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Abstract- The present article theoretically analyses the impact of surface roughness and micropolar lubricant
between two elliptical plates under the application of an external transverse magnetic field. An upper plate has a
smooth surface, and a fixed lower plate has a porous material and roughness pattern. The film region of thickness Hj,
composed of a nominal smooth and rough component, bridges the gap between the bearings and is filled with a non-
Newtonian micropolar lubricant that is viscous, incompressible, and electrically conducting. For a one-dimensional
longitudinal roughness pattern, the related stochastic Reynolds equation is obtained in the film region and solved
analytically.Squeeze film characteristics, such as pressure distribution, load- carrying capacity, and squeeze film time
of the bearings approach, are analyzed in the results. Squeeze film characteristics are increasing significantly for non-
Newtonian micropolar and large roughness parameters and Hartmann numbers. These, on the other hand, are
decreasing compared to the corresponding classical case for increasing permeability parameters. Nevertheless, as
with the magnetic field, the higher values of the fluid gap number and coupling number also improve the lubrication
properties.
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[. INTRODUCTION

Magnetohydrodynamics (MHD) is a basic framework that analyses the dynamics of magnetic fields in
electrically conducting fluids underlying the physical-mathematical system. MHD's key principle is that
magnetic fields can induce currents in a moving conductive fluid, create fluid forces and alter the
strengths of the geometry and magnetic fields. Due to the significant industrial significance of MHD, such
as MHD pumps, MHD generators, etc., many researchers are inspired to work on MHD. We can find a
variety of theoretical studies in literature on squeeze film bearings with the MHD effect. Kuzma [1] and
Kuzma et al. [2] examined the behaviour of the squeeze film hydromagnetic theory, Shukla [3] researched
the efficiency of the squeeze film magnetohydrodynamic theory for lubricant conduction, and several
researchers [4-10] analyzed the performance of the hydromagnetic squeeze film between parallel plates
of different bearings. All these studies have shown that the effect of the Hartmann number is to increase
pressure, load-carrying capacity and squeezing time. In industry and engineering, theoretical and applied
experimentation in micropolar fluid flow has attracted interest for a few decades; micropolar fluids
generating micro rotational effects and micro rotational inertia are a subclass of micro fluids. To
understand the flow behaviour of the micropolar fluid, the micro-continuum theory was developed by
Eringen [11]. Experiments with various bearings and boundary conditions were studied by Aelen and
Kline [12], Shukla and Isa [13], Roopa et al. [14], Naduvinamani and Huggi [15], Brinda and
Hanumagowda [16], Siddanagouda and Patil [17], Prawal and Chandan [18], Isa and Zaheerudhin [19]
and Roopa et al. [20]. Their studies show that improving the load carrying capacity and squeezing time is
the result of micropolar lubricant.

In general, surface roughness and porosity play an important role in the characteristics of squeeze films.
Shorter frequency of real surface relative to the troughs determines surface roughness. Each component's
microscopic asperity greatly affects it. Differences in roughness are visibly different; however, they also
influence the amount of wear, the ability to form a seal when a piece meets another surface, etc. A
stochastic approach was developed by Christensen for the study of roughness in hydrodynamic
lubrication [21]. A porous medium is characterized by the material carrying pores; they are typically full
of fluid. In daily usage, much of the machinery has porous bearings to reinforce a revolving shaft. These
bearings play an important role when dealing with noise, lubricant loss, premature failure, and
intermittent friction. Surface resistance and porous media have made significant advances in the case of
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squeeze film bearings. Much research has been conducted on the fundamentals and possible effect of
stochastic models of roughness on momentum and energy. Pragana et al. [22] examined the performance
of rough, porous elliptical plates in hydromagnetic squeeze film, Naduvinamani et al. [23] discussed the
performance of magnetohydrodynamic squeeze film between rough, porous rectangular plates,
Sundarammal et al. [24] examined the performance of MHD squeeze film between finite porous
rectangular parallel plates, Ramesh et al. [25] discussed numerical solution of magnetohydrodynamic
squeeze film between rough, porous rectangular plates. Their studies show that for increasing roughness
and Hartmann number, pressure, load-carrying capacity, and squeeze time increase, whereas for
increasing permeability parameters, these are found to decrease.

No attempt has been made to study the effect of micropolar squeeze film lubrication between elliptical
plates under the application of an external magnetic field, as knowledge acquired by the researcher. The
bottom plate has a pattern of porous material and roughness, and a smooth surface is on the upper plate.
The two-dimensional non-Newtonian, modified hydromagnetic Reynolds equation is obtained by
applying the concept of micropolar fluid and hydromagnetic flow theory along with stochastic models for
rough surfaces and Darcy’s law for permeability. The effect on elliptical bearings of MHD, micropolar
lubricant, roughness, porosity, and aspect ratio are discussed. We also discussed the various primary
effects, such as distribution of pressure, load-carrying capacity, and squeezing time. Finally, by briefly
writing on the key observations and their practicality in inventing bearings, it concluded.

II. MATHEMATICAL FORMULATION OF THE PROBLEM
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Fig.1 The physical structure of rough, porous elliptical plates with micropolar fluid under the MHD.

This structure is made up of the flow of electrically conducting viscous isothermal incompressible non-
Newtonian micropolar lubricant between two elliptical plates. There is a smooth surface on the upper
plate, and a fixed lower plate has a porous pattern of material and roughness. As in Figure 1, the physical
squeeze film structure appears. The upper plate proceeds towards the lower plate with a constant

velocityd—t1 . A continuous transverse magnetic field By is applied in the y-direction. The thin film gap is

separated by thickness H, is composed up of two partsas H = H, +h,(x, &, ), where H; = 2h(t) and
h(t) denotes smooth part of the film geometry, h,is a randomly varying quantity of zero mean and is a

segment due to the surface asperities measured from nominal smooth level and f is the index parameter

which determines exact roughness pattern.

Fluid inertia is assumed to be nominal, and body forces are negligible except Lorentz force. Basic
regulatory equations of motion for micropolar fluid in the Cartesian-coordinate system with thin-film
hydrodynamic lubrication theory are bound by these assumptions.
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Here variables (U,V,w)are lubricant velocity elements in the film region in the (X,Y,Z) directions,
respectively. v, andv, Micro rotational velocity components, p represents film pressure, o denotes
electrical conductivity of the fluid, y denote spin viscosity, y denote viscosity co-efficient of micropolar
fluid, B, denote magnetic field, and x indicates Newtonian viscosity.

For the velocity elements, the necessary boundary conditions and micro rotation elements are:
At the upper rough surface side y=h

d(Hy)

u=0,w=0andv= (6)
dt

vp=v =0 (7)

At the lower porous surface side y =-h

u=0,w=0and v=v, (8)

v, =V, =0 9)

Equations (2) and (4) are solved to get the differential equation governing the velocity component u and
similarly equations (3) and (5)are solved for differential equation governing the velocity component of W

.64u 2
y_ay'kﬁu = gl(X)
(10)
o'w  d*w
e —ayww: 9,(X) (11)
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Using boundary conditions (6) to (9), expressions were derived for u and w as
f,SinhBh (CoshAh — CoshAy) - f;SinhAnh(CoshBh — CoshBy) | 1 p
u=-
f,SinhBhCoshAh — f;SinhAhCoshBh

f,SinhBh(CoshAh — CoshAy) - f;SinhAh(CoshBh — CoshBy) | 1 &p
w=-— —.
f,SinhBhCoshAh — f;SinhAhCoshBh oB. o

2 2
Where o _ [@*Na® =47 o |a—Na®—ap o 208 —(2us )N 2087 —(2u+ )B®
2 2 2xA 2B

Integrating the equation of continuity (1) across film thickness concerning y and using boundary
conditions (6) to (9), one can get a generalized hydrodynamic Reynolds equation as

(13)

2 2

G[a §+a Ej_d(Hl)_vp "
ox oz dt

Here,

Bf,SinhBh ( AhCoshAh — SinhAh) — Af;SinhAh (BhCoshBh — SinhBh)
oBS AB( f,SinhBhCoshAh — f;SinhAhCoshBh)
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where Vp = (u*,v*, W*) denotes velocity component of the lubricant, which enters the porous region at

the surface. The usual Darcy's law governs the velocity of the fluid through the porous area. So
* k op”

u =— (15)
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Where p>k is the pressure in the porous region and d2 =1+ ko-iwhere K is the permeability of the
m(u + )

porous area and misthe porosity.
The continuity equation of the flow of lubricant in porous region is,

ou” ov ow

—+—+——=0 (18)
OX oy 0z

Using equations (15), (16), and (17) in equation (18) we have

a%p" o’p"  ,0%p"

z T 2+ 2

OX oz oy

The investigation now gives the result of Reynolds equation (14) for fluid film pressure together with

op*

~0 (19)

Laplace equation (19) for the pressure in a porous region, with a general at the boundary. The
thickness O of the porous facing is assumed to be significantly small; the average pressure at any section
of the porous region can be taken equal to the pressure in the lubricating film. Integrating the Laplace
equation (19) with respectto Y over the porous layer thickness ¢ ;4 using the solid backing boundary

op™ _
condition —— =0 aty = —O0—h,we get that
oy
* 2 % 2 %
x :_da{a 2 L0 2 ] (20)
N |y——h ox oz
Using equation P*(X,—h) = p(x,—h) and p*(z,—h) = p(z,—h) in (20), we can write,
ks [o°p &
Vp = 2 §+ E (21)
(u+x)d“\ ox* oz

Substituting the value of V,, in equation (14) and simplifying

i G+k75 6p}+a G+k75 ap}—d(Hl)
OX (,u+;()d2 OX oz (,u+;()d2 oz - dt (22)

The above equation is the modified Reynolds equation that describes the MHD and porous influences in
the fluid film region. To analyze the impact of roughness, we use the stochastic average of the Reynolds
equation (22) as

o E G+7k5 5 » +E E G+7k5 5 o [ _ d(EH)) (23)
x (+x)d” ) ox oz (u+x)d” ) ez dt

0 ko oE 0 ko oE d(E(H
9l e@)+ i M, 2 EG) + 2 (p) | _ d(E(Hy) (24)
ox (u+y)d” ) ox oz (u+y)d° ) @ dt
Where expectancy operator E(*) is given by
o
E() = ] (#)f(hy)dh (25)
—00
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Where hs represent the stochastic film thickness variable and f is its probability density function. By
Christensen [21], we can accept that,

35 2 2.3
———(c"-hl),-c<h. <c
t(h) =1z’ & ™) s < (26)
0, elsewhere

Here, C = +30 is the total range of random film thickness and O is the standard deviation. There are
two kinds of one-dimensional roughness pattern; they are longitudinal and transverse roughness
structures. The one-dimensional longitudinal roughness is assumed to have the form of long narrow
ridges and furrows running in the X direction whereas, transverse roughness is of the form of long
narrow ridges and furrows running in a direction perpendicular to the direction of sliding. The present
analysis is carried out only for one dimensional longitudinal roughness and one-dimensional transverse
roughness can be obtained by just rotating the co-ordinate axes.

In this case the film thickness takes the form H = H, + h,(x, &) , then equation (24) becomes,

L[ ks 2 EM|, o 1 ks 2 GE(p) | _ d(E(HD) 57
X (u+x)d ox oz E(l) (u+y)d oz dt
G
O’E(p) ., 0°E(p) d(E(H))
R R = 28
P A e dt (28)
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2 2.3
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From (25), we have E(H,) =H, (32)
0°E(p) | 0°E(p) _ dH,/dt (33)
ox* oz° R,

Boundary conditions for pressure are,

E(p)=0 at X=0;a and z=0;b

(34)

Where aandb are finite dimensions of semi-major and semi-minor axes of elliptical plates in Xand Z
directions. Outside the fluid film area, there is no difference in the pressure distribution.

Introducing the following suitable non-dimensional parameters into equation (33) and (34)

+« X « 2z 4+ H Hy+h H h 2h h + L+ + @ ks c
X =—-,z =—,H zizgzil_,_is:i_g_is:Hl +hg,a =—,l//:—3,C=7,
a b Hy Hy Hy Hy Hp Hg b Hg Hg
_ 3 3 ’ . EW)HZ
o __ —E(PMHo W - E(W)Ho2 , ,5:iandT :%(35)
pab(dH, /dt) u(dH, /dt)a’b H, uah
We get the hydrodynamic non-dimensional Reynolds equation as
_— o’°P" . 0%P”
E(G (H, .N.LLM,y))| —5+R —5 |=-12 (36)
OX oz
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Here, N denotes non-Newtonian coupling number, Hy denotes initial film thickness, L denotes fluid gap
interacting number, M denotes Hartmann number,C represents dimensionless roughness parameter,

* *
represents dimensionless permeability parameter, a* denotes aspect ratio, X and Z denotes
dimensionless coordinates, H, denotes non-dimensional film thickness, P* is the dimensionless film

pressure, W is the dimensionless load carrying capacity and T is the dimensionless squeeze film time.
The relevant non-dimensional boundary conditions for fluid film pressure are:
2 2

X z
P*(xl,zl):Oat %+L2:1 (37)
a b
The solution of equation (36) using boundary condition (37), one obtains the non-dimensional pressure
distribution as,
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The load-carrying capacity can be determined by integrating the film pressure equation (38)

The dimensionless carrying capacity can be obtained as
. WH a" 3

__ _ 39
u(d(2h)/dtya’h®  (R'a" +1 E{G*(Hl*,N,L,M,z//)} %)

Time height relation, that is, the time taken by the upper plate to reach film thickness H;, is calculated in
non-dimensional form using the condition Hl* =1atT =0

. a’ 1 3 .
T = * %D -[ * * dHl (40)
R'a™ +1JH; E{G"(H,'\N,L,M,y)f

[II.  RESULTS AND DISCUSSION

In the presence of an external transverse magnetic field, a streamlined mathematical model was
developed to experiment with the effects of surface roughness and micropolar lubricant between two
elliptical plates in which a smooth surface is on the upper plate and a porous material and roughness
pattern is on the fixed lower plate. Bearing lubrication characteristics such as squeeze film pressure P*
load-carrying capacity W* and squeezing time T* are acquired as functions of Hartmann number M
(magnetization parameter), roughness parameter C, porosity I/, aspect ratio a* non-Newtonian coupling

number N, film thickness H;" and fluid gap interacting number L, as shown in graphs 2-13. Excellent
agreement on the basic values of non-dimensional parameters was developed in the following limiting
cases.

Table.1: Comparison of Brinda Halambi and Hanumagowda [5] with the present analysis for different values of L when N =
0.4,H;"=0.5and a*=1.2.

BrindaHalambi and Present analysis
M Hanumagowda [5] (¥ >0,C-0)
L=0 L=0.1 L=0 L=0.1

p 0 23.6136 27.7867 23.6136 27.7867
4 33.019 37.2015 33.019 37.2015
W 0 11.8068 13.8934 11.8068 13.8934
4 16.5037 18.6007 16.5037 18.6007
T+ 0 73.0705 86.7843 73.0705 86.7842
4 78.4824 92.2053 78.4824 92.2053

Table.2: Comparison between Roopa et.al [12], Roopa et.al [18] and the current research with L= 0.05, H;"= 0.5, and a*= 1.2
for different N values

P t analysi
Roopa et.al [20] resent analysis

N (M—0,C-0)
w=0 w=01 w=0 W =01
p 0 23.6066 2.2270 23.6066 2.2270
0.5 28.9321 3.58984 28.9321 3.5898
w* 0 11.8033 1.1152 11.8033 1.1152
0.5 14.4661 1.7964 14.4661 1.7964
313| Brinda Halambi Micropolar Squeeze Film Lubrication Analysis between Rough Porous

Elliptical Plates and Surface Roughness Effects under the MHD



0 73.0553 0.9286 73.0553 0.9286

*
T 0.5 95.6147 1.4689 95.6147 1.4689

Q) When the surface is smooth (C—0) and impermeable (¥ —0), an excellent rapport between the

present study findings and that of Brinda Halambi and Hanumagowda [5] has been obtained.

(if) An excellent finding has been found between the present study and that of Roopa et al.[20] when
fluid flow is nonmagnetic (M—0) and the surface is smooth (C-0)

The comparative study of (i) is shown in table.1 for different M values and (ii) is shown in table.2 for
different N values. For the following non-dimensional values, analysis of the experiment is taken.

W =0to00.1 M=0to8 N=0t00.8 L=0t00.3 Hi=0.5t00.9 a*=0.1to10.

Squeeze film pressure: Figure.2 is a variation of pressure P* as a function of coordinate x* for distinct
values of C and ¥/ carrying all the other variables unchanged. The figure shows that the roughness

parameter C increases the distribution of pressure in contrast to a smooth surface (C = 0). This is because
of surface asperities that minimize the fluid's sideways leakage and decrease the fluid’s velocity. So, in the
fluid film area, huge quantities of fluid are stored and that creates a huge distribution of pressure. Also, it
is noted that effect of porosity I/ is to decrease the squeeze film pressure P* The leading path for fluid

flow was set off by pores on the porous face. This reduces the amount of fluid in the film region; hence
pressure built-up is also decreased. Figure.3 is a deviation of pressure P* as a function of coordinate x* for
distinct values of C and Mcarrying all the other variables constant for micropolar lubricant. It is observed
from the figure that magnetic field M can support more pressure distribution in fluid film region as
compared non-magnetic case (M = 0) respectively. As in case of roughness the applied magnetic field
normal to the flow also minimizes the velocity of lubricant. So, flowing out of the lubricant of the elliptical
plates was reduced and more fluid is retained in fluid film region, due to which pressure rise also
increased. As M increases squeeze film pressure increases again. Figure.4 and figure.5 is a depiction of
pressure P* as a function of coordinate x* for distinct values of C and Nand C and Lrespectively, carrying
all the other variables constant for micropolar lubricant. From both the graphs it is seen that squeeze film
pressure P* increases for non-Newtonian fluid as compared to Newtonian case (N=0 and L=0)
respectively; and higher enlargement are observed with enhanced values of non-Newtonian coupling
number N and fluid gap interacting number L again. This is because non-Newtonian micropolar lubricant
provides additional opposition to the moving fluid. The substantial quantity of fluid would remain in the
region, which generates large pressure distribution.

Load carrying capacity: Figure.6 presents the variation of W* with respect to log,o(a*) for different
values of C and M carrying all the other variables constant for micro polar lubricant. It is noticed from the
graph thatroughness C and magnetic field M can strengthen more load carrying capacity in fluid film
region as compared to smooth surface (C = 0) and non-magnetic case (M = 0) respectively. As described in
the foregoing segment,

314—' Brinda Halambi Micropolar Squeeze Film Lubrication Analysis between Rough Porous
Elliptical Plates and Surface Roughness Effects under the MHD



«
+
"t »
. . »t
A= N
" :
xh
ME ‘
Lds ™y
rl
3 3 1
»m (L33
wr
5L (33 1Y (=0 [ &
—a— M= M=0
¢ yres ; I R T
" 3 3 e M- -
—=p=l vy *r
—= =
ol e 00 e O] { W=l o=y
—— = 0001 v =0 ' 4 b 4 | b ¢} 4 ) g~ie g ) F -
S Y W S T PO S R W1 PR SR 10 A A% AT &k A% A4 A0 A2 B1 A0 M 0D A R4 OAS WA BT O MY 1
A AY AR AT A AN A A0 AL A R R R A BT e x*

Fig.3 Non dimensional pressare P* variation with noo dimessional cosedinate x* for
et vaues of C aod M with L= 0.2,y = 00, ) =05, a* L4, N 03, e = .04,

X
Fig.2 Nea dimensional pressure P* variation with non dimensional coordinate x* for
different values of C and y with V=03, L=02, H; =050" =14, m=006, 5=01,

Meband:* =0, d=land:* =0,
- L]
Y
L3S
&4
ok
ok
e
»i
TS
»h
’l
»nh ¥t / \
/ \
'/ \
- ®he y
J =0 =0
wh () =0 " ey =) =9
—e—l=0 L=t ~e—N=(2 N=41
‘b
o | =008 L=0ps ¥ = 4 V=04
et S M [ M M TN TR R WY TR U N T L L1 Raul

' | | W W N S —— ) ! A b
4 4 4" 4 o .A! (LI AR S L PR LA T R LR R
X

AR AY AR AT AN A5 M AT AT B UM T
Fig4 Nea dimensional pressure P* \:rini:n with non dimensionsd coordinate x* for
differemt vadues of C amd ¥ nilh,il=b.ﬂ;=0.5.t=D.2.a'=l.l.v=ﬂlﬂlll.m=ll.ﬁ.
S=010and *=IL

Fig.$ Nea dimenshnal pressure P* variation with non disensional coordinate x* for
tiﬂ'ﬂﬂtﬂmvf{'ndl-iti\=0.\.V=6.II;=.5.:‘=l.l.v-l.(ﬂl.lﬂ“.
§=0land 2 =
impacts of roughness and magnetization parameter are to decrease the velocity of the fluid; as an
outcome pressure distribution rises in the fluid film region which produces an enhancement in load
capacity of the bearings. An increment in the values of M produces fluid to gain more magnetization
which in turn interacts with the magnetic field imposed. This fluid builds more pressure distribution
therefore load carrying capacity also improved for larger values of M. It is exciting to record that there

occurs a critical value a: of the aspect ratio @ at which the influence of roughness vanishes. At a critical
value a: impact of roughness is to improve load carrying capacity for a > a: and the movement is

interchanged for a’ < a:. Also, the same tendency has been noticed for other two magnetic fields.

Figure.7 and figure.9 describes the variation of W* with respect to log;,(a*) for different values of C and
N and C and L respectively, carrying all the other variables constant for micro polar lubricant. Both the
graphs show that as roughness increases the load carrying capacity Increases. The influence of micro
polar non-Newtonian fluid is to enhance the load carrying capacity compared to Newtonian case (N = 0 or
L = 0). It is noticed that load capacity is increased with increasing values of non- Newtonian coupling
number N and non - Newtonian fluid gap interacting number L. Figure.8 is a plot of the variation of W*
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with respect to log;o(a*) for different values of ¥ and C carrying all the other variables constant for

micro polar lubricant. It is observed that load carrying capacity decreases with respect to porosity as
compared to impermeable case (i = 0). It is credited to the effect of decreased squeeze film pressure for

porous fluid film region. Also, it is noticed that load carrying capacity is increased for roughness
parameter C as compared to smooth case (€ = 0) and larger values of C also increases load carrying

capacity.
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Squeezing film time: Figure.10, figure.11, figure.12 and figure.13 are the variation of T* as a function of
H;" for distinct values of C andly/, C and M, C and N, and C and L respectively, carrying all the other

variables constant. These graphs show that squeezing time reduces as film height increases. Also noted
that impact of roughness parameter C is to lengthen the squeeze time of approach compared to smooth
case (C = 0). It is observed from figure.10 that the influence of permeability parameter is to reduce the
squeezing time for both rough and smooth surface and for increasing i/, the squeezing time decreases.

Figure.11 shows that applied magnetic field M increases squeeze film time as compared to non- magnetic
case (M = 0). Also, as Hartmann number increases the squeeze time also increases. The applied magnetic
field prevents fluid flow in the film region. So, flowing out of the lubricant of the elliptical plates was
reduced and more fluid is retained in fluid film region. Thus, the magnetic field provides the lengthened
squeeze time of approach of the upper plate which reduces the coefficient of friction. The nearer effects
also have been noticed from figure.12 and figure.13, in which the impact of non - Newtonian parameter N
and L are to improve squeeze time compared to Newtonian case (N = 0 or L=0). It is noticed that squeeze
time is increased with increasing values of non - Newtonian coupling number N and non - Newtonian fluid
gap interacting number L.

IV. CONCLUSIONS

The effect of surface roughness and micropolar lubricant between two elliptical plates in which the upper
plate has a smooth surface and a fixed lower bearing has a roughness pattern and porous material is
determined by applying the principle of micropolar fluid and hydromagnetic flow theory together with
stochastic models for rough surfaces and Darcy law. Subsequent assumptions are drawn as a result.

» An important effect is the magnetic field and surface roughness. Compared to smooth and non
magnetic cases, they noticeably impart much needed higher squeeze film pressure, load- carrying

capacity, and squeeze time. For larger parameters of roughness (C) and Hartmann number (M)
lubrication characteristics are also recorded to increase.

» As compared to the impermeable case, the effect of the permeability parameter is to reduce the
lubrication characteristics. In addition, these features decrease with increasing permeability parameters (

v).

> For larger values of non-Newtonian coupling number (N ) and fluid gap interacting number (L)
bearing characteristics are found to increase.

» Compared to the corresponding Newtonian lubricant, lubrication properties for micropolar lubricant
have improved significantly..

» The current study results compare favorably with those of Brinda Halambi and Hanumagowda [5] (
¥ - 0,C - 0) and Roopaetal. [20] (C - 0, M - 0)

In general, these guidelines allow designers to choose the correct magnetic field and aspect ratio for a
given roughness and permeability through which the bearings can be guaranteed to operate effectively.
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