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COMBINED EFFECTS OF MAGNETIC FIELD
AND SURFACE ROUGHNESS ON LONG
JOURNAL BEARING LUBRICATED WITH

FERROFLUID

Tze-Chi Hsu', Jing-Hong Chen', Hsin-Lu Chiang?, and Tsu-Liang Chou?

Key words: ferrofluid, long journa bearing, stochastic surface
roughness.

ABSTRACT

This study investigated the influence of ferrofluids on the
lubrication performance of long journal bearings under the
combined effects of stochastic surface roughness and a mag-
netic field generated by an infinitely long wire. According to
our results, placing an infinitely long wire magnetic field at an
appropriate distance from the center of the bearing can sup-
press side leakage in long journal bearings, thereby extending
the life of the bearings. Under a higher power-law index and
induced magnetic force, the introduction of transverse rough-
ness can enhance film pressure and load capacity, while re-
ducing the attitude angle and modified friction coefficient.
The introduction of longitudinal roughness has the opposite
effect. We believe that these findings provide a valuable ref-
erence for the design of bearingsin the future.

. INTRODUCTION

Ferrofluids are stable colloidal liquids comprising ferro-
magnetic particles suspended within a carrier fluid. Specia
attention must be paid to the non-Newtonian characteristics of
ferrofluids under various operating environments [6, 9-11, 14,
18-20, 22]. Nada and Osman [13] and Osman et al. [15-17]
investigated the influence of ferrofluid lubricants on the op-
erational characteristics of journal bearings, using specifically
designed magnetic field models. Their results indicate that
increasing the power law index of ferrofluids and the intensity
of the magnetic field can enhance the load capacity and atti-
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tude angle of the bearings, while decreasing the modified
friction coefficient in cases of high eccentricity. However, the
model used to determine the applied magnetic field must be
selected with care to avoid causing side leakage due to ex-
cessive film pressure. Other similar studies include those by
Montazeri [12], and Huang et al. [8].

The above studies all assumed that the surfaces within
bearings are entirely smooth. Christensen [4] and Chris-
tensen and Tonder [5] developed stochastic Reynolds equa-
tions to describe average pressure, addressed the issue of
transverse and longitudinal roughness, and determined the
influence of roughness on the performance of bearings.
Chiang et al. [1-3] derived a generalized stochastic Rey-
nolds equation based on Christensen's stochastic model
and the Stokes microcontinuum theory [20]. Through nu-
merical simulation, the performance of lubrication in bear-
ings under the combined influence of couple stresses and
surface roughness was determined in order to characterize
the dynamic squeeze film. Hsu et al. [7] applied Christen-
sen’s stochastic roughness theory to the problem of two
parallel circular disks, the results of which demonstrate that
surface roughness could improve the behavior of squeeze
films. Magnetic particles are often trapped in the valleys
associated with surface roughness; therefore, Chu et al. [6]
and Osman et al. [16, 17] used the power-law flow model
as the rheology model for ferrofluid characteristics. None-
theless, previous studies have tended to focus on the impact
of surface roughness or ferrofluids, without considering the
influence of magnetic fields. The objective of the current
study was to investigate the combined effects of surface
roughness and ferrofluid characteristics as well as magnetic
fields.

This study combined Christensen’s stochastic surface rough-
ness model with amagnetic field generated using an infinitely
long wire and investigated how this would affect bearings
lubricated with ferrofluids. Itishoped that thiscomprehensive
research on the lubrication performance of hydrodynamic
bearings will provide a valuable reference for the design of
bearing in the future.
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A. Transverse
Roughness

B. Longitudinal
Roughness

Fig. 1. Theframestructure of the transmitted bit stream.

II.THEORETICAL ANALYSIS

Fig. 1 depicts the configuration of a long bearing with a
journal radius R rotating at angular speed @, with the lubrica-
tion of the interior bearings provided by ferrofluid. A mag-
netic field is produced by a current passing through an infi-
nitely long wire, which is displaced at a distance (RO) greater
than the radius of the bearing. The wire is placed at angle
w from the centerline of the bearing.

In accordance with the Navier-Stokes equation, magnetic
force was treated as an external body force and the modified
Reynolds equation was then obtained as [13]

fMX ]

n2 n+2

i h @ +i hmz% =6mO(Ra))”%+i h_

ox\ n ox) 0z 0z oxX ox\ n
+E(hn+2 fuz) D

ad

where n is the power-low index, p is loca film pressure, and
My is the viscosity constant. The fyx and fyz respectively
represent magnetic force in the circumferential and axia di-
rections, written as follows:

oh

fux = 1o Xy hy a)’\(ﬂ &)
d

fuz = Xy ;Zw ©)

The magnetic field hy of the infinitely wire long [13] is
represented by

hy () :ﬁ(l+ K?—2K cos{y —6})™*° (4

where | isthe strength of the current passing through the wire
and K = Ry/R. The optimum 1, as given by Tarapov [21] is
2.

According to Christensen’s theory, using the expected
values derived from Eq. (1), the stochastic modified Reynolds
equation for the journal bearing with rough surface can be
written as:

d| [ h™2\ap |, 0 (ne 8p}_ 2 9E(h)
ax{E( n jax}raz_E(h )az = omy(Re) oX

+§<E(h“+2)fw) 5)
z

where the expectancy operator E(:) is defined by
EQ=[_()f(8)ds (6)

and f(8) is the probability density distribution for the stochas-
tic variables. As most rough surfaces in the field of engi-
neering are Gaussian in nature, for the sake of simplicity, we
used a polynomial form for integration (instead of a Gaussian
distribution function), as shown in the following:

35
f(5) =4 32¢’

(c?-06%)° if—c<d<c

)

0 elsewhere

where c is the half total range of random film thickness vari-
able and, the function terminates at ¢ = +30, where o is the
standard deviation.

In this study, local film geometry of the lubricant is treated
as a stationary, ergodic, stochastic process with zero mean,
written as follows:

h=h,(x, 2)+ (%, z,¢) (8)

where hy, represents the nominal smooth part of the film ge-
ometry according to the x and z coordinates, while d(x, z, &) is
the part due to the surface asperities measured from the
nominal level and is regarded as a randomly varying quantity
of zero mean. Using the circumferential coordinate, film thick-
ness hy,, can also be expressed as

h,=C (1+&cosb) (©)]

where C is the radial clearance, and ¢ is eccentricity ratio,
e=elC.

The surface feature of one-dimensional longitudinal rough-
ness is assumed to have the form of long narrow ridges and
valleys running in the direction of rotation. Thus, the thick-
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ness of the lubricating film listed in Eq. (8) can be expressed as
afunction of the form
h=h,(¥)+6(x, &) (10)

in which Eq. (5), dealing with longitudinal roughness, can be
reduced to

o|_(h™*\op| o 1 Jp . 0E(h)
gl 2R 2 = 9P gm (Ro)" Y
ax|: ( n ]BX:IJFBZ{E(l/h”*Z) 82} M(Re) ox

0 h"? 0 1
| E| — |f — ="
+ax{ [ n ] MX}az(E(l/h“*) W)

where p ismean film pressure.
To simplify analysis, the magnetic field coefficient can be
defined as

(11)

(12)

m n R

a = he ot X (EJHH
mya

while dimensionless mean film pressure P and surface rough-
ness parameter A, are written as

) %ﬁw” (%) )
A =% (14)

The non-dimensional modified Reynolds equation for lon-
gitudina roughness can then be expressed as follows:

0 P n 9 oP
| G(H,AN)— [+——| G,(H,A,n)—
ae[Gl( )86}4/12 az{ o )az}
oH p) oH
=6n—+a, —| G,(H,A,n)H M
naf“”‘aa[el( M H ae}
ne,, 0 oH
m | G,(H,A,n)H M 15
4/1232{ 2 M Hy az} (15)
where
h,
H=-T 16
c (16)
Z=1z/L (17)
L
A=— 18
R (18)
6=x/R (19)

G,(H,A,n)= H”*2+—118H“A2(n2+3n+ 2) (20)

G,(H,A 1 Az[n2+5n+6J 21
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and the intensity of the dimensionless magnetic field of Eq.
(4) can be written as

Hy (6) = 1+ K2 — 2K cos{y — 6}) °° (22)
where
Hu = by /Mo (23)
and
hwo =1 /27R (24)

One-dimensional transverse roughness is assumed to have
the form of long narrow ridges and valleys running in the
zdirection. Therefore, the thickness of the lubricant film can
be expressed as a function of the form:

h="h,(x)+d(z¢) (25)
Eqg. (15) for transverse roughness can be derived as
0 JoP n o9 JdP
—|G,(H, A, n)— —|G,(H, A, n)——
ae[ 2( n)ae}u/iz az{Gl( Ir‘)az}
0 0 oH
ZGnB_HG'3(H’A’ n) +ama—6[Gz(H,A, n)H,, E)HM}
ne,, 0 oH
m_—IG/(H,A nH, — 26
Gt A, T @
where
2 2
Gy(H,A,n)=H - 18H *+A°[n?+5n+6] 27)

18H *+A%[n? +7n+12]

Because 4>>5 in the approximation of a long journa
bearing, variations in axial pressure can be disregarded in
favor of circumferentia variations. Therefore, Egs. (15) and
(26) are reduced to

d P | .~
ﬁ[GI(H,A,n)ﬁ}—m( £-sinf)

d

+ 0, —
" 06

{Gl(H ,A,nmH,, (6) E)HaMg(H)} Longitudinal (28)
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0 d
BH[G (H,A,n) } 8¢9G3(H’A' n)
0 . dH, (0)
+ "‘8 [G (H,A,n)-H,, (&) NEY R } Transverse (29)

The boundary conditions for film pressure are as follows:

P(6)=0 a 6=0 (30)
%:o a 6=6, (31)

By applying boundary conditions (30) and (31), the non-
dimensional mean film pressure and 6, can be obtained by
integrating Egs. (28) and (29) as

P(6) =

I (cos6 —cosb,)
G(H.AN),

—a,-[G,(H, A, n)-Q. 6, K)]| Lm

Longitudinal (32)
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cosé, =
% cosf
6-&n- | m~d0+am-[R(y/,6, K)]
en [ 1.
o G(H,A,n),
1
&, [Gi(H, A, n)-Q(y, 6, K)]|2 L m

‘ 1
6 | G AT, -do

Longitudina (34)

6“‘{_[:2(63(H,A, n), ) Ga(H, A, n)-d0}+am- Ry, 6, K)

6n-62-SAI:ZGS(H,A, n)-G,(H, A, n)-d@

% [Gi(H, A, )-Q, 6, K)],
en.ez.g-jo G,(H, A, n)-G4(H,A, n)-de £

J'G(HAn)|d6’ 1

Transverse (35)

where

1 A[n*+5n+6]

G4(H 1 A’ n) = Hn+2 + 18. Hn+4 (36)
2 212

Gy(H, A, n) = 18H2 +A2 (n2 +5n+6)| 37)
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By integrating the non-dimensional mean film pressure
acting on the journal bearing, the dimensionless load compo-
nents parallel (W) and perpendicular (W,,) to the centerline
can be obtained by the following:

1
W, =2 j: [P(6)cosbazde (40)

1
W, =2 j: [2P(6)singazde (41)

Thereafter, dimensionless load capacity W and attitude
angle ¢ can be evaluated from the above, as follows:

%

W= |iV\/02 +Wﬂ'/22] (42)

Q= tan_ll: /2/\No] (43)

Shear stress on the moving surface in the direction of rota-
tion can also be calculated, such that the modified friction
coefficient f R/C is determined by

2 (> L aP(6) n
fE_zﬁfL H (1 Ay 7-am-Q(z/f,6,Kj dodz
c w
(44)
where
1+ £cos@)™*
:% (45)
n

1. RESULTSAND DISCUSSION

This study investigated the combined influence of surface
roughness patterns and a magnetic field produced by an infi-
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Fig. 2. Numerical analysis of an influence on dimensionless pressure
(Z=0,n=1,6=04,A=0,A=5K=12).
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Fig. 3. Numerical analysis of K influence on dimensionless pressure (Z =
0,n=1¢=04,A=0,1=5, an=5).

nitely long wire on the distribution of hydrodynamic pressure
in long journal bearings lubricated with ferrofluids. Fig. 2
depicts the impact of various magnetic field coefficients on
dimensionless pressure distribution under smooth surface con-
ditions. The coefficient of the magnetic field in this study was
4 \?times that of the coefficient used by Osman [12] (i.e.,
om =4 A\a). Clearly, Py increases with the coefficient of the
magnetic field. However, excessively high and concentrated
dimensionless pressure was found to cause side |eakage,
thereby reducing the operational life of the bearing. In seeking
to address this defect, we discovered that the relative location
of the metal wire has an absolute impact on the distribution of
dimensionless pressure (Fig. 3). When K was increased from
1.2 to 3, Py decreased significantly. Taking K = 3 as an

4 =
’ ’ PN
i /’ oo . \:\
// ’ FLENNIRY
D) . @ \\
‘of \
3 a,=5 "o % N
7o/ \\\
, VAL \
19/ \
A \
; /
— /
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'/, \
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a o
o \
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1 /v \
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Fig. 4. Comparison between current simulations and those reported by
Chiang[15] (Z=0,n=1,£=0.4,1=5 K =3).

example, dimensionless pressureincreased steadily from 6 =0
to the maximum value and then swiftly dropped to zero. This
is considered by many scholarsto be theideal curve.

Fig. 4 compares the simulation results of this study and
those of Chiang [2]. Under a magnetic force of 0, our nu-
merical results were similar to those obtained by Chiang,
demonstrating that an increase in the magnetic field contrib-
uted to an increase in dimensionless pressure. Using o = 5
as an example, compared to a smooth bearing surface, trans-
verse roughness increased P whereas longitudinal rough-
ness decreased Ppax.

Although the viscosity of ferrofluids changes only dlightly
in the Schliomis model, a number of studies [6, 16, 17] have
shown that viscosity can be affected by differences in the
weight ratio of ferromagnetic particles within the fluid.
Therefore, the impact of various power law indices on di-
mensionless pressure distribution under the influence of sur-
face roughness is shown in Fig. 5. Observation revealed that
with a fixed power law index, surface roughness has a sig-
nificant influence on the distribution of dimensionless pres-
sure. Adopting a smooth surface as the standard, transverse
roughness increases Pr., While longitudina roughness de-
creases P With an increase in the power law index, using
transverse roughness as an example, the shear thickening fluid
(n = 1.5) has the highest P, followed by Newtonian fluid
(n=1.0) and shear thinning fluid (n = 0.7).

Table 1 illustrates the combined effects of surface rough-
ness and a magnetic field according to variations in Py.
When the magnetic field coefficient equaled zero, the maxi-
mum dimensionless pressure increased to 14.37%, in con-
junction with an increase in transverse roughness from A = 0
to A =0.3. In contrast, an increase in longitudinal roughness
slightly decreased the maximum dimensionless pressure,
compared to the smooth case. The current study assumed that
the long journal bearings had a length-to-diameter ratio equal
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Table 1. P asafunction of surfaceroughnessvariousan(n=1,£=0.6,4=5,K=3).

Magnetic Magnetic Magnetic
i P - =0,A= i Pmax'\_Pmaxrz: A= i PmaxA_ ‘max,a,, =0, A=
Sureface field maxn ~ T, -0A%0 1 000, field . W00 10006 field \ 4=0A0 10004
roughness coefficient P, 0,420 coefficient P, 0,420 coefficient P, 0,120
om=0 Om=2 om=5
Prrax Prrax P
o A=01 5.531 -5.52% 5.648 -3.52% 5.879 0.43%
Longitudinal
A=03 5.816 -0.6% 5.996 2.43% 6.182 5.60%
Smooth A=0 0% 6.053 3.40% 6.324 8.03%
Transverse A=01 6.095 4.12% 6.296 7.55% 6.576 12.33%
A=03 6.695 | 14.37% I 7.092 21.15% 7.364 |25.79% |
14
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Longitudinal, A=0.3 R ~\
127 Transverse, A=0.3  / \
i // o \\
10 — gt
/ \
- /e ®
/ . \
8 /. o\
QL b n=15.."% 277 AN ‘n I
6 — /9 ) e%e \\ .‘y
/ > . \
i , 7=10N\\1
'y, s P < ey
4 — //,/ A ....°\\ )\
i /,//// n=0. -\\\\‘\
2 — i/ 2 N\ i . Smooth, A =0 TV e
- 210 Longitudinal, A =0.3 N
1------ Transverse, A = 0.3
O T I T I T I T I T I T I T I T I T I T I l 205 T I T I T I T I T
0 20 40 60 80 100120140160 180200 220 0.1 0.2 0.3 0.4 0.5 0.6
0 &

Fig. 5. Relationship between dimensionless pressure P and @ under the
influence of various power law indices and surface roughness (& =
0.6,4=5,an=5K=3).

to 5; therefore, the axia variations in pressure were neglected
in favor of those in the circumferential direction. Asaresult,
the transverse grooves generated stronger hydrodynamic lift,
resulting in higher maximum dimensionless pressure; The
influence of a magnetic field on maximum dimensionless
pressure is presented in Table 1. Because the surface was
assumed to be smooth, the maximum dimensionless pressure
increased to 8.03% when the magnetic field coefficient was
increased from 0 to 5. Finally, combining the influence of
surface roughness and magnetic field resulted in a maximum
dimensionless pressure of 25.79%, in the case of A = 0.3 and
om = 5. Itisclear that with an increase in the magnetic field,
the influence of surface roughness is far more pronounced
than that of a magnetic field and the coupled effects become
more significant. To ensure strong hydrodynamic lift within
the journal bearing and prevent side leakage caused by ex-
cessive hydrodynamic pressure, an appropriate balance must
be attained between these two factors.

Fig. 6 illustrates the relationship between 6, and the ec-
centricity ratio £ under the influence of various power law

Fig. 6. Relationship between zero pressure gradient angle #,and ¢ under
various power law indices and surface roughness (4 = 5, am = 5,
K =3).

indices. Obviously, when thejournal bearing is operated using
the same power law index, 6, reduces as the eccentricity ratio
€ increases. Taking shear thickening fluid (n = 1.5) as an
example, transverse roughness reduced 6, by approximately
33° following an increase in eccentricity from 0.1 to 0.6.
With the same roughness pattern, lower power law indices
lead to higher 8,. Thus, shear thinning fluids (n=0.7) produce
higher 6,.

The contral circuit adjusts the timing alignment between
the locally generated spreading signal and the received signal.
When the timing alignment is correct, the correlator output
will reach its maximal value. Therefore, the code acquisition
can be attained by examining the peak locations of the corre-
lator output signal.

Fig. 7 exhibits the relationship between dimensionless |oad
W and eccentricity ratio £ under various magnetic field coef-
ficients. Clearly, dimensionless load is directly proportional
to eccentricity ratio. The increase in dimensionless load re-
sulting from an increase in the magnetic field coefficient is
more apparent under conditions of low eccentricity ratio.



160 Journal of Marine Science and Technology, Vol. 22, No. 2 (2014)

Smooth, A=0 /l
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Fig. 7. Relationship between dimensionless load and eccentricity ratio
under the influence of various magnetic fields and surface rough-
ness(n=1,4=5 an=5K=3).
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Fig. 8. Relationship between attitude angle and eccentricity ratio under
the influence of various power law indices and surface roughness
(A=5am=5K=3).

Moreover, surface roughness patterns also have an influence
on dimensionless load. Taking o, = 5 as an example, trans-
verse roughness increases dimensionless load (compared with
smooth bearing surfaces), whereas longitudinal roughness
slightly decreases dimensionless load at a fixed eccentricity
ratio.

Fig. 8 illustrates the relationship between attitude angle ¢
and eccentricity ratio &, under the influence of various power
law indices. Clearly, the attitude angle was markedly reduced
with an increase in eccentricity ratio. With a fixed power
law index, the influence of roughness patterns on attitude
angle grew with an increase in eccentricity ratio. Taking shear
thickening fluid (n = 1.5) as an example, longitudinal rough-
ness reduced the attitude angle by approximately 21° when

. Smooth, A=0
Longitudinal, A=0.3
****** Transverse, A =0.3

Fig. 9. Relationship between modified friction coefficient and magnetic
field coefficient under various eccentricity ratios and surface
roughness(n=1,1=5K=3).

fRIC

Smooth

Longitudinal
Transverse

T I T I T I T
0 0.1 0.2 0.3 0.4
A

Fig. 10. Relationship between modified friction coefficient and surface
roughness under the influence of various magnetic field coeffi-
cientsand surfaceroughness(n=1,£=0.6,A=5 K=3)

eccentricity increased from 0.1 to 0.6. With the same rough-
ness pattern, lower power law indices lead to higher attitude
angles. Thus, shear thinning fluids (n = 0.7) produce higher
attitude angles.

Fig. 9 illustrates the relationship between the modified
friction coefficient and the magnetic field coefficient under
various eccentricity ratios. Taking £= 0.3 as an example, the
maodified friction coefficient shows a distinctively decreasing
trend as the magnetic field coefficient increases. However, in
the case of a high eccentricity ratio (¢ = 0.6), only a dight
changeisobserved. Transverse roughness reducesthe modified
friction coefficient, whereas longitudina roughness dlightly
increases the modified friction coefficient.

Fig. 10 illustrates the relationship between the modified
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friction coefficient and roughness parameters under the
influence of variations in the magnetic field. Using a,, =5 as
an example, the modified friction coefficient associated with
transverse roughness decreases as the roughness parameter
increases, however, the modified friction coefficient associated
with longitudinal roughness increases.

V. CONCLUSION

This study investigated the influence of lubricants con-
taining suspended ferromagnetic particles on the lubrication
characteristics of long journal bearings under the combined
influence of a magnetic field and various surface roughness
patterns. Using Christensen’s stochastic surface roughness
model and an infinitely long wire magnetic field model, we
derived a Reynolds equation for long journal bearing ap-
proximation. The results obtained in other studies support the
theoretical models outlined in this study and demonstrate the
reliability of the proposed numerical analysis.

According to our results, the combined effect of surface
roughness and magnetic forces within bearings are significant
and cannot be disregarded. Compared to bearings with
smooth surfaces, the introduction of transverse roughness and
a magnetic field can increase the film pressure and load ca-
pacity, while decreasing the attitude angle and modified fric-
tion coefficient. Longitudina roughness has the opposite
effect. The aforementioned trends become increasingly sig-
nificant with an increase in the power-law index and eccen-
tricity ratio. We believe that these simulation results will
provide a valuable reference for the design of bearings in the
future.

NOMENCLATURE

c one half of the total range of the random film thick-
ness variable

C radial clearance

e eccentricity, e= eC

frx magnetic forces in x-direction (circumferential d
direction)

fnz magnetic forces in z-direction (axial direction)

hw magnetic field intensity

hmo characteristic value of magnetic field intensity

Hwu dimensionless magnetic field intensity, Hy = hy/hyo

h thickness of lubricant film

hn H nominal smooth part of the film thickness, H =h,/C =
1+ e£cosé

K distance ratio parameter K = RyR

L length of the bearing

my viscosity constant

n power-law index

Pm induced magnetic pressure

P,P  meanfilmpressure, P=(p/ma")(C/R)"*

R radius of the journal

Xin susceptibility of ferrofluid

) Av4

10.

11.

12.

13.

14.

rectangular coordinates

dimensionless coordinate in the z-direction, Z = z/L
magnetic field coefficient, a,, = (W, o4, X,/ Ma@")
(C/ R) n+l

eccentricity ratio, e=€e/C

random part of film geometry

circumferential coordinate, x = R0

zero-pressure gradient angle

length-to-diameter, A =L/2R

roughness parameter, A = ¢/C

permeability of free space of air, 1 = 4n x 107
AT/m

angular speed
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