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ABSTRACT

The effects of various entities like slip and squeeze velocities, inlet-outlet film ratio, and the material parameter 
have been fairly explored in a hematite suspension based absorbent (porous) pad inclined slider. Mathematical 
expressions for pressure, load capacity (lifting force), friction, friction coefficient, and position of centre of pressure 
(COP) in terms of the above physical parameters have been acquired. Jenkins model has been employed as a 
mathematical set of governing equations. It has been found that an increase in the squeeze velocity has enhanced 
the load capacity and diminished the friction coefficient whereas the escalating values of slip velocity and material 
properties have reversed the trends. Besides, the optimum value of the inlet-outlet film ratio for maximum load 
capacity has reduced with a rise in the squeeze velocity. Improvement in material parameters shifted the position 
of COP slightly towards the inlet while an enhancement in the squeeze velocity and film ratio shifted the same 
slightly towards the outlet. The results acquired in the present paper will be helpful in designing and modifying the 
various types of fluid dynamic slider bearings.
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NOMENCLATURE
2λ  Material parameter
2λ  Dimensionless material parameter

ε  Permeability parameter
ε  Dimensionless permeability parameter
β  Material constant
ρ  Fluid density

vµ  Coefficient of viscosity
oµ  Permeability of Free space 
mµ  Dimensionless magnetic parameter
sµ  Magnetic susceptibility
0χ  Initial susceptibility of fluid

M  Magnetisation vector
M  Magnitude of magnetisation vector

sM  Saturation magnetisation 
*M  Co-rotational derivative of magnetisation

1/ τ  Dimensionless slip parameter
τ  Slip parameter

/i or  Inlet-outlet film ratio
F  External mag. field strength
  Film’s  height

0  Min. film’s thickness
1  Max. film’s thickness
  Dimensionless film’s height
κ  Porous matrix’s porosity
l  Bearing’s wall thickness

L  Bearing’s width
rP  Fluid’s pressure
rp  Porous region’s pressure
rP  Dimensionless fluid pressure

( , )x y  Cartesian’s coordinates
x  Dimensionless x-coordinate

xV  Velocity component/factor along x-axis
xv  Velocity factor along x-axis in the porous region
yV  Velocity factor along y-axis
yv  Velocity factor along y-axis in the porous region
xU  Uniform or regular sliding velocity factor with x-axis

V


 Fluid’s velocity
sqV  Squeeze velocity
sqV  Dimensionless squeeze velocity

A  Defined as in Eqn (27)
B  Defined as in Eqn (28)
C  Defined as in Eqn (31)
W  Dimensionless load capacity

rF  Dimensionless friction 
rf  Dimensionless friction coefficient
pC  Dimensionless position of centre of pressure (COP)

1. INTRODUCTION
Ferrofluids (FFs) more commonly known as magnetic 

fluids are a special class of synthesised fluids, which shows 
noteworthy variations in its flow behaviour under the effect of 
an externally applied oblique magnetic field. It contains fine 
ferro-magnetic particles such as 2 3Fe O (Hematite), 3 4Fe OReceived : 27 May 2020, Revised : 30 October 2020 
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(Magnetite), Ni Fe− , Co etc. dispersed in a base fluid called 
carrier liquid. These particles are coated with a surfactant to 
prevent clumping. Each tiny particle of hematite/magnetite 
can be treated as a permanent magnet with a high magnetic 
moment. Initially iron content in magnetite is more as 
compared to hematite. However, during machine operation 
where temperature rises due to friction (between pads of the 
slider bearing), there is a quite gain in the magnetisation of 
hematite particles. Also, hematite is more abundant in nature 
than magnetite so is economical.

Due to an external oblique magnetic field, FFs experience 
magnetic body forces. The magnitude of such forces depends 
upon the magnetisation of ferro particles. Long term stability 
and faster rate of heat transfer1,2 of FFs have fascinated the 
researchers dealing with the problems of various geometries 
like slider planer motion3 table, rotating disk4–6, circular disks7,8 
helical pipes9, etc. Ferro fluid lubrication10 plays an imperative 
role to enhance the heat transfer rate and the lifting force in 
thrust bearings11–13, journal bearings14–17, conical bearings18, 
inclined slider bearings19,20, exponential slider bearings21, ball 
bearings22 and textured rolling bearing23.

Shah & Bhatt24found that the Jenkins model is more realistic 
since it deals with the material used in the bearing design. 
Agrawal25 investigated that the magnetic factor improved 
the bearing’s load capacity without affecting the friction. 
Ram &Verma26 extended Agarwal’s  work and concluded 
that load capacity further enhances with the escalating values 
of magnetic factor and the material parameter. Ram27, et al. 
studied that the film ratio plays a vital role to affect the lifting 
force and found its optimum value for which the lifting force  
was maximum. 

The present paper is an extension of the work done by 
Shah & Bhatt24, Ram &Verma26 and Ram27, et al.. These 
researchers analysed the load capacity of the slider bearing 
for zero squeeze velocity. Shah & Bhatt24 and Ram &Verma26 

considered a particular value of the film ratio and hence 
did not studied the effects of altering film ratio on bearing  
performance. Ram27, et al. considered this gap but they did 
not give stress on the factors affecting the optimum value 
of the film ratio for maximum load capacity. Therefore, 
these gaps together with the squeeze velocity have been 
considered in the present paper, and the combined effects 
of all the above-mentioned factors have been studied. 
Besides load capacity, the present paper also includes 
the exploration of friction, friction coefficient, and 
position of COP with the effects of altering film ratio.  
The effects of various parameters on bearings characteristics 
have been analysed in tabular form and presented graphically. 
Also, the present work has not been carried out so far by 
any other researcher with hematite suspension based thin 
lubrication film under the above circumstances.

Applications of slider bearings: Various slider bearings 
such as journal bearings, thrust bearings, conical bearings 
etc. may be used in applications such as construction 
(expansion supports for bridges), precision tooling (boring and 
drilling machines, gear cutters, grinders, milling machines), 
agriculture, automotive, material handling and industrial  
equipments.

2. BEARING DESIGN, MATHEMATICAL 
MODEL AND APPROACH
The slider bearing in Figure 1 has a magnetic fluid film of 

thickness  within pads of length L . The film height   varies 
from 0  at the outlet to 1  at the inlet. The slider moves with 
a uniform velocity xU  along x-direction. The lower pad stator 
of the slider is having a porous matrix of width l  and porosity
κ  backed with a solid barrier.

Figure 1. Inclined slider bearing having a porous matrix.

Jenkins model has been employed as a mathematical set 
of following governing equations and a dynamic Reynolds 
equation is obtained for inclined slider.
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Further, Simpson’s one-third rule with a precision of 
5 significant digits (rounded to 4 digits) and step size 0.1 
is approached to calculate the non-dimensional values for 
different bearing characteristics.

3. FORMULATION
Employing Ram & Verma26on the above governing model, 

the following resultant equation has been obtained:
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         (7)

Now using the boundary slip conditions of  
Sparrow28, et al. i.e.
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being the slip parameter,  the solution of Eqn (7) is 

obtained as:
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Substitution of xV  in the integral equation for continuity 

in film region
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yields the following equation
 

( )
( )

( )
( )( )

3
2

(0)2

2
2 1

4
212 1 1 / 2

x

o s
r y

v s v

sq

U

d d P F V
dx dxF

V x

+ τ 
− + τ 

 + τ µ µ  − =  µ + τ −ρλ µ µ  
 
+ 
 
 

 



 



 
 (11)

considering ( )y sq
dhV V
dt

= = −h , the squeeze velocity of the 

slider in the downward direction. 
In the porous matrix, the fluid velocity components due to 

Ram and Verma26 are given as
2
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where κ and rp represents the porosity and the pressure 
respectively. 

The equation of continuity in the porous section yields
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and its integration (Morgan-Cameron29 and Prakash & 
Vij30) athwart the porous region ( ), 0l−  gives
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Now using Eqn (13), the fluid velocity athwart the porous-
film interface is obtained as:

2

0

(0) (0)
2

0

2
,

1
2

o s
r

y

y y
v x

s
y

P F
y

V v
V

F
x y

=

=

  µ µ ∂  −   ∂    κ
= = −  µ  ∂ ∂  − ρλ µ   ∂ ∂    

     (16)

Using Eqns (9), (15), and (16) in Eqn (11) yields
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which represents the Reynolds dynamic equation.

Now consider a field applied at an angle θ  in the 
x-direction and vanishing at the inlet & outlet.
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2
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where 1K  is a suitably chosen arbitrary constant. Now Maxwell 
Equation reduces to
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Substituting Eqns (18) and (19) into Eqn (20) gives us 
( , )x yθ  and it obeys the following differential equation:
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and
2 2 1/2(2 ) [ 4sin( )]C x L C L Cy− = −                                   (23)

remembering that the self-field created due to magnetisation 
has been ignored.

4. SOLUTION
Introducing the subsequent dimensionless variables:
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Equation (17) transforms into
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The Eqn (25)  can be written as
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Solving Eqn (26) with boundary  conditions,
(0) (1) 0,r rP P= =                                                         (29)

the equation for pressure in the film region is acquired as:
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For an inclined slider bearing
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The Expressions in dimensionless form for load capacity, 
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obtained as:
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5. RESULTS AND DISCUSSION

Using Simpson’s one-third rule, the non-dimensional 
values for different bearing characteristics resembling load 
capacity W , friction rF , friction coefficient cf  and position 
of COP pC  are computed and displayed in Tables 1-4  
and Figs. 2-5.

Results given in Tables 1-4 reveals ( 2
/0.001, 1.0, 0.3, 2.m i orε = µ = γ = =

2
/0.001, 1.0, 0.3, 2.m i orε = µ = γ = = ) that an enhancement in slip parameter 1/ τ  

results a decrease in W as well as rF and increase in cf  without 
much affecting pC . However, a raise in squeeze velocity 
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results an increase in W  as well as rF  and decrease in cf  
shifting pC  slightly towards the outlet. Therefore, the effects 
of 1/ τ are exactly opposite to that of the 
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Table1. Variations in non-dimensional load capacity for various 
values of material and slip parameters at different 
values of the squeeze velocity
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0.2704
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0.2443
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0.1953
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Table 2. Variations in non-dimensional friction for various 
values of slip and material parameters at different 
values of the squeeze velocity

2

λ  →
1/ τ ↓ 0.02 0.2 0.4 0.8 1.6
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0.7976
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0.8067
0.7996
0.7927

0.8298
0.8222
0.8149

0.9208
0.9115
0.9025

Table 3. Variations in non-dimensional friction coefficient for 
various values of slip and material parameters at 
different values of the squeeze velocity
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λ  →
1/ τ ↓ 0.02 0.2 0.4 0.8 1.6
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0.04

2.9270
2.9402
2.9521

3.0472
3.0603
3.0722

3.1975
3.2104
3.2221

3.5689
3.5807
3.5913

4.8895
4.8919
4.8934

2 226 2 (1 )
6

1 sq

x x
B V x

 + − λ γ − τ = −
 + τ 

 



0.4sqV

= 



0.02
0.03
0.04

2.6789
2.6921
2.7042

2.7963
2.8095
2.8217

2.9439
2.9571
2.9691

3.3123
3.3248
3.3361

4.6639
4.6680
4.6712



RAM & KUMAR : HEMATITE SUSPENSION BASED ABSORBENT PAD INCLINED SLIDER INFLUENCED By SLIP AND SqUEEzE 

189

Further, it is also noted that an increase in the material 
parameter 

2

λ causes a decrease in W  and increase in rF  as 
well as cf  shifting pC slightly towards the inlet.

The variations in , ,r cW F f  and pC w.r.t. the inlet-outlet 
ratio /i or of the lubricant film between the lower and upper pad 
of the slider are plotted in Figures 2-5 at 0.001,ε = 1.0,mµ =

2 0.3,γ = 2λ
2 0.02,α =  1/ τ1/ 0.02.s =

It is seen from Figs. 2-5, that there is an appreciation 
in W with an increase in the squeeze velocity. Also, there 
is an optimum value of /i or after that W starts diminishing 
means at this optimum value, there is a reversal in trends. 
The optimum values of /i or  for which W  is maximum, are 
different at different values of  

2 226 2 (1 )
6

1 sq

x x
B V x

 + − λ γ − τ = −
 + τ 

 



. For the squeeze velocity, 
2 226 2 (1 )

6
1 sq

x x
B V x

 + − λ γ − τ = −
 + τ 

 



0, 0.2, 0.4, 0.6 0.8sq     and V = , these optimum values of /i or  
are 2.2, 1.8, 1.6, 1.2 and 1 respectively. 

Further, rF  decreases due to increase in /i or  while it 
increases due to increase in  

2 226 2 (1 )
6

1 sq

x x
B V x

 + − λ γ − τ = −
 + τ 

 



. The effect of squeeze velocity  
2 226 2 (1 )

6
1 sq

x x
B V x

 + − λ γ − τ = −
 + τ 

 



 on friction is negligible for lower values of the inlet-outlet 
ratio. It is also noted that cf  reduces due to increase in  

2 226 2 (1 )
6

1 sq

x x
B V x

 + − λ γ − τ = −
 + τ 

 



 and
/i or . The squeeze effects are significant for smaller values of 
/i or  and a drastic fall in cf  can be observed, if the squeeze 

velocity is introduced. The position of pC  is shifted away 
from the inlet if we increase /i or  as well as  

2 226 2 (1 )
6

1 sq

x x
B V x

 + − λ γ − τ = −
 + τ 

 



. 
Validation with existing results: In Tables 1-4, the 

obtained results for  

2 226 2 (1 )
6

1 sq

x x
B V x

 + − λ γ − τ = −
 + τ 

 



0sqV =  are in a complete consonance to 
Shah & Bhatt24. Also, the trends in Fig. 2 for optimum value of 
the inlet-outlet ratio are similar to Ram27, et al..

Table 4. Variations in non-dimensional position of COP for 
various values of slip and material parameters at 
different values of the squeeze velocity

2

λ  →
1/ τ ↓ 0.02 0.2 0.4 0.8 1.6

2 226 2 (1 )
6
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 + − λ γ − τ = −
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 



0sqV

= 


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0.04

0.5437
0.5432
0.5427

0.5426
0.5421
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0.5412
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0.5402

0.5378
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0.5368

0.5254
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0.5247

2 226 2 (1 )
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B V x
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
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0.5442
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0.5410
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0.5400
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
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

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0.5487
0.5481
0.5476

0.5478
0.5472
0.5467

0.5466
0.5461
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0.5436
0.5430
0.5425

0.5311
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0.5302

Figure 2. Inlet-outlet ratio vs. Load capacity for different values 
of squeeze velocity.

Figure 3. Inlet-outlet ratio vs. Friction for different values of 
squeeze velocity.

Figure 4. Inlet-outlet ratio vs. Friction coefficient for different 
values of squeeze velocity.

Figure 5. Inlet-outlet ratio vs. Position of COP for different 
values of squeeze velocity.
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6. CONCLUSIONS
As the squeeze velocity has increased, the load capacity 

has enhanced and the friction coefficient has reduced 
significantly. However, reversal trends have been observed 
for slip and material parameters. Therefore, tuning can be 
made between the squeeze velocity vs. the slip velocity and 
material parameter to reduce the friction coefficient and hence 
to improve the load capacity.

The optimum value of the film ratio is 2.2 for zero squeeze 
velocity and is 1 for the higher value of squeeze velocity 0.8≥ . 
Therefore, it is recommended that the inlet-outlet ratio of the 
slider should be set up in accordance with the magnitude of the 
squeeze velocity to attain the maximum load capacity. 

It has been noted that an increase in the material parameter 
shifts the position of COP slightly towards the inlet whereas an 
increase in squeeze velocity and inlet-outlet ratio, shifts the 
same slightly towards the outlet. So, the position of COP can 
be balanced by choosing the inlet-outlet ratio and the squeeze 
velocity according to the material properties of the slider.
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