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Abstract:

The theoretical investigations made in this paper
are to study the combined effect of pressure-dependent
viscosity (PDV) and micropolar fluids on squeeze film
circular step plate. The modified Reynolds equations
in both the regions accounting for the pressure-
dependent viscosity of micropolar fluids are
mathematically derived. From the analysis, it has been
found that the non dimensional pressure, non
dimensional load carrying capacity, and non
dimensional squeeze film time decreases with
increasing value of non dimensional step distance (K)
and increases as compared with iso-viscous lubricant
case.
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1 Introduction

Numbers of theories have been proposed to
explain the peculiar behaviour of fluids which contain
microstructures such as additives, suspension of
granular matter. The theory of micropolar fluids
introduced by Eringen[1-2] deals with a class of fluids
which exhibits certain microscopic effects arising
from the local structures and micro motion of fluids
elements. These fluids can support stress movements
and body movements and are influenced by the spin
inertia. A subclass of these fluids is the micropolar
fluids which exhibits the micro rotational effects and
micro rotational inertia. Eringen’s micropolar fluid
theory defines the rotation vector called micro rotation
vector, setting up of stress-strain rate constitutive
equations. The study of micropolar fluids has received
considerable attention due to their applications in a
number of processes that occur in industries such as
the extrusion of polymer fluids, Solidification of liquid
crystal, animal bloods, Exotic lubricants and Colloidal
solution.

Several researchers used the micropolar fluid for the
study of several bearing systems. The properties of
micropolar lubricant were examined by Maiti[3] in
reference to composite and step slider bearing. The
lubrication theory for micropolar fluids and its
applications to a journal bearing is presented by
Prakash and Sinha[4]. In their study, the orders of
magnitude arguments are used to reduce the governing
balance equations to a system of coupled ordinary
differential equations and are solved subject to
appropriate boundary conditions. Micropolar fluid
lubrication of one-dimensional journal bearings is
presented by Isa and Zaheeruddin[5]. It is found that
the load carrying capacity increases as the micropolar
parameter increases and decreases as the step height
increases. Agarwal et al.[6] made a theoretical study
of a porous pivoted slider bearings lubricated with
micropolar fluid and proved that their load capacity is
greater than with Newtonian fluid. Sinha and Singh[7]
applied in Eringen theory the study of lubrication of an
inclined stepped composite bearing with additives in
lubricant. Their results were in good agreement with
experimental observations. Prakash and Tiwari[8]
presented an analysis of the squeeze film between
porous rectangular plates including the surface
roughness effects. These authors shown that, the
nominal geometry as characterized by the aspect ratio
of the plates has a profound effect on the system. The
analytical solution of the problem of squeeze film
lubrication of micropolar fluid between two parallel
plates is given by Bujurke et al.[9]. The performance
of finite journal bearings lubricated with micropolar
fluids is analyzed by Khonsari and Brewe[10]. The
finite Reynolds equation for micropolar fluids is
solved by applying central finite difference scheme. It
is shown that although the frictional force associated
with micropolar fluid is in general higher than that of a
Newtonian fluid, the friction co-efficient of micropolar
fluids tends to be lower than that of Newtonian. Huang
and Wang [11] studied the dynamic characteristics of
finite width journal bearings with micropolar fluid and
have analyzed the dynamic characteristics of finite
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width journal bearings lubricated with a micropolar
fluid by linear stability theory. The stiffness and
damping coefficients and the critical stability
parameter for the micropolar fluid are obtained and it
is reported that the normal stiffness coefficient is
larger while the damping coefficient is smaller for
micropolar lubricants.

Khonsari[12] studied the effect of viscous
dissipation on the lubrication characteristics of
micropolar fluids and shown that the heat generation
due to viscous dissipation plays an important role on
the load carrying capacity of a journal bearing
lubricated with micropolar fluids. On the conical
whirls instability of hydrodynamic journal bearing
lubricated with micropolar fluids is presented by Das
et al. [13]. It is found that, for any micropolar
lubrication condition, the bearing is always stable as
the ratio of the moment of inertia approaches the value
of conical whirl ratio. Naduvinamani and Marali[14]
presented the dynamic Reynolds equation for
micropolar fluids and the analysis of plane inclined
slider bearings with squeezing effect and have shown
that the micropolar fluids provide an improved
characteristics for both steady state and the dynamic
stiffness and damping characteristics. It is found that,
the maximum steady load carrying capacity is a
function of the coupling parameter. Naduvinamani and
Siddanagouda[15] studied the porous inclined stepped
composite bearings with micropolar fluid. It is
observed that the micropolar fluid lubricants provide
an increased load carrying capacity and decreased
coefficient of friction as compared to the
corresponding Newtonian case. Naduvinamani and
Santosh[16] studied the micropolar fluid squeeze film
lubrication of finite porous journal bearing. It is
observed that the micropolar fluid effect significantly
increases the squeeze film pressure and the load
carrying capacity as compared to the corresponding
Newtonian case.

Abdallah and Al-Fadhalah[17] analysed a
squeeze film characteristics between a sphere and a
rough porous flat plate with micropolar fluids and
reported that lubrication by a micropolar fluid will
increase the load-carrying capacity and lengthen the
squeeze film time, regardless to the surface rough and
porosity of the flat plate. It is also found that excessive
permeability of the porous layer causes a significant
drop in the squeeze film characteristics and minimises
the effect of surface roughness. For the case of limited
or no permeability, the azimuthal roughness is found
to increase the load-carrying capacity and squeeze
time, whereas the reverse results are obtained for the
case of radial roughness.

Lin at. al.,[18] analysed the Effects of non-
Newtonian micropolar fluids on the squeeze-film
characteristics between a sphere and a plate and it is
analysed that the results, the effects of non-Newtonian
micropolar fluids provide an increase in the load
capacity, and therefore lengthen the response time to
prevent the contact of sphere with plate. Furthermore,
the non-Newtonian effects on the squeeze-film
characteristics are more emphasized under lower
squeeze-film heights with larger coupling numbers
and smaller interacting parameters. Syeda Tasneem
Fhatima at. al.[19-20] analysed the effects of MHD
and couplestress fluids on rectangular plates. It is
found that MHD and couplestress fluids provide an
increase in pressure, load carrying capacity and
squeeze film time.

Present analysis is a first attempt to report the
effects of  Pressure-dependent  viscosity and
Micropolar fluids on squeeze film Circular stepped
plates. The existing studies on pressure dependent
viscosity mainly concentrate on circular plates with
micropolar fluids. Hence, the present works is mainly
motivated, since in earlier works the viscosity is
treated as constant.

The relation between viscosity and pressure is
analysed by Barus[21] and Bartz and Ether[22] and is
given by the relation

p= 1,e”" )

where £ denotes the coefficient of pressure-dependent
viscosity (PDV) and p, is the viscosity at ambient
pressure and a constant temperature. Equation (1)
indicates the lubricant viscosity is increasing
exponentially and it could alter the predicted
performance of squeeze film bearings.

Naduvinamani et. al.[23] analysed the effect of
surface roughness and viscosity-pressure dependency
on the couple stress squeeze film characteristics of
parallel circular plates. It is reported that the effects of
couple stresses and viscosity-pressure dependency are
to increase the load carrying capacity and squeeze film
time for both azimuthal and radial roughness patterns.
Lu and Lin[24] studied a theoretical study of
combined effects of non-Newtonian rheology and
viscosity-pressure dependence in the sphere-plate
squeeze-film system. It is observed that the combined
effects of couple stresses produced by the spin of
microelements and viscosity-pressure dependence
provide an enhancement in the load-carrying capacity
and lengthen the response time as compared to the
classical iso-viscous Newtonian-lubricant case
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Naduvinamani and Archana[25] analyzed the effect of
viscosity variation on the micropolar fluid squeeze
film lubrication of a short journal bearing. Sinha et
al.[26] studied the wvariation in viscosity with
temperature in journal bearing lubricant with additives
using the micropolar theory. They established that, the
additives in lubricant increase the temperature in
journal bearing. Jaya Chandra Reddy at. al.[27]
analysed that the Effect of viscosity variation on the
squeeze film performance of a narrow hydrodynamic
journal bearing operating with couple stress fluids and
reported that the couple stress fluid as a lubricant
improves the squeeze film characteristics and results
in a longer bearing life. Whereas the viscosity
variation factor decreases the load carrying capacity
and squeeze film time.

The effect of pressure-dependent viscosity
and micropolar fluids in squeeze film circular plate is
analysed in this paper and the results are compared
with iso-viscous lubricant case given in appendix A.
The results are presented in table 1. The results are in
excellent agreement with the iso-viscous lubricant
case given in appendix A.

2 Mathematical Formulation and solution of the
problem

The basic equations governing the flow of micropolar
lubricants [1] under the wusual assumptions of
lubrication theory for thin films [28] are

Conservation of linear momentum

u oy, 9
(d)giasae e

Conservation of angular momentum

oV, ou
78y—§—2;cvl+z5=0 3)

Conservation of mass

10 ov
Fa(ru)+5=0 (4)

where u, v are the velocity components of the
lubricant in the r and z directions, respectively, v; is
the microrotational velocity component, y is the spin
viscosity, y is the viscosity coefficient for micropolar
fluids, and g is the Newtonian viscosity coefficient.

The relevant boundary conditions for the velocity and
microrotational velocity components are

At the lower surface (y = 0)

u=0,v=0 (5a)
vi=0 (5b)
At the upper surface (y = h)
oh
u=0,v=— 6a
P (6)
v1=0 (6b)

The solution of equations (2) and (4) subject to the
corresponding boundary conditions given in the
equations (5a), (5b), (6a), and (6b) is obtained as

1 (y?op ]
u= S tAY
e’? [ 2 or
fom 7)
— (A, sinh my + A, cosh my)+ A,

v, = A, coshmy + A, sinh my
1 op (8)
T (y—+ﬂaj

B 244, or
where,
A= 2,uoeﬂp'a‘z
A, sinhmh - hﬂp »
A - 24,7 or
1-cosh mh
2
A, = h a_p{n(cosh mh—1)+h—N—sinh mh}i
24,8 or 12 m A
2N?
A=S A
2
A :D{sinh mh — 2N (cosh mh—l)}
7 mh

12 12
m=N, N=[ 2| <[ L
| x+2u 4u

where, the symbols have their usual meaning as given
in nomenclature.

The micropolar parameters N and | are assumed to be
independent of viscosity variation for mathematical
simplicity. It is assumed that y and y varies in the
same way as u varies.

The modified Reynolds equation for the
pressure in the film region is obtained by using
equations (7) in the continuity equation (5) and then
integrating over the film thickness and also using the
boundary conditions for v given in equations (5a) and
(6a) in the form.
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0 op ch
—{g(N,l,h)e?Pr =} =12r — 9
or g( ) or ot ®

where, g(N,1,h) =h® +1212h—6NlIh c:oth(Nlhj
(10)

The volume flow rate of the lubricant is given by
h

Q= 27r[udy (12)
0

Substituting the expression for u from equation (7) in
equation (11) the volume flux is obtained in the form

zre”* op

Q= 6u, or

L g(N,1,h) (12)

Using the non-dimensional quantities

r*_i h*_ﬂ *_—phf |*_L
R’ h, 1 Ho R* (~oh/ot) , h, ,
o RN o Quo
h; hy

In equations (9) and (12) the non-dimensional
modified Reynolds equation and the non-dimensional
volume flow rate are obtained in the form

0 = . op “
f7(N,h", 1), =-12r 13
or { ( ) or } (13)

. xre® op
Q = P
6 or

f (N, h",17) (14)

where

£7(N,h", 1) =h™ +121"h" —6NI h*zcmh@:‘ j

(15)

Reynolds equations in region I: (0 <r” < K)
aa { e £ (N 1y B }_ 12 (16)
r

where

£7(N, R, 1) = h® +1212h —eNl*h;ZCoth( Zlhl ]
17)

Reynolds equations in region 11: (K <r” < 1)

0 o0 6p2 .
2 f, (N, 17 =-12r 18

o { (N.F)r o (18)
Where f, (N,I")=1+121" —6NI" Coth( )(19)
The pressure boundary conditions are

dP’ «

=0 atr =0 (20)

dr’

P, =0 atr =1 (21)
P =P at r'=R (22)
Q' =Q  atr=R (23)

where Q and Q, are the nondimensional volume
flow rates in region | and region |1 respectively.

Solving equations (16) and (18) using the boundary
conditions (20), (21), (22) and (23) gives

Pressure in region I: (0 < r" <K)

P = G

- lln {36*“*2 _*KZ*) +BG*(K2_*1) +1} (24)
fp(Nh, 1) (N,

Pressure in region I1: (K< r'<1)

._ 1 [36(r" -1
P, = Gln{—f;(N,r) +1} (25)

The load carrying capacity W is obtained in the form

KR 1
W =27 J' rp,dx + Zﬁj rp,dx (26)
0 KR

The non-dimensional load carrying capacity is

obtained in the form

L WK
iR (~dh/dt)
K *2
__2m In{ *3Gr* —— *3G - +1}r*dr*
Go [fi(NALT) f(NI)

1 2
2z In —36*“ *1) +1br7dr
G i f, (N,1)

(@7)

ISSN: 2231-5373

http://www.ijmttjournal.org

Page 178



http://www.ijmttjournal.org/

International Journal of Mathematics Trends and Technology (IJMTT) — Volume 37 Number 3 — September 2016

The squeezing time for reducing the film thickness
from an initial value h,” = 1 to a final value h;" is given
by
2
T With;
,UOR4

1

Tln 3G
TG f(N hz,h3l) £, (N, 17

2 fnf 2D o

f, (N, h, 1)

(28)
where

£ (R RN ) = (B 4 0) 1217 (1] )

—6NI"(h; +h;) Coth {N (h; +h;)/21"}

£, (h, N, 1") = h® +121"°h; —6NI"h;2Coth(Nh; /21")
b =h, /h,,h; =h, /by, i =h, 7h,, I"=1/h,

v

|

Figure 1 Squeeze film between circular stepped plates
with viscosity-pressure dependency and Micropolar
fluids.

3 Results and Discussions

The lubricating effect of the micropolar
fluids, on the circular step plate squeeze films is
studied through the parameters N and I respectively.

The parameter N :{;(/(;(+2y)}y2 is the coupling

number and it characterizes the coupling of linear and
rotational motion arising from the micro motion of the
fluid molecules or the lubricant additives. Thus N
signifies the coupling between the Newtonian and
rotational viscosities. As y tend to zero, N also tends
to zero, and the expressions for the bearing
characteristics obtained in this paper reduce to their
counter parts in classical Newtonian theory. The
second non-dimensional couplestress parameter

) +1} r'dr dh,

I*:(I/hz) with
interaction between the bearing geometry and the
fluid. The effect of pressure dependent viscosity on the
circular stepped plates is analyzed through the
pressure dependent viscosity parameter

G {= Bu,R*(~dh/dt)/hi} . In the limiting case G —

0, the modified Reynolds equations (16) and (18), non
dimensional pressure equations (24) and (25), non-
dimensional load carrying capacity equation (27) and
non-dimensional squeeze film time equation (28)
reduce to the iso-viscous case given in the
Appendix(Al to Ad).
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Figure 2 Variation of non-dimensional pressure P”
with r” for different values of N and G with I = 0.3,
hy =1.2,K=0.7.

The following range of parameters is used for the
discussion of squeeze film characteristics
N=0,02 030406 1"=0,03, G=0,0.2 003,
0.4,0.06, K=0.1,0.2,0.3,04,0.5,0.6,0.7,0.8,0.9.
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Figure 3 Variation of non-dimensional pressure P~
with r~ for different values of I° and G
withN=0.3,h,"=1.2, K=0.7.

3.1 Pressure

Figure 2 shows the variation of non
dimensional pressure P* with r” for different values of
coupling number (N) and viscosity parameter(G) with
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I*=10.3, hy* = 1.2, K=0.7. It is observed that P* is
maximum at r’ = 0 further P” decreases for increasing
values of r’. It is also observed that P” increases for
increasing values of N and G. The effect of I” on the
variation of non dimensional pressure is depicted in
figure 2. It is observed that non dimensional pressure
increases with increasing values of 1", The effects of
dimensionless parameters N and G with h,” = 1.2 on
the variation of non dimensional maximum pressure
P’ max With K is depicted in figure 4. It is observed that
maximum pressure is decreases for increasing values
of K. Further maximum pressure P*ax iNCreases for
increasing values of N and G.

Ab & - New Ne2

- . Getl) o Geam
A b . GoRbh o G~0n

Figure 4 Variation of non-dimensional maximum
pressure P “max  With K for different values
of Nand G with I'=0.3, h," = 1.2.

3.2 Load Carrying Capacity:

The variation of non-dimensional load carrying
capacity with h,” for different values of N and G is
shown in figure 5. It is observed that the non-
dimensional load carrying capacity W" decreases with
increasing values of h,". It is also observed that the
non-dimensional load carrying capacity increases with
increasing values of N and G. Figure 6 depicts the non
dimensional load carrying capacity varies as the a
function of the couple stress parameter I, for different
values of N and G. It is observed that the non-
dimensional load carrying capacity increases with
increasing values of I”. Figure 7 shows the variation of
non-dimensional load carrying capacity with K. It is

observed that non-dimensional load carrying capacity
decreases with increasing value of K.

’ N e Need
Gen o« Gee

& Gatmy o Ganm

Golie o G=0t%

..
.
..o

.
.

Figure 5 Variation of non-dimensional load carrying
capacity W° with h,” for different values
of Nand G with I'=0.3, K=0.7.

The relative percentage increase in the non
dimensional load carrying capacity R . is defined by

* *

Ry = {(Weoy ~Win oy ) Wi ooy | X 100. Table 2
shows the values of R . for different values K and G
with h;" = 1.2. It is observed that an increase of nearly
4.03% in W* for K = 0.6, G=0.04,N=0.2and

I"=0.3.
0
‘ I LJ I =8
o " - T ]
. - G=a8 - L=
G - LA 8 Y

..
.
..
..
.
.
.

Figure 6 Variation of non-dimensional load carrying
capacity W" with h;" for different values
of I"and G with N=0.3, K=0.7.
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Table 1 Viscosity and couple stress characteristics W', 77 and comparison with the iso-viscous lubricant case

(Appendix) with '=03.K=06.h" =06

Iso-viscous case

Present analysis

(Appendix A)

G
N k=15 hy=2 Iy =15
0 4282619 4175004 4.282619
C0.2 4459629 4350691  4.459629
W
0.4 S.069588 494579 5069588
0.6 6460937 6304171  6.460937
N /=05 h'=1 k=05
0 3762572 3688864 3762572
T 02 3918615 3841854 3918615
04 4464404 4377043 4464404
0.6 5756504 5644814 5756504
< > a a
528 ' . * : -
AN - % - -
'R R ®
‘. -
- .
. .
425 .
“m
Anp Nead
)38 - Gen . Gen
Gl = LGean)
)50 I G008 » G=heé
Jas i A i i
L A L 54 o L) ns A L & LR e
A -

Figure 7 Variation of non-dimensional load carrying
capacity W~  with K for different values
of Nand G with I'=0.3, h," = 1.2.

3.3 Squeeze Film Time:

The variation of non-dimensional squeeze film time T~
with h;” for different values of N and G is presented in
figure 8. It is observed that the increasing values of h;”
decreases the non-dimensional squeeze film time.
Further it is observed that the non-dimensional
squeeze film time increases with the increasing values
of N and G respectively. Figure 9 shows the variation
of non dimensional squeeze film time with couple
stress parameter I". It is observed that the non-
dimensional squeeze film time increases with
increasing values of I”. Figure 10 depicts the variation
of non-dimensional squeeze film time with K for
different values of N and G. It is observed that the
non-dimensional load carrying capacity decreases with
the increasing values of K.

R ={(Toow ~Taon-pov )/ Taon-pov | X 100 . Table 2

shows the values of R. for different values K and G

4178004

4.350691
494579

6304171

G=003 G =006

hy =15 hy=2 Iy =15 r=2
4397551 4285999 4521983 4402515
4584457 4467979 472008 4594944
3231788 509817 5410181 5265033
6727721 6.554682 7029565  6.836671
h, =05 h'=1 k=05 h'=1
4049557 3961994 443427 4324019

42317 4139765 4658517  4.340971
4879497 4771753 5483097 5336598
6486572 6337975 779737 7540514

with h;” = 0.6. It is observed that an increase of nearly
25.12% in T* for K= 0.6, G =0.06,N=0.4and

I"=0.3.
Table 2 Variation of Ry and R, for different vadues K and G with " = 0.3,
b=120 =020 =06
% 2 Ry Ry Ry’ R
N=02 N=04d

0.02 147383 616328 2452651 7.143932

0.2 004 4440572 1403206 5096975 16.70797
0.06 6898531 2516137 7962044 3211715
0.02 2106818 5999626 2406081 6949174

04 0.04 4353037 1A57392 4994985 1611804
0.06 6. 755744 2399062  7.793466 3007176
0.02 1.958327 5417179 2235493 6.260721

0.6 0.04 4035154 1203895 4625381 1419355
0.06 6.242881 2059015  7.190152 2512656
0.02 L4799 4235  LETR298 4876109

08 0.04 J3TTR3 9150894 3S6IMM 10.67682
0.06 5097512 1500883 5968257  17.84547

4 Conclusions:

On the basis of micropolar fluids theory introduced by
Eringen[1-2] and Bartz and Ehert[22] analysis for
pressure-dependent viscosity the theoretical study is
presented in this paper. On the basis of the theoretical
results presented, the following conclusions are drawn:

1. Non-dimensional pressure, load carrying
capacity, squeeze film time are functions of
viscosity parameter G, coupling number N, and
couple stress parameter I”.

2. The non dimensional pressure, non dimensional

load carrying capacity, and non dimensional
squeeze film time decreases with increasing
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value of non dimensional step distance (K) and
increases as compared with iso-viscous lubricant
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Figure 10 Variation of non-dimensional squeeze film
time T" with K for different values of N and G with I
=0.3,hs =0.2, h{ =0.6.
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Figure 8 Variation of non-dimensional squeeze film
time T" with h; for different values of N and G with
"'=0.3,h, =0.2,K=0.7.

L= e
G “ Gen
Gomly = Genn
‘) Gl = G=004
-
.
.
)
-
T
3 »
)
: '
'\\
0 Il Il I A 1
"o L ™ s « A nas “w nos Lim

Figure 9 Variation of non-dimensional squeeze film
time T  with h, for different values of I
and GwithN=0.3,h, =0.2, K=0.7.
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Nomenclature

G viscosity parameter

h* non-dimensional film thickness

] maximum film thickness

hy minimum film thickness

hs  step height ratio (=hg/hy )

KR  the position of the step 0 < KR <R.

I couplestress parameter (y/ 4,u)1/2

non-dimensional couple stress parameter

(I/h2)
N Coupling number
p pressure in the film region

p;  fluid film pressure in the region 0 <r < KR

pf non-dimensional fluid film pressure in the
region0<r <K

p, fluid film pressure in the region KR<r<R

p; non-dimensional fluid film pressure in the

regionK<r<1

Q volume flow rate.

Q; volume flow rate in the region 0 <r < KR

Qf non-dimensional volume flow rate in the

region0<r <K
Q, volume flow rate in the region KR<r <R

Qy non-dimensional volume flow rate in the
region K<r' <1

R radius of the circular plate

Ry relative time of approach

Rw relative load carrying capacity
r,y radial and axial coordinates

T  time of approach

T non-dimensional time of
(Wit /R

u,v Vvelocity components in r and y directions

W load carrying capacity

approach

W?*  non-dimensional load carrying capacity
{Whg / 1,R* (—=dn/dt)}

Greek Symbols

p coefficient of pressure-dependent viscosity

n material constant responsible for couple
stresses

U dynamic Viscosity
Mo Viscosity at atmospheric pressure

Appendix A:

The squeeze film characteristics for the lubrication
between circular step bearings are obtained as:
The dimensionless Pressure is obtained as

Pressure in region I: (0 < r" <K)
- 3(K? =r?) +3(1— K?)

= Al
) CEABIACER) (A1)
Pressure in region II: (K< r'< 1)
_*2
R (A2)
£ (N,I")

The dimensionless load-carrying capacity is obtained
as

. 37K’ +3;;(1—K“)

2 (N,h, 1) 2F,(N,I7)

The dimensionless time-height relationship is obtained
as

(A3)

1 4 K4
Pl e
P2R (N R 26 (N )

(%)
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