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Nomenclature

a - radius of the circular plate; p - lubricant pressure;
B - curvature parameter of the upper plate; C - curvature
parameter of the lower plate; H - magnitude of the mag-

. h . .
netic  field; O—pz - dimensionless  pressure;

P __,uhoa
3
0

W - load carrying capacity; W = ——
uhya

T dimensionless

AtWh,

4
mua

load carrying capacity; At - response time; AT =

- non-dimensional response time; a - mean of the stochas-
tic film thickness; ¢ - standard deviation of the stochastic

film thickness; o> - variance; & - measure of symmetry of
the stochastic random variable; o =0/h,; a=ah,;

&= g/hg; R=r/a; ¢ - inclination angle; x4 - absolute
viscosity of the lubricant; # - magnetic susceptibility;
. — gty ukh®
U, - permeability of the free space; u*=—"7"+— -
N
magnetization parameter.

1. Introduction

F.R. Archibald [1] discussed the behavior of
squeeze film between various geometrical configurations
of flat surfaces. D.F. Hays [2] presented the squeeze film
phenomena between curved plates considering curvature of
the sine form and keeping minimum film thickness as con-
stant. P.R.K. Murti [3] analyzed the behavior of squeeze
film trapped between curved circular plates describing the
film thickness by an expression of an exponential function.
He based his analysis on the assumption that the central
film thickness instead of minimum film thickness as as-
sumed by D.F. Hays, was kept constant. It was established
that the load carrying capacity rose sharply with curvature
in the case of concave pads. J.L. Gupta and K.H Vora [4]
studied the corresponding problem in the case of annular
plates. In this analysis the lower plate was considered to be
flat. M.B. Ajwaliya [5] dealt with this problem of squeeze
film behavior taking the lower plate also to be curved. Two
types of geometries namely, annular and rectangular were
investigated by H. Wu [6, 7] concerning the squeeze film
performance when one of the surface was porous faced.
Various bearing configurations such as circular, annular,
elliptical, rectangular and conical were analyzed by
J. Prakash and S.K. Vij [8]. In this article comparison was

made between the squeeze film behavior of various ge-
ometries of equivalent surface area. It was established that
the circular plates recorded the highest transient load carry-
ing capacity, other parameters remaining the same.

Conventional lubricants were used in all the
above studies. The application of a magnetic fluid as lubri-
cant was investigated by P.D.S. Verma [9]. The magnetic
fluid consisted of fine surfactant and magnetically passive
solvent. Subsequently, the magnetic fluid based squeeze
film behavior between porous annular disks was presented
by M.V. Bhat and G.M. Deheri [10], where in, they con-
cluded that the application of magnetic fluid lubricant en-
hanced the performance of the squeeze film. However,
here the plates were taken to be flat. But in actual practice
the flatness of the plate does not endure owing to elastic,
thermal and uneven wear effects. With this end in view
M.V. Bhat and G.M. Deheri [11] dealt with the behavior of
a magnetic fluid based squeeze film between curved circu-
lar plates. The magnetic fluid based squeeze film between
curved plates lying along the surfaces determined by se-
cant and hyperbolic function was investigated by
R.M. Patel and G.M Deheri [12, 13]. It was found that the
application of magnetic fluid lubricant improved the per-
formance of the squeeze film.

It is a well-known fact that after having some run-
in and wear the bearing surfaces develop roughness. The
roughness often appears random and disordered and does
not seem to follow any particular structural pattern. The
randomness and the multiple roughness scales both con-
tribute to the complexity of the surface geometrical struc-
ture. Invariably, it is this complexity which contributes to
most of the problems in studying friction and wear. The
random character of the surface roughness was recognized
by several investigators who employed a stochastic ap-
proach to mathematically model the roughness of the bear-
ing surfaces (S.T. Tzeng and E. Seibel [14], H. Christensen
and K.C. Tonder [15-17]). K.C. Tonder [18] analyzed
theoretically the transition between surface distributed
waviness and random roughness. S.T. Tzeng and E. Seibel
[14] used a beta probability density function for the ran-
dom variable characterizing the roughness. This distribu-
tion is symmetrical in nature with zero mean and approxi-
mates the Gaussian distribution to a good degree of accu-
racy for certain special cases. H. Christensen and
K.C. Tonder [15 - 17] further developed and modified this
approach and proposed a comprehensive general analysis
both for transverse as well as longitudinal surface rough-
ness based on a general probability density function.
H. Christensen and K.C. Tonders method developed the
frame work to study the effect of surface roughness on the
performance of bearing system in a number of investiga-



tions. (L.L Ting [19], J. Prakash and K. Tiwari [20],
B.L. Prajapati [21], S.K.Guha [22], J.L.Gupta and
G.M. Deheri [23]). In all these analysis the probability
density function for the random variable characterizing the
surface roughness was assumed to be symmetric with
mean of the random variable equal to zero. However, in
general, this may only be true to the first approximation. In
practice, due to nonuniform rubbing of the surfaces the
distribution of surface roughness may indeed be asymmet-
rical. Thus, with this idea in view, P.I. Andharia,
J.L. Gupta and G.M. Deheri [24] discussed the effect of
transverse surface roughness on the performance of a hy-
drodynamic squeeze film in a spherical bearing using the
general stochastic analysis. It was observed that the effect
of transverse surface roughness on the performance of the
bearing was considerably adverse.

Here we propose to analyze magnetic fluid based
squeeze film between two curved transversely rough circu-
lar plates, where in, the upper plate lies along the surface
determined by hyperbolic function while, the lower plate
lies along the surface governed by secant function.

2. Analysis

Configuration of the bearing is displayed in
Fig. 1.

Fig. 1 Bearing configuration

The bearing surfaces are considered to be trans-
versely rough. The thickness /4(x) of the lubricant film is

h(x) = h(x)+h, (1)

where Z(x) is the mean film thickness while 4, is the de-
viation form the mean film thickness characterizing the
random roughness of the bearing surfaces. The deviation
hg is assumed to be stochastic in nature and described by

the probability density function

f(h)—c<h <c (2)
where ¢ is the maximum deviation from the mean film
thickness. The mean ¢, the standard deviation o and the
parameter £ which is the measure of symmetry associated
with random variable 4, are governed by the relations

a=E(h,) 3)
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o’ =E|(h-a) | )
and

&=E|(h-a) | )
where E denotes the expected value defined by

E(R)= j RF(h,)dh, (6)

We assume the upper plate lying along the surface
determined by

Z,=h, ! ; 0<r<a
1+ Br

(M

. dh
approaching with normal velocity A, = 7:, to the lower

plate lying along the surface

“Z, =h, [sec(—Crz)—l]; 0<r<a ®)
where /i, is the central distance between the plates, B and

C are the curvature parameters of the corresponding plates.
The central film thickness /(r) then is defined by

)

Axially symmetric flow of the magnetic fluid be-
tween the plates is taken into consideration under an
oblique magnetic field

H= (H(r)cosgo(r,z), 0, H(r)sing(r, Z)) (10)

whose magnitude H vanishes at r =a; for instance;
H?> =ka(a—r), 0<r<a, where k is a suitably chosen

constant so as to have a magnetic field of required
strength, which suits the dimensions of both the sides. The
direction of the magnetic field plays a significant role since

H has to satisfy the equation

VH=0, VxH=0 (11)

Therefore, H arises out of a potential function

and the inclination angle ¢ of the magnetic field H with
the lower plate is determined by

Op O 1
cotqo—¢+—(p:— (12)
or 0z 2(a-r)
whose solution is determined from the equations
¢ cosec’p=a-r; z=—2c’m/ia—clz —ri (13)



where ¢ is a constant of integration.

The modified Reynolds equation governing the
film pressure p can be obtained as [12, 23,25]

1d d - :
——| rg(h)y—\p=05p, uH* )| =12uh 14
rdr[rg()dr(p Ho )} uh, (14)
where

g(h)zh3+3azh+3hzoc+3hocz+30205+oc3 +& (15)

Introducing the nondimensional quantities
- — o ik’ hy
h:hh;R=r/a;,u*=—'u°'fl ; P=— 02}? ;

0 tahy pa”hy

o=0/hy; e=¢/h;B=B; C=Ca’ (16)

and solving the concerned Reynolds equation with the as-
sociated boundary conditions

ap _ _ k>

P(1)=0; —=- at R=0 17
(1 IR > a7
we get the nondimensional pressure distribution as
* 1
P=“—(1—R)+6jid1¢ (18)
2 2 G(h)

where
73 72 27 L A7L2 2 3
Gh)y=h +3h a+30c " h+3ha” +e+30 a+a

The dimensionless load carrying capacity is given
by

T

Why LA NS (19)
0G(h)

27r,ua%0 12

where the load carrying capacity W is obtained from the
relation

W = 21 rp(r)dr (20)

The response time in dimensionless form be-

comes
AtWhG " -
AT —=W] ! (1)
Tua W G(h)
where
- h - h
hy=—; hy=-"-. (22)
hO hO

3. Results and discussion

Expression for dimensionless pressure p, load
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carrying capacity W and response time A7 are presented
in Egs. (18), (19) and (21) respectively. It is clearly seen
that these performance characteristics depend on several
parameters such as u*, ¢, a, ¢, B and C. These pa-

rameters, respectively, describe the effect of magnetic fluid

lubricant, roughness parameters and curvature parameters.
The Eq. (19) suggests that the load carrying ca-

pacity increases by .083 u*. Setting the roughness pa-

rameterse , a and & to be zero one obtains the perform-
ance of a magnetic fluid based squeeze film trapped be-
tween curved circular plates lying along the surfaces de-
termined by hyperbolic function and secant function. Fur-
ther, taking the magnetization parameter as zero this inves-
tigation reduces to the study of the squeeze film behavior
between curved circular plates.

Figs. 2-6 present the variation of load carrying

capacity W with respect to the magnetization parameter
w* for various values of roughness parameterse , ¢ and

a and the curvature parameters B and C respectively.
These figures indicate that the load carrying capacity in-
creases significantly with respect to the magnetization pa-
rameter. Further, among the roughness parameters the
combined effect of the magnetization parameter and skew-
ness is more pronounced.
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Fig. 2 Load carrying capacity with respect to y*and o

1.19
w 1.09
0.99
0.89
0.79

e

—— ¢=-0.05
—X— @=0.025

—8— =-0.025
—*— a=0.05

2 o=0

Fig. 3 Load carrying capacity with respect to x* and

Figs. 7-9 describe the effect of the standard devia-
tion associated with roughness on the distribution of load
carrying capacity. It can be easily observed from these
figures that the effect of the standard deviation is consid-
erably adverse, in the sense that the load carrying capacity
decreases considerably. This negative effect of ¢ is little-
bit less with respect to the upper plate curvature parameter.



In Figs. 10-12 one can have the effect of variance
on the variation of load carrying capacity. These figures
tell that a (+ve) decreases the load carrying capacity
while a (-ve) increases the load carrying capacity. Fur-
ther, it is suggested that the combined effect of the upper
plate curvature parameter and the negative variance is sig-
nificantly positive.
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Fig. 4 Load carrying capacity with respect to u* and ¢
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Fig. 5 Load carrying capacity with respect to p#*and B
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Fig. 6 Load carrying capacity with respect to z*and ¢
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Fig. 11 Load carrying capacity with respect to & and B

Figs. 13-14 show the effect of skewness on the
distribution of load carrying capacity. As in the case of
variance here also, & (+ve) decreases the load carrying
capacity while the load increases with respect to & (-ve).
In addition, there is the symmetric distribution of the load
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carrying capacity with respect to the lower plate curvature Interestingly, it is noted that the rate of increase in
parameter. load carrying capacity with respect to the magnetization
parameter is more with respect to lower plate’s curvature
parameter as compared to the upper plate’s curvature pa-

117 rameter. Lastly, the response time A7 follows almost the
_ trends of load carrying capacity.
w
4. Conclusion
.87
‘ ‘ 0.77 | ‘ ‘ This article reveals that by properly choosing the
-0.050 0025 0.000 0.025 0.050 curvature parameters of both the plates and the magnetiza-
tion parameter the performance of the bearing system can
a be enhanced considerably in the case of negatively skewed
igzdﬂ'z $gz&l —&—C=0 roughness, especially, when the negative variance is in-
volved. Therefore, this study makes it mandatory that the
Fig. 12 Load carrying capacity with respect to e and € .roughness must be accounted for while designing the bear-
Ing system.
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G. M. Deheri, N. D. Abhangi

MAGNETOREOLOGINE SKYSCIO PLEVELE TARP
ISGAUBTU APVALIU NELYGIU PLOKSTELIU

Reziumé

Straipsnyje analizuojama magnetoreologinio
skyséio plévelé, esanti tarp dvieju apvaliy iSgaubty, nely-
giu pavirSiumi ploksteliy, kai virSutinés iSlenktos plokstés
pavirsius, apibiidinamas hiperboline funkcija, suartéja su
nejudama iSlenkta apatine plokste, kurios pavirSius apibii-
dinamas sekantine funkcija.

Cia kaip tepamoji medZiaga ioriniame magneti-
niame lauke, pasvirusiame radialiosios aSies atzvilgiu, nau-
dojamas magnetoreologinis skystis. Guolio pavirSiaus ra-
dialinis Siurks$tis modeliuojamas atsitiktiniu stochastiniu
kintamuoju be nulinés jo pastoviosios ir kintamosios de-
damuyjy reik§miy. Procesa aprasanti Reinoldso lygtis suvi-
durkinta atsitiktinio Siurkscio parametro atzvilgiu. Siekiant
nustatyti slégio pasiskirstyma, nedimensiné diferencialiné
lygtis iSsprgsta esant tam tikroms krastinéms salygoms,
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gauti duomenys panaudoti sudarant laikomosios galios
lygti ir nustatant sistemos pereinamaji laikotarpi. Gauti
rezultatai pateikiami grafiskai. Jie parodé, kad tokios guo-
liy sistemos charakteristikos labai pageréjo, palyginti su
guoliy sistemomis, tepamomis jprastinémis medziagomis.
Pastebéta, kad slégis, sistemos laikomoji galia ir pereina-
masis laikotarpis didé¢ja didéjant jmagnetinimo parametrui.
Sis tyrimas atskleidé guolio specifinius defektus, atsiran-
dancius dél skersiniy pavirSiaus nelygumy, parode, kad,
tinkamai parenkant abiejy ploksteliy kreivumo parametrus,
galima efektyviai pagerinti guolio eksploatacines savybes
esant neigiamai $iurk$¢io kintamos dedamosios pasiskirs-
tymo asimetrijai.

G. M. Deheri, N. D. Abhangi

MAGNETIC FLUID BASED SQUEEZE FILM
BETWEEN CURVED ROUGH CIRCULAR PLATES

Summary

It has been sought to analyze a magnetic fluid
based squeeze film behavior between two curved rough
circular plates when the curved upper plate lying along the
surface determined by hyperbolic function approaches the
stationary curved lower plate along the surface governed
by secant function.

The lubricant used is a magnetic fluid in the pres-
ence of an external magnetic field oblique to the radial
axis. The transverse roughness of the bearing surfaces is
modeled by a stochastic random variable with nonzero
mean, variance and skewness. The associated Reynolds
equation is averaged with respect to the random roughness
parameter. The concerned nondimensional differential
equation is then solved with appropriate boundary condi-
tions in dimensionless form to get the pressure distribution,
which in turn, is used to get the expression for the load
carrying capacity paving the way for the calculation of
response time. The results are presented graphically. The
results suggest that the bearing system registers a consid-
erably improved performance as compared to that of the
bearing system working with a conventional lubricant. It is
observed that the pressure, the load carrying capacity and
the response time increase with increasing magnetization
parameter.

This investigation reveals that although the bear-
ing suffers owing to transverse surface roughness in gen-
eral,

There are ample scopes for obtaining better per-
formance in the case of negatively skewed roughness by
properly choosing the curvature parameters of both the
plates.
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TJIEHKA MATHUTOPEOJIOTMYECKOI
KUIKOCTU HAXOSILASICSI MEXTY IBYMS
BBITYXJIBIMU KPYTJILIMA HEPOBHAMU
TJIACTUHKAMU

Pe3zmomMme

B pabore aHamm3mpyercsl IUIEHKAa pPEOJOTHYE-
CKOW KHUIKOCTH, HAXOMAAIMIASCS MEXIY ABYMS KPYTJIBIMH
BBIITYKJIOH ()OPMBI IIACTHHKAMH C IIEPOXOBATBIMHU IIO-
BepXHOCTAMU. [T0oBEpXHOCTh BEpXHEH BBIMYKJIOHN IUIACTUH-
Ke, KOTopas HpUOIIDKaeTcs K HIDKHEH BBIMYyKJIOH IUIa-
CTHHKE, XapaKTepu3yeTcs runepoosnueckoil GpyHKIuen, a
MOBEPXHOCTh HIDKHEH MJIACTUHKU XapaKTepu3yeTcsl ce-
KaHTHOW (QyHKuueid. CMa3bIBaloOIIUM MaTepualioM IpH
OTOM HCHONB3Y€TCS MAarHUTOPEONIOTnYecKas MXKHIKOCTD,
HaXOAAIIadcs BO BHEIIHEM MAarHUTHOM IIOJ€, HaKJIOHEH-
HOM II0 OTHONIEHUIO paguanbHOil ocu. IllepoxoBaTocTh
pabodell TOBEPXHOCTH MOAMIMITHUKA B PaJgHaIbHOM Ha-
[IpaBJICHUN MOJENIUPYETCS CIy4yallHOW CTOXAaCTUYECKOU
nmepeMeHHol 0e3 HyJeBOrO 3HAYeHHs €€ MOCTOSHHOW U
[IEPEMEHHOM COCTaBIAOIMX. YpaBHeHue PeliHonbaca,
OIUCBHIBAOIIEE YKA3aHHBIN MPOILIECC, YCPEIHEHO 0 OTHO-

IMIEHUIO K CIy4aifHOMy mapameTpy mepoxosaroctd. C Ie-
JbI0 YCTaHOBJIEHUsI paclpeleieHus JaBIeHus, Oe3pazmep-
Hoe auddepeHnanbHoe ypaBHEHHE PELIeHO IPU OIpejie-
JICHHBIX KOHEUHBIX YCJIOBUSX, PE3yJIbTaThl UCIIOJIb30BaHbI
JUISL OTIpEIeJIeHNs] HecyIled CIIOCOOHOCTH M BPEMEHH Iie-
PpeXogHOTrO Tporecca cucteMsl. IloydeHHbIe pe3yIbTaThl
NPEe/ICTaBICHBl B rpadudeckoM BHAe. Pe3ympTarsl mccie-
JOBAaHWH MOKAa3aJM, YTO XapaKTEPUCTUKN TaKOTO MOIIIHII-
HHUKa 3HAYUTENBHO YIIy4IINIach MO CPAaBHEHHIO C CHCTE-
MaM{ TOJIIUITHUKOB, HCIOJNB3YIONMX OOBIKHOBEHHbIE
CMa304YHBIC MaTepHaibl. YCTAHOBJIEHO, 4YTO [aBJICHUE,
Hecylasi CHOCOOHOCTh U MPOJIOKUTENBHOCTD IEPEX0IHO-
To TIpolecca YBEIMYMBACTCS MPHU YBEIMUYCHUH NapaMeTpa
HamaranuuBanus. McenenoBanus mo3Bosmiin 0OHAPYKUTh
cnemuduyeckne e(eKTs IOJIINITHUKA, BO3HUKAIOIIUE
U3-32 TONEPEUHBbIX HEPOBHOCTEH. YCTAHOBIEHO, YTO MPHU
MIPaBHIFHOM TIOJ00pe TapaMeTpoB KPHUBU3HBI 00enX IiIa-
CTHH MOXHO 3(Q(EKTHBHO YIYyUIINTh SKCIUTyaTal[IOHHbIE
CBOMCTBA MOAIIMIIHUKA IPU HETaTUBHONM aCHMMETPUH
pacnpeleNieHny MEPEMEHHON COCTABIIAIOIIEH IIEPOXOBa-
TOCTH.
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