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ABSTRACT: A mathematical analysis of ferrohydrodynamics lubrication in a slider bearing having a
parabolic pad stator with a double porous layered slider which is backed by the solid wall has been
presented considering the effect of slip velocity at the film-porous boundary as proposed by Sparrow et al.
[14]. The study includes squeeze velocity and variable magnetic field, which is applied obliquely. Modified
Reynolds-type equation is derived using the model suggested by Neuringer-Rosensweig with the continuity
equation. Non-dimensional film pressure and load-carrying capacity equations have been derived. It is
observed in the analysis that, non-dimensional film pressure increased with increasing values of the field
strength. Also, it is observed that for the different sizes of the porous regions and different permeabilities,
the values of non-dimensional load-carrying capacity are evaluated at various parametric conditions and
represented in the graphical and tabular forms. The graph indicates that non-dimensional load-carrying
capacity increased when the non-dimensional magnetization parameter increased whereas the slip
parameter decreased. After analyzing the model, it was found that when we interchange the values

of kiand ko for both dh/ dt=0 and dh/ dt #0 ,load-carrying capacity increases significantly as compared to
the model suggested by Shah and Kataria [21].

Keywords: Double porous layered slider bearing, Ferrohydrodynamics lubrication, slip velocity, squeeze velocity.

NOMENCLATURE Ky Slip parameter (1 /m)
a h, /h, 5 Non-dimensional slip parameter
A Bearing length t Time (s)
B Bearing breadth u, v, w Components of film fluid velocity in x, y and
d Difference between inlet and outlet film z —directions (m/s)

thickness u Velocity of slider (m/s)
14,12 Widths of the porous regions (m) , Darcy’s velocity components in the x and z -
h Fluid film thickness (m) u; W, directions respectively
E Non-dimensional film thickness 114 Load-carrying capacity (N)

(ht hy) W Non-dimensional load-carrying
hi ho Minimum and maximum values of h (m) capacity as defined in eq. (34)
dh/ dt Squeeze velocity (m/s) X, Y,z Cartesian co-ordinates (m)

) e Greek symbols

H Strength of variable magnetic field S . 2

(A/m) g Fluid viscosity (N s / m®)
ﬁ Magnetic field vector 4 Free space permeability (N / A%
K Quantity as defined in eq. (2) (A*/ m*) a Slip constant
ki, k, Permeability of the porous regions (m?) P Fluid density (N s*/m*)
M Magnetization vector /_‘ Magnetic susceptibility

Fil N/ m? * Non-dimensional magnetization
,.; F:qupgf:ssqufe(in thrg ;orous matrix “ parameter as defined in eq. (28)

(N/ m2) ) Profile parameter
= Fluid velocity vector
Vv
. INTRODUCTION requirement of external lubricant supply for the whole

life of the machine. Initially, the systematic study of

Due to the self-lubricated nature and low price, porous
bearings have been widely used in industries such as in
instruments, automobiles, domestic appliances, small
electric motors, and machines. Porous bearings have a
self-contained oil reservoir therefore there is no
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porous bearings has been carried out by Morgan and
Cameron [1] and suggested solution for short bearing,
several other researchers [2-5] have proposed the use
of a variety of porous bearings and shown that effect of
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porosity decreases load carrying capacity and friction
force.

To eliminate these flaws, ferrofluid can be used as a
lubricant. Ferrofluid [6] is a colloidal dispersion
containing fine ferromagnetic particles, like ferric oxide
in a non-conducting carrier liquid. In a carrier liquid
suitable surfactant is added to generate coating layer to
prevent flocculation of the particles. Usually, ferrofluid
contains approximately 85% carrier liquid, 10%
surfactant, and 5% magnetic solids. By the external
application of a magnetic field, ferrofluid experiences
magnetic body forces. There are many advantages of
using ferrofluid as a lubricant, like ferrofluids are
retained at the desired location, no rubbing takes place
between solid materials, no external lubrication is
required, and no side leakage is possible.
Consequently, ferrofluids are helpful in many
applications like in sealing, in cooling and heating
cycles, in high sliding speeds, in sensors, in elastic
damper, etc. [7-10].

Agrawal [11] studied effects of ferrofluid on inclined
porous slider bearing and concluded that the load -
carrying capacity increases with increase in
Magnetization parameter. Prajapati [12] studied porous
squeeze film bearings with ferrofluid and confirmed that
load-carrying capacity increases as magnetization
parameter increases. Ram et al [13] presented
performance of three-layered porous squeeze film
bearing under the application of ferrofluid and concluded
that in the presence of magnetic fluid, load carrying
capacity increases significantly.

Researchers [1-13] took the usual assumptions related
to noslip condition at film- porous interface. The results
presented by Sparrow et al., [14] shows, porous media
plays an effective role in shrinking the response time of
squeeze films. Especially, the faster response can be
attained by the use of porous materials which draw
attention to velocity slip. Prakash and Vij [15] analysed
narrow porous journal bearing with the help of Beavers
— Joseph condition of velocity slip and results were
compared with earlier results obtained using no-slip
condition. Patel and Gupta [16] studied a porous
inclined slider bearing with slip velocity at the interface
of film-porous interface and found that minimization of
the slip parameter is crucial to increase the load
capacity. Shah and Bhat [17] analyzed that load and
center of pressure remain unaffected when the slip
parameter increased, whereas for high material
parameter values, center of pressure shifting towards
the inlet of bearing and no change in load. Ahmed and
Singh [18] studied ferrofluid lubrication in porous pivoted
slider with velocity slip and the result showed that load
capacity increases as the magnetic parameter increases
simultaneously it decreases as the slip parameter and
permeability parameter increases. Shah etal, [19]
theoretically studied inclined porous slider bearing
assuming slip velocity. Shah and Patel [20] studied
ferromagnetic lubrication on double porous layered
axially undefined journal bearing taking into
consideration of anisotropic permeability with respect to
porous layer and slip velocity at the surface of the
porous layer. Recently, Shah and Kataria [21] analyzed
slider bearing having convex pad stator and double
porous layers attached to the slider using the ferrofluid
model suggested by Neuringer-Rosensweig.
Subsequently, researchers [22-25] have also analyzed
Patel & Kataria
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the effects of ferrofluids in their study from different
perspectives.

The present investigation is concerned with the study of
ferromagnetic lubrication slider bearing having a
parabolic pad stator. Double porous layered attached to
the slider under the presence of a variable magnetic
field oblique to the lower surface. The flow of lubricant
through porous regions follows Darcy law. As a result,
the present study established a suitable Reynolds
equation. Equations for non-dimensional film pressure
distribution and load capacity are derived and evaluated
numerical results at various parametric conditions are
represented in the graphical form.

Il. ANALYSIS

icih dt

hy
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Fig. 1. Double-porous layered slider bearing with
parabolic pad surface.

Fig. 1 shows the geometry of the system under study.
The upper surface -parabolic pad stator and lower
surface-slider is moving in the x-direction with a uniform
velocity U. The gap between two lubricating surfaces,
slider and stator is known as the fluid-film region, called
film thickness. It is assumed that the region is filled with
water —based ferrofluid lubricant.

Modified Reynolds Equation:

Film thickness h[26], in this case can be represented by

2
h=h+3 A—2v4 | 0<x<a, (1)
A A

Here, hi and hy are minimum and maximum film
thickness at the outlet and inlet respectively, and d
denotes difference between the inlet and the outlet film
thickness.

The lower surface-slider is attached with two porous
layers of widths b and k, porous layer of width b is
attached first and then of width /. Also, the stator
moves towards the lower surface-slider with the velocity
dh/dt , is called squeeze velocity.

Oblique magnetic field [21] applied to the lower surface
is defined as

H*=Kx(A-x), (2)
where K is a quantity taken to match both sides
dimensions of the equation. Using which maximum
magnetic field strength is at x = A/2 , as follows from
[21]. From equation (2), Max. H® = 10™* K which implies
for K=0(10'%, so that H= O(10°% or O(H) =3, where O
indicates order.
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The equations governing the motion of ferrofluid [6] with
continuity equation are given by Equation of Motion:

p{%‘t/+(\7°§)\7:‘=—§p+§Vz\7+ WMeDHE (@)

where V =(u, v, w) is the fluid velocity field, p is the
film pressure, p and £ are the density and viscosity of

the fluid, x4, is the permeability of free space,
magnetization M and magnetic field H.

Continuity Equation:

VeV =0, (4)

Where, velocity components of film fluid are u, v,w inx,
y and z —directions respectively.
Equations of Electromagnetic Field-

VxH=0, (%)
M=/ H, (6)
ﬁ'(ﬁ-l‘ﬁ):(), (7)

where I is the magnetic susceptibility.

Using equations (3) to (7) and with the usual
assumptions of the theory of hydrodynamics lubrication
[27]; for the ferrohydrodynamics lubrication, governing
pressure profile in the film region is given by

J Jdu J 1 .,
Ifegou)_9( 1 u|, 8
az(‘fazj ax(p z,uo,u ) o

where H is the magnetic field strength.

Slip boundary conditions with the addition of slider
velocity U for the film region are given by Sparrow et al.
[14],

10

u=-224U0: =% a z=0 and 9)
50z Jk

u=0,at z=~h. (10)

Equation (8), together with boundary conditions (9) and
(10), is solved to yield

(h—2)s (z+h+shz)(z—h)| 0 1 _ 2)
= — —— H
! (1+sh)U+{ 2£(1+sh) }axl A )

(11)
Where s: slip parameter, a: slip coefficient and ki:
permeability of the upper porous layer. All depends on
the characteristics of the porous material and
independent on the lubricant properties and film

thickness.
Integrating equation (11) over the film thickness, yields
h 2 3

h h (4+sh) d 1 _
[ude= Wy s )Ep_ﬂoﬂsz
0 2(1+sh) 12£ (1+ sh) ox 2

(12)
Continuity equation in the integral form for the film
region is given by

h
a—J‘udz+wh—w(]=0, (13)
X 0

Using equation (12), equation (13) reduces to
2 3

i sh I (4+sh) i[p—lynﬁsz — wy +dhjdr,

ox |2(1+sh)  12&(+sh) ox 2
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(14)
where w|_, =w, =—dh/dt, which represents the

effect of squeeze velocity in the downward z- direction.
And, w|,:0 =Ww,.

The velocity components in x, z -directions in the porous
region are obtained from Darcy's law are

. —k 0 T
=5 p oy pH
uL § ax[ i 2#0# )

’ _ki a 1 —_— 2
W, z az[P’ ZﬂoﬂH j
where i = 1, 2 represents index of velocity components
in the porous regions of widths 4 and krespectively with
permeabilities as ki and k.. Also, Py and P, indicates
fluid pressure of upper and lower porous regions
respectively.

Assuming continuity of the flow between two porous
layers over z direction, one obtains

(15)

(16)

§oz  2& 9z Edz 28 o
(17)
Also, at impermeable lower plate surface
|:_ﬁapz ﬂoﬁkz aH2:| =0
§ d z 2§ d z ==+ 1)

(18)
The equation of continuity in the porous region is given
by

ou’  ow’
+
ax 8Z (19)

substituting equations (15) and (16) into equation (19),
one obtains

2 p-Lyaw +az p-. —sz—o
9Ll 2#0# PYEI 2#0# )

=0,

where i=1, 2. (20)
Integrating equation (20) w. r. to z across the upper

porous layer (=1, 0), yields

0 |
——(Pl—guoqu)

2 (P ——u,mH
R YICL [

z=—1

aZ

=2
" ox?

1
(Pl_zluolqu)

(21)
Again, integrating equation (20) w. r. to z across the
lower porous layer (—(I, +1,), —1,) , yields
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5 1
- (P, =~ 4, iH")
== aZ ’ 2 ’ == (h+h)

=4 az (22)

1
. J' g(PZ Eﬂosz)dz

=(h+1)

[
*(Pz_gluo

2

d 1
=—12§(Pz —EﬂoﬂHz)

Using condition (17), equation (21) becomes

d 1
— (P, — = p,iH?
5z (fim HeHH)

z=0

2
=a(p

b ﬂoﬁH2)

==

(23)
Substituting equations (18) and (22) in the equation (23)
and making use of Morgan-Cameron approximation
[24], yields

|:i(P1 - L:UO/THZJ:|
dz 2 o (24)

kil +k,1, )\ d? 1
2_[ 11k zzjdXZEP_EIUOILTsz'
1

At the film-porous interface the velocity component in z-
direction must be continuous, therefore,

, —k, a( 1 ﬂ
0=V o= 7 | BF 4 HH (25)
‘/VL() z=0 |: é: a 2 o

Substituting equation (25) into equation (14) gives

—p, iHY) + =2 (P, ——
,Uo,U )+ka(

k o I _
—1 = — i, JiH
{5 9z (A - ,Uo,u )1_0
o | sh'U 1 (4+sh) 0 2
=—dh/dt+ — H
/ {2(1+sh) 12§(l+sh)8x( ﬂ“” )_
(26)
2
Using equation (24), (26) and the fact that =0,

iz
equation (14) transforms to

p @+sh)| d I _ 5
4 K@+shyd( 1 o
dxHu(kll”r"zlz)Jr (1+sh) }dx[p 21 H (27)

d( s
=-12&dh/dt+6EU — .
sdbf s dx(l+sh}

Equation (27) is modified Reynolds equation.
Non- dimensionalisation

By the following substitutions

— 2
X:i, hzi,?ZShO,ﬁ: hy p ’ :2Adh/dt’
A ho SUA U h,
o MEKAR L kbtkDL ko d
§U hs h() h()
(28)

The non-dimensional forms of equation (27) is as
follows

d d [_ 3 dE
— ——u*X(1-X
dX {G dX{ 24 ( )H dx’ (29)
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65h>

© (1+5h)

Here G =12y + —

(1+sh)

The film thickness hin non-dimensional form as
h=a+81-2X +X?)

(30)

Further, non-dimensional form of the magnetic field H

defined in equation (2) is

H2=KA’X(1-X). (31)
Pressure Distribution:

Solving equation (29), together with pressure boundary
conditions

p=0at X=0and X =1 (32)
gives, the film pressure f)in non-dimensional form as

,—Jz—y X(1- X)+j dx,

Where F = 5 / j =) (33)

Load Capac:ty.

The non-dimensional load carrying capacity W can be
derived as foIIows

® l
L L S
BgUA 2 1 G
where w = ” p dx dy. (34)
00

lll. RESULTS AND DISCUSSION

Non-dimensional load capacity is numerically calculated
from equation (34) for the following values of the
different parameters [21]. For the calculations,
Simpson’s 1/3 — rule for step size 0.1 is used.

h, =0.05(m), h, =0.10(m), U =1 (ms™"), A=0.15 (m),
I =0.05, h, =0.05(m), dh/dt = 0.005 (ms™"),
£=0.012(Nsm?), K=10°, g, =4zx107(NA?),

[.=0.01(m), a=0.1.

Discussion on non-dimensional film pressure
Graphical demonstration of the results obtained for
pressure profile p for the values of non-dimensional

parameter X is shown below

—— K =10
— K=10°
- K=10°

Fig. 2 Non-dimensional pressure versus non-
dimensional parameter X
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Table 1: p verses X for different values of O considering K=10"

S P

X=0.2 X=0.4 X=0.6 X=0.8 X=1.0
0.6 1.4182538 2.2418637 2.2849028 1.5394568 0.0014452
0.8 1.3979529 2.2345927 2.2875736 1.5470539 0.0098454
1.0 1.3830551 2.2315147 2.2919836 1.5539194 0.0159159

A plot of non-dimensional pressure p for different

values of field strength K'is shown in Fig. 2. It shows
that increase in the field strength K, taking into
consideration ki = 0.0001, k2 = 0.0001 anddh/dt 0,
indicates an increase in the pick pressure.

Table 1 shows that non-dimensional film pressure p

was little affected by different values of J and X
considering K=10'°.
Discussion on non-dimensional load capacity

The calculated values of W are presented as below:

Table 2: Effects onW for the same values of ki and
k2 assuming dh/dt = 0and dh/dt # 0

W
ky ko
dh/dtr =0 dh/dr # 0
0.0001 0.0001 0.2024584 0.2045595
0.01 0.01 0.1656103 0.1660992
% increase in W 22.25 23.16

The results for W for same values of ki and ke
assuming dh/dt =0 and dh/dt +# 0 are computed
and presented in Table 2. It is reveals that, when ki =
ko= 0.0001, W increases about 23% for both the cases
dh/dt = 0and dh/dt # 0 as compared to ki = k2 =
0.01.

Table 3: Effects on W by swapping values of ki and

k2 assuming dh/dt = 0and dh/dt # 0

k1 kz W
dh/dt =0 dh/dt #0
0.1 0.0001 0.1638827 0.1640203
0.0001 0.1 0.1667478 0.1668908
% increase in VV 1.75 1.75

Table 3 shows the values of W by swapping the values
of ki and kp, for two different cases of dh/dr =0 and
dh/dt#0 . It is observed that when ki <k», W
increases about 1.75 % in both the cases dh/dt=0
and dh/dt # 0 as compared to ki >ko.

Table 4 indicates a comparative study of VV, when we

swap the widths of the upper and lower porous regions
for three different cases of ki and ka(i.e. ki = ko, ki< ko,
ki> ko) considering dh/dt = 0 and dh/dr = 0 When ki =

ko = 0.01, W remains same for both dh/dt =0 and
dh/dt# 0 .

Patel & Kataria
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It is observed that when the permeability of the lower
porous layer is small as compared to upper porous layer

(ie. ks = 0.1 and k2 = 0.0001), W increases with the
increase of width of lower porous layer as compared to
upper porous layer. Also, when ki = 0.0001 and ko =
0.1, that is permeability of upper porous layer is small as

compared to lower porous layer, W increases with the

increase of width of upper porous layer as compared to
lower porous layer.

Table 5 indicates that W increases, when size of upper

porous layer and lower porous layer are small in all the
three cases; that is, for ki = ko, ki< ko, ki> ko for both

dh/dt =0and dh/dr # 0.

It is observed from the Table 6 that with the increase of
squeeze velocity W increases. Thus, squeeze velocity
has an impact on the design of slider bearing.

Table 7 shows the comparative study of conventional
lubricant (4 =0) and magnetic fluid (1" #0) on W
by considering two same values of ki and kx with and
without the effect of squeeze velocity. It is noticed that
using magnetic fluid as lubricant, W increases
significantly as compared to conventional lubricant.
Also, it is found that when ki = ko= 0.0001, W increases

considerably as compared to ki = k2 = 0.01 for
conventional as well as magnetic fluid.

2.00
- K=10"
1.75 —— k=107
—— K=10%

1.501

1.254

1.004

0.754

0.50 4

0.254

0.00 g
0.0 0.2 0.4 0.6 0.8 1.0 1.2 1.4
Kz
Fig. 3. Non-dimensional load carrying capacity against
non-dimensional parameter X.

Fig. 3 shows the variation of non-dimensional load

capacity W as a function of non-dimensional parameter
X for different values of the field strength K considering
ki = 0.0001 and k> = 0.0001 and di/dt# 0 It can be

observed that W considerably increased by increasing
K.
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- 15=0.1
= 1/3=0.2
0.251 - 1E=03
1/3=0.4

0.0 0.2 0.4 0.6 0.8 L0
TR

Fig. 4. Non-dimensional load carrying capacity against
non-dimensional magnetization parameter.

The variation of non-dimensional load carrying capacity
W with respect to non-dimensional magnetization
parameter ,u* to read influence of non —dimensional slip
parameter 1/s is presented in Fig. 4. It is observed
that as non-dimensional slip parameter 1/s decreases
W increases. Additionally,Vl_/ increases with increasing

values of magnetization parameter ,u* which indicates

that under the presence of magnetic fluid bearing
performance improved significantly.

Table 4: Values of W by swapping values of /; and kL assuming dh/dt =0and dh/dt # 0

W
I b ki = k2 =0.01 ki=0.1, ko= 0.0001 ki =0.0001, k2= 0.1
dh/dt =0 dhfdt =0 | dh/di=0 | dh/dt#0 | dh/di=0 dh/di # 0
3 1 0.1637069 0.1637108 0.1636912 0.1636918 0.1637242 0.1637257
1 3 0.1637069 0.1637108 0.1636927 0.1636943 0.1637018 0.1637023

Table 5: Values of W for same values of / and b assuming dh/dt=0and dh/dt +0

w
/ b ki= kz=0.01 ky=0.1, ko= 0.0001 ky=0.0001, kp= 0.1
1
dh/dt =0 dh/dt # 0 dh/dt =0 dh/dt # 0 dh/dt =0 dh/dt # 0
1 1 0.1637231 0.1637309 0.1636927 0.1636943 0.1637242 0.1637258
3 3 0.1637014 0.1637040 0.1636912 0.1636918 0.1637018 0.1637023
Table 6: Effect of squeeze velocity on w considering ki = k2= 0.0001
dh/dt 0.00 0.001 0.002 0.003 0.004 0.005
W 0.2024584 0.2028786 0.2032988 0.2037190 0.2041392 0.2045595

Table 7: Comparative study of conventional lubricant (,u* =0) and magnetic fluid (" #0) on W for

different values of 1 and dh/dt

dhjdt =0 % increase in W dhfdt #0 % increase in

because of W because of
u =0 u #0 ,U*?EO u =0 u =0 ,U*?EO
ki=k>=0.0001 0.0387679 0.2024584 422.23% 0.0408690 0.204559 400.52%
ki=k»=0.01 0.0019198 0.1656103 8526.43% 0.0024087 0.166099 6795.8%

IV. CONCLUSION

Theoretical investigation of a slider bearing with its
stator having a parabolic pad surface and double porous
layer attached to the slider, using a ferrofluid lubricant
under the presence of magnetic field oblique to the
lower surface is represented for its optimum
performance. Based on the results obtained from the
analysis, the following conclusions are made.

— From equation (8), it can be seen that the constant

magnetic field does not enhance W in this model.

— With the increase of squeeze veIocity,W increases
in all cases; i.e. whether ki <k, ki>ko and ki = k.

Patel & Kataria

International Journal on Emerging Technologies 11(2): 1054-1060(2020)

— W increases for both dh/dr=0 and dh/dt#0

when ki = ko = 0.0001 as compared to ki = ko= 0.01.
— By swapping the widths of upper and lower porous

layers does not affect W, whenk; = k. = 0.01 where
dh/dt =0and dh/dt #0.

— When the permeability of the upper porous layer is
small as compared to lower porous layer, W increases

with the increase of width of upper porous layer.
Similarly, when the permeability of the lower porous

layer is small as compared to upper porous layer, w
increases with the increase of width of lower porous
layer.
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— Better load capacity Wis obtained, when width / of
upper porous layer and width b of lower porous layer is

small for both dh/dt =0 and dh/dr #0.
— Both non-dimensional film pressure p and load

capacity W increases significantly with the increase of
external magnetic field strength.

— Non-dimensional load capacity W increases with the
increase of non-dimensional magnetization parameter
and the decrease of non-dimensional slip parameter.

V. LIMITATION AND FUTURE SCOPE

The roughness effects are neglected in the present
analysis. In the future studies, present model can be
analyzed for Shliomis and Jenkin’s models of ferrofluid
lubrication. Also, this research paper helps engineers to
design efficient bearing systems.
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