional pressure distribution, while equation 

(30) determines the dimensionless load carrying capacity (LCC). As compared with the 

conventional lubricants, this study tends to point out that the dimensionless pressure increases by  
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while the non-dimensional LCC increases by 
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due to the linearity of the magnetization parameter in both the expression. 

Considering 1 0
s
  and ψ→0, one can find the effect of the Shliomis model-based 

magnetic fluid in squeeze film annular bearing. Further, taking τ→0, this analysis reduces to the 
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study of annular plates without lubrication (Gupta and Vora, 1980)). Moreover, this investigation 

is the extension of the study carried out by Shah and Bhat (2005), including the combined 

influence of porosity and velocity with slip at surfaces. The graphical representations of the 

problem are presented in Figures (2) to (10). 

Figures (2) to (4) describe the variation of non-dimensional LCC concerning for Shliomis 

model-based magnetic parameter for different values of  ,  ,   and 1
s

 respectively. From 

Figures (2) to (4), one can find that the LCC enhances sharply with increasing magnetic parameter 

τ. But  (3) and (5) indicate that the effect of   and 1
s

 with respect to τ is not up to mark so far 

as the LCC is concerned. 

 

Fig. 2. Profile of LCC for  and   with 1
s

 =0.02,   =25,   =1.5. 

 

Fig. 3. Profile of LCC for  and   with 1
s

 =0.02,   =25,   =0.1. 
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Fig. 4. Profile of LCC for  and   with 1
s

= 0.02   =0.1,  =1.5. 

 

Fig. 5. Profile of LCC for  and 1
s

 with   =25,   =0.1,  =1.5. 

The distribution of the LCC regarding ɸ for different values of  ,   and 1
s

 is presented 

in  Figures(6) – (8). It is noticed that   decreases the LCC while the effect remains the same for 

1
s

 and   increases LCC marginally. 
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Fig. 6. Profile of LCC for   and 1
s

 with   =25, =0.1,  =1.5. 

 

Fig. 7. Profile of LCC for   and  with   =25, =0.1, 1
s

=0.02. 

 

Fig. 8. Profile of LCC for   and   with 1
s

=0.02, =0.1,  =1.5. 

From Figures (9) and (10), one can see the profile for the LCC concerning  . for the 

different values of   and 1
s

. The influence of LCC regarding   and   has negligible effect 
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as displayed in Figures (9). Although, the LCC increases with increasing the value of   with 

respect to 1
s

 as per figure (10). 

 

Fig. 9. Profile of LCC for   and   with 1
s

=0.02, =0.1,   =0.1. 

 

Fig. 10. Profile of LCC for   and 1
s

 with   =25, =0.1,   =0.1 

Figure (11) depicts the variation of LCC with respect to ψ for various values of 1
s

The rate 

of decrease in the LCC due to   is quite sharp. 
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Fig. 11. Profile of LCC for   and 1
s

with  =1.5, =0.1,   =0.1. 

From the graphical representation, one can suggest that the negative effect of slip velocity 

can be compensated by the magnetization parameter τ with the inclusion of the proper selection 

of other parameters. In general, the bearing can sustenance a load even if there is no flow. 

4. Validation 

The comparison of our study with the investigation of Shah and Bhat (2005) is discussed herein 

following tables to validate our research. 

 

Table 1. Profile of W  for   and  . 
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Table 2. Profile of W  for   and  . 

A comparison of the present study with the ones mentioned above indicates that the porous 

and slip effect may influence bearing’s performance by selecting the proper range of both the 

parameters. Perhaps, this could be due to the positive characteristic of the magnetization 

parameter and   (Table 1). 

A comparison concerning Table 2 shows that the present study is more preferable for the 

initial values of magnetization parameters, but if it increases, performance will also be remarkable 

in the previous study with respect to the upper plate’s curvature parameter. 

5. Conclusions 

The load lifting capacity increases when the solid phase's volume concentration and the curvature 

parameter are increased. From the present theoretical study, the Shliomis model is more effective 

than Neuringer-Rosenweig’s model due to Ferro particles' rotation and moments. The load 

capacity of annular squeeze film can be made ideal by a proper choice of curvature parameter of 

the upper plate, slip velocity and porosity. The present study may lead to a new scope toward the 

optimal performance of the bearing system. 
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