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Abstract  An attempt has been made to present an analytical solution for the performance characteristics of a 
magnetic fluid based double layered porous rough slider bearing. The Kozeny-Carman’s model and Irmay’s 
formulation are adopted for porous structures. The stochastic modeling of Christenson and Tonder is employed to 
evaluate the effect of transverse roughness of the bearing surfaces, in order to develop the associated Reynolds type 
equation. The expressions for pressure, load and friction are obtained. The graphical representations suggest that the 
Kozeny-Carman model scores over the Irmay’s model for an overall improved performance. It is noticed that the 
increased load carrying capacity owing to double layered gets enhanced due to the magnetic fluid lubricant and this 
goes a long way in reducing the adverse effect of roughness in the case of Kozeny-Carman model. 
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1. Introduction 
Among the hydrodynamic bearings, slider bearing is the 

simplest and frequently encountered because the 
expression of film thickness is simple and boundary 
conditions to be required zero at the bearing ends are not 
that complicated. The fundamental aspect in a 
hydrodynamic slider bearing is the formation of a 
conversing wedge of the lubricant. The hydrodynamic 
slider may be constructed to provide this converging 
wedge in a number of ways. [1] analyzed the effect of 
hydrodynamic lubrication of a plane porous slider bearing. 
It was manifest that the effect of porosity decreased the 
load carrying capacity and friction. [2] investigated the 
combined effect of permeability and couple stresses on the 
performance characteristics of a secant shaped porous 
slider bearing lubricated with Stokes couple stress fluid. [3] 
examined a series solution of the long porous slider 
bearing using the homotopy perturbation method.  

Both experimental and analytical researches indicate 
that lubricant film thickness, surface roughness, material 
hardness and run-in process have significant effects on 
lubricated rolling slider bearings. In past, many 
investigations such as [4-8] accounting for surface 
roughness effect, have been proposed in order to seek a 
more realistic representation of bearing surfaces. [9] 
investigated the stochastic finite element method analysis 
of finite hydrodynamic bearings with rough surfaces. [10] 
discussed some mathematical formulae for roughness 

parameters. [11] analyzed the thermal and roughness 
effects on different characteristics of an infinite tilted pad 
slider bearing. It was observed that for a non- parallel 
slider bearing, the load carrying capacity due to the 
combined effect was less than the load carrying capacity 
due to the roughness effect for both models (transverse 
and longitudinal).  

During the last few years a noticeable amount of 
progress has been made in the research for double layered 
porous bearings. Many investigations of double layered 
porous bearings were conducted. [12] presented an 
analytical solution for the performance characteristics of a 
double layered porous slider bearing. [13] studied the 
performance of a double layered porous journal bearing. 
[14] theoretically analyzed the performance of a double 
porous layered axially undefined journal bearing 
lubricated with ferrofluid, considering combined effect of 
anisotropic permeability of the double layered porous 
facing. All these studies concluded that the effect of the 
double layer was to increase the load carrying capacity 
and the frictional drag but to decrease the coefficient of 
friction. 

Lubrication occurs in engines and machines to reduce 
friction between the moving plates. Various kinds of 
fluids are used as lubricants. During the last decade, the 
use of magnetic fluid has received considerable attention. 
[15] investigated the effect of ferrofluid lubrication in 
porous inclined slider bearing. [16] analyzed the 
performance of a bearing with its slider in exponential 
form and stator with a porous facing of uniform thickness 
using a ferrofluid lubricant, considering slip velocity. [17] 
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considered the theoretical model of a magnetic fluid based 
porous slider bearing to study the slip velocity effect on 
the load carrying capacity of the bearing system. [18] 
discussed dynamic characteristics for magneto 
hydrodynamic wide slider bearing with an exponential 
film profile. [19] analyzed the study of a porous rough 
secant shaped slider bearing under the presence of a 
magnetic fluid lubricant. [20] investigated the 
performance of a hydrodynamic short porous journal 
bearing under the presence of a magnetic fluid lubricant. 
All these above studies established that the magnetization 
affected the bearing system positively while the bearing 
suffered owing to transverse roughness. [21] discussed the 
comparison of various porous structures on the 
performance of a magnetic fluid based transversely rough 
short bearing. Recently, [22] analyzed the combined effect 
of slip velocity and roughness on the magnetic fluid based 
infinitely long bearings. It was manifest that keeping the 
slip coefficient at minimum; the magnetization could 
compensate the adverse effect of the standard deviation. 
This study offered an additional degree of freedom 
through the form of the magnitude of the magnetic field 
for designing the bearing system.  

The aim has been to see which porous structure is more 
favorable to bearing design even if the bearing has run for 
a large period. The importance of this study lies in its 
application aspects especially, to control the diffusion 
mechanism for the drug-eluting stent and other related 
applications in tissue engineering. 

Here, it has been proposed to deal with the comparison 
of two different porous structures on the performance of a 
magnetic fluid based double porous layered rough slider 
bearing.  

2. Analysis  

 

Figure 1A. Configuration of the bearing system 

 

Figure 1B. Kozeny-Carman’s model of porous sheets 

The geometry and physical configuration of the 
problem is shown in the Figure 1A. All the assumptions of 

conventional lubrication theory are retained. For the 
details one can have a glance at [12]. The porous regions 
are assumed to be homogeneous and isotropic and the 
lubricant is incompressible and the flow is laminar. The 
pressure in porous region satisfies the usual Laplace 
equation.  

 

Figure 1C. Irmay’s model of porous sheets 

It is assumed that the bearing surfaces are transversely 
rough. According to the stochastic model of [4,5,6], the 
thickness ( )h x  of the lubricant film is taken as  

 ( ) ( ) sh x h x h= +  

where ( )h x  is the mean film thickness and sh  is the 
deviation from the mean film thickness characterizing the 
random roughness of the bearing surfaces. sh  is governed 
by the probability density function 
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wherein *c  is the maximum deviation from the mean film 
thickness. The mean α , the standard deviation σ  and the 
parameter ε ; which is the measure of symmetry of the 
random variable sh  are defined and discussed in [4,5,6]. 

Introduction of these assumptions lead to a modified 
Reynolds equation for the film region, similar to that 
obtained by ([12]) 
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Neglecting the side leakage effect and since there is no 
normal velocity, equation (1) reduces to  

 ( )3
1 1 2 212 12 6d dp dhh H H U

dx dx dx
φ φ µ + + =  

 (2) 

The magnetic field is taken to be oblique to the stator. 
[23] investigated the effect of various forms of magnitude 
of the magnetic field. The magnitude of the magnetic field 
is taken as  

 2 1 xM kx
L

 = − 
 
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where k  is a suitably chosen constant from dimensionless 
point of view so as to produce a magnetic field of strength 
over 10-23 [24]. 

Under the usual assumptions of hydro magnetic 
lubrication ([23,25,26]) developing equation (2) by 
incorporating the effect of magnetization, the Reynolds 
equation governing the pressure distribution is obtained as  
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Where 

 ( ) ( )3 2 2 2 2 33 3 3g h h h hα σ α σ α α ε= + + + + + +  

while 0µ  is the magnetic susceptibility, µ  is the free 
space permeability, µ  is the lubricant viscosity, 1φ  is 
permeability of inner layer, 2φ  is permeability of outer 
layer, 1H  is wall thickness of the inner layer, 2H  is wall 
thickness of the outer layer, U  is tangential velocity of 
the slider. 

The relevant boundary conditions are, 

 ( ) ( )0 0p p L= =  (4) 

The following non dimensional quantities are 
introduced, 
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Below are discussed the two models regarding the 
porous regions.  

2.1. 
A porous material is filled with globular particles (mean 

particle size cD ) which is given in Figure 1B. The 
Kozeny-Carman equation is a well-known relation used in 
the field of fluid dynamics to calculate the pressure drop 
of a fluid flowing through a packed bed of solids. This 
equation remains valid only for laminar flow. The 
Kozeny-Carman equation mimics some experimental 
trends and hence serves as a quality control tool for 
physical and digital experimental results. The Kozeny-
Carman equation is very often presented as permeability 
versus porosity, pore size and turtuosity. [27,28,29] 
suggests that the Kozeny-Carman formula leads to the 
relation  
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where e is the porosity. 

2.2. 

In Figure 1C, the model consists of three sets of 
mutually orthogonal fissures (a mean solid size sD ) and 
assuming no loss of hydraulic gradient at the junctions, 
[30,31] derived the permeability 
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where ( )1m e= −  and e  is the porosity ([32]). 
Therefore, the non dimensional two layered 

permeability for both the cases are defined as 
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Using boundary conditions (2) and non dimensional 
quantities, the dimensionless form of the pressure 
distribution is found to be 
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The non dimensional load carrying capacity of the 
bearing system then, turns out to be  
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where 
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Therefore, the dimensionless frictional drag exerted by 
the moving slider takes the form 
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3. Results and Discussion 
It is noticed that the non- dimensional pressure 

increases by  

 ( )
*

1
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while the increase in the dimensionless load carrying 
capacity is  
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as compared to the case of conventional fluid based 
bearing systems. The load carrying capacity in 
dimensionless form gets enhanced by at least 1% as 
compared to [12] for a smooth bearing system. Probably, 
this is due to the fact that the magnetization induces an 
increase in the viscosity of the lubricant. As the expression 
involved in (6) is linear with respect to the magnetization, 
an increase in magnetization parameter would eventually 
lead to increased load carrying capacity. 

As can be seen, Figure 2- Figure 15 concern with the 
comparison of load carrying capacity when porosity of 
both layers is either governed by Kozeny-Carman’s model 
or Irmay’s model for the permeability structure. Besides, 
the comparison of friction is provided in Figure 16- Figure 
29 for the above mentioned both porous structures. 

The variation of load carrying capacity with respect to 

2h  is exhibited in Figure 2- Figure 6. As can be seen from 
Figures 2-6 the load carrying capacity is more reduced in 
the case of Irmay’s model. Probably, this may be due to 
the fact that the motion of the lubricant gets unevenly 
opposed and the pressure drop is more [30]. However, the 
reduction remains almost marginal. 

 

Figure 2. Variation of load carrying capacity with respect to 2h  and ψ . 
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Figure 3. Variation of load carrying capacity with respect to 2h  and e  

 

Figure 4. Variation of load carrying capacity with respect to 2h  and ε . 

 

Figure 5. Variation of load carrying capacity with respect to 2h  and σ . 

 

Figure 6. Variation of load carrying capacity with respect to 2h  and α . 

The bearing system gets adversely affected owing to 
transverse roughness as the motion of the lubricant gets 
obstructed by roughness. 

Figure 7- Figure 9 present the variation of load carrying 
capacity with respect to the combined porous structures 
parameter. It is observed that the negatively skewed 
roughness and variance (-ve) cause increased load 
carrying capacity and this load carrying capacity is 
registered to be more in the case of Kozeny-Carman 
model. Further, the positive skewness, variance (+ve) and 
standard deviation turn in diminished load carrying 
capacity. This is because the obstruction rendered by 
standard deviation is relatively more in the case of Irmay’s 
model. Therefore, it is not difficult to see that here also the 
Kozeny-Carman model remains superior to Irmay’s model, 
so far as the adverse effect of roughness is concerned. 

 

Figure 7. Variation of load carrying capacity with respect to ψ  and ε . 

 

Figure 8. Variation of load carrying capacity with respect to ψ  and σ . 

 

Figure 9. Variation of load carrying capacity with respect to ψ  and α . 
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The effect of porosity given in Figure 10- Figure 12 
indicates that the porosity follows the path of porous 
structure parameter in reducing the load carrying capacity. 
The adverse effect of both the parameters associated with 
porosity is found to be comparatively more in the case of 
Irmay’s model. It is well known from [30] that the 
pressure drop is more in the case of Irmay’s model and 
hence the related decreased load. 

 

Figure 10. Variation of load carrying capacity with respect to e  and ε . 

 

Figure 11. Variation of load carrying capacity with respect to e  and σ . 

 

Figure 12. Variation of load carrying capacity with respect to e  and α . 

The effect of skewness presented in Figure 13- Figure 
14 suggest that positively skewed roughness decreases the 
load carrying capacity while the load carrying capacity 
increases due to negatively skewed roughness. Similar is 
the trends of variance so far as the load carrying capacity 
is concerned (Figure 15). This may be due to the fact that 
positive skewness opposes (although in a small quantity) 
the flow of the lubricant which is further aided by variance 
(+ve). 

 

Figure 13. Variation of load carrying capacity with respect to ε  and 
σ . 

 

Figure 14. Variation of load carrying capacity with respect to ε  and 
α . 

 

Figure 15. Variation of load carrying capacity with respect to σ  and 
α . 

 

Figure 16. Variation of Friction with respect to 2h  and ψ . 
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Figure 17. Variation of Friction with respect to 2h  and e . 

 

Figure 18. Variation of Friction with respect to 2h  and ε . 

 

Figure 19. Variation of Friction with respect to 2h  and σ . 

 

Figure 20. Variation of Friction with respect to 2h  and α . 

The variation of friction presented in Figure 16- Figure 
20 makes it clear that 2h reduces the friction in a good 

way. Further, the reduction of friction is found to be more 
(although in a small quantity) in the case of Kozeny-
Carman model. 

Likewise, the porous structure brings down the friction 
as can be seen from Figure 21- Figure 23. From Figure 22 
it is clear that porous structure introduces a negligible 
increase in the friction as well. A close scrutiny of these 
figures reveals that the friction reduction remains quite 
significant even if the bearing has run for a longer period 
even in the case of Kozeny-Carman model.  

 

Figure 21. Variation of Friction with respect to ψ  and ε . 

 

Figure 22. Variation of Friction with respect to ψ  and σ . 

 

Figure 23. Variation of Friction with respect to ψ  and α . 

The porosity parameter reduces the friction in a rapid 
way which is manifest in Figure 24- Figure 26. For 
smaller values of standard deviation and porosity 
parameter the friction increases and it decreases 
significantly after words (Figure 25). 
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Figure 24. Variation of Friction with respect to e  and ε . 

 

Figure 25. Variation of Friction with respect to e  and σ . 

 

Figure 26. Variation of Friction with respect to e  and α . 

 

Figure 27. Variation of Friction with respect to ε  and σ . 

 

Figure 28. Variation of Friction with respect to ε  and α . 

The effect of positive skewness is to decrease the 
friction which gets further decreased due to positive 
variance which can be seen from Figure 27- Figure 28. 

Figure 29 presents the variation of friction with respect 
to the standard deviation. Of course there is marginal 
increase in friction due to magnetization. 

 
Figure 29. Variation of Friction with respect to σ  and α . 

It is seen that the effect of transverse roughness on the 
variation of load carrying capacity with respect to the 
porous structures is almost negligible for this type of 
bearing system. Thus, there is no variation of friction with 
respect to the porous structure for different values of 
roughness parameters. 

For smaller values of the porosity, Kozeny-Carman 
model registers more increase in load carrying capacity as 
compared to Irmay’s formulation so far as the effect of 
standard deviation is concerned. Also, the decrease in 
friction is more in Kozeny-Carman model in comparison 
with the Irmay’s model. 

It is interesting to note that the increase in load carrying 
capacity is more in the case of Kozeny-Carman model for 
smaller values of skewness (up to -0.01) so far as the 
effect of standard deviation is concerned. In fact, the load 
carrying capacity after words decreases for both the 
models. The decrease in friction is found to be more in the 
case of Irmay’s model. 

Some of the graphs presented here, suggest that the 
magnetization may provide a little help in reducing the 
adverse effect of roughness and 2h  even in the case of 
negatively skewed roughness for Irmay’s model but the 
situation eases in Kozeny-Carman’s model. 

One has to reckon that the role of 2h  is quite significant 
for improving the performance of the bearing system. 
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The increased load carrying capacity due to 
magnetization gets further increased by the existence of 
double layer, this effect being more in case Kozeny- 
Carman model is taken into consideration. 

The effect of double layer is observed to decrease the 
friction force rapidly when Kozeny-Carman model is 
considered. 

The least rise in the load carrying capacity due to 
negatively skewed roughness in the case of Kozeny-
Carman model is by 2.3% approximately and this is 
approximately 1.4% in the case of Irmay’s model. 
Likewise, the load carrying capacity rises by close to 3% 
due to variance(-ve) in the Kozeny-Carman model while 
this increase in the load is by 2.3% in the case of Irmay’s 
model. 

4. Validation  
The conclusions are validated by giving a comparison 

of the load and friction of this investigation with some 
results from already published works. It is noticed that the 
load carrying capacity goes up at least by 1%. The results 
presented here jell well with those of the published article. 
However, here the load is substantially increased owing to 
the magnetization, in spite of the adverse effect of 
roughness. However, as can be observed there is a 
marginal decrease in the friction here. (I- the load carrying 
capacity/Friction of [12], II- the load carrying 
capacity/Friction of this manuscript for Kozeny-Carman 
model, III- the load carrying capacity/Friction of this 
manuscript for Irmay’s model).  

 

Figure 30. Variation of load carrying capacity with respect to 2h  and 
ψ . 

 

Figure 31. Variation of load carrying capacity with respect to 2h  and e . 

A close glance at the Figure 30- Figure 37 tends to 
suggest that the rate of decrease in the load carrying 
capacity gets decreased by more than 3% in the case of 
Kozeny-Carman model while the rate of friction decrease 
is 3.68% in comparison with the study of [12]. 

Further, the rate of decrease in the load carrying 
capacity decreases by just 1.5% in the case of Irmay’s 
model and the rate of reduction in the friction gets reduced 
by 1.8%. 

 

Figure 32. Variation of Friction with respect to 2h  and ψ .. 

 

Figure 33. Variation of friction with respect to 2h  and e . 

 

Figure 34. Variation of load carrying capacity with respect to 2h  and 
ψ . 
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Figure 35. Variation of load carrying capacity with respect to 2h  and e . 

 

Figure 36. Variation of Friction with respect to 2h  and ψ . 

 

Figure 37. Variation of Friction with respect to 2h  and e . 

5. Conclusion 
An important observation is that this type of bearing 

system supports a good amount of load even in the 
absence of flow unlike the case of a conventional lubricant 
based bearing system and this load supporting capacity is 
found to be more in the case of Kozeny-Carman model. It 
is appealing to note that the porous structure parameter for 
both the models causes an increase in the load carrying 
capacity with respect to the standard deviation. This can 
be channelized while designing the bearing system. This 
investigation reveals that the Kozeny-Carman model 
registers a superior performance as compared to Irmay’s 

model even if double layered is in place. The Kozeny-
Carman model may be preferred from bearing’s life period 
point of view. This is all the more necessary when the 
bearing has put in a long run.  
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