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To decrease the negative influence of the poor working environment on lubricating performance, a new hydro-
dynamic bearing with magnetic fluid is developed, whose lubricating performance can be significantly
improved by external magnetic field. The mathematical model of magnetic intensity generating by a solenoid,
which is designed as external magnetic field, is deduced according to Biot-Savart Law and validated by mea-
surement experiment. The direct relationship of load-carrying capacity of bearing and magnetic intensity of
external magnetic field is built, through analyzing the effect of magnetic flux density on magnetic fluid viscos-
ity. The results showed that solenoid is reasonable to apply as external magnetic field, and its theory works.
Magnetic intensity of external magnetic field can enhance and monitor the bearing load-carrying capacity until

magnetic fluid reaches magnetic saturation.
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1. Introduction

As the main part of rolling mill, hydrodynamic bearing
plays a vitally important role in rolling machinery and its
running stability directly affects working performance of
rolling machinery [1]. Failure of the bearing is always
related to characters of lubricant which exist between
shaft and bearing bush. When temperature rise, oil
viscosity decrease, oil film become thinner or even
rupture [2-4]. Therefore, ferrofluid has now been used as
lubricant to improve lubricating performance of hydro-
dynamic bearing [5-7].

As a new type of lubricant, ferrofluid not only
possesses liquidity but also has magnetism. With external
magnetic field, characteristics of ferrofluid are improved,
such as improvement of viscosity and load-carrying
capacity. But the application of ferrofluid to lubrication is
not mature, so the researches on ferrofluid used in
lubrication is pretty necessary [8-11].

Till now, many experts and scholars have done masses
of researches about ferrofluid lubrication under external
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magnetic flied. Magnetic intensity producing by external
magnetic field can improve lubrication performance of
the bearing [12-14]. Tze-Chi Hsu showed that magnetic
field seriously affected lubrication characteristic of short
journal bearing [15]. Hu et al. indicated that magnetic
field distribution had influence on the bearing load-
carrying capacity [16].

In this paper, the mathematical model of magnetic
intensity of a solenoid is calculated, which is more
concise and visual than the formulas in literature [23].
And the influence of magnetic intensity on viscosity of
ferrofluid is analyzed. Then the direct relationship of
magnetic intensity and load-carrying capacity of bearing
was obtained. The study shows that the mathematical
model of magnetic intensity generating by solenoid in this
work has better accuracy, and magnetic field generating
by solenoid can improve the lubrication environment. The
magnetic intensity generating by external magnetic field,
can enhance and monitor the load-carrying capacity of
magnetic fluid hydrodynamic bearing in a certain
condition.

2. Theory and Methods

2.1. Calculation on magnetic field

© 2021 Journal of Magnetics
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Fig. 1. (Color online) The designed solenoid.

Based on the large-scale oil-film bearing test rig, a steel
drum was selected, of which size is close to the actual
size of the test bearing. Using the drum as the bush, a
solenoid was manufactured on CA6140 lathe. The manu-
factured solenoid is shown in Fig. 1, and the relative
parameters are shown in Table 1.

Applying the solenoid in Fig. 1, firstly, the magnetic
induction intensity, which is produced by an arbitrary
current element on a single-coil, is calculated according to
Biot-Savart law. And then the magnetic induction inten-
sity generating by a single coil is deduced through integral
algorithm. Finally, induction magnetic intensity of solenoid
is obtained based on integral and approximation algorithm.
All processes were done in Cartesian coordinate system.

As shown in Fig. 2, a single-coil model is displayed
with the center point O as its origin. According to Boit-
Savart law, magnetic flux density creating by an arbitrary
current element to any outside point N is obtained as
follows:

_uIR(R — ysind)i +xsingj +xcosOk 0

dB :
4 (X +y+R - 2Rysin0)A (M

where / is the current in the single coil, R is the radius of
the single coil, z4 is the vacuum permeability, 8 is the
angle between lines OM and z-axis.

With Cartesian coordinate system, dB was decomposed
in three directions of x, y, z to simplify the following
calculation. The magnetic induction intensity along the
circumference is zero (dB, = 0) due to symmetrical struc-
ture of the bearing.
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Fig. 2. (Color online) Single coil calculation model.
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And integral operation and approximation method were
applied on Eq. (2) to deduce magnetic induction intensity
of the single coil along the axial direction. In the same
way, magnetic induction intensity of the single coil
intensity of the single coil along the radial direction was
got by using integral operation and Taylor Formula on

Eq. 3).

Su,IR?
B, =— T (4)
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— 7 5
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The solenoid calculation model is presented in Fig. 3.
The sum of magnetic induction intensity producing by
every single coil is the magnetic induction intensity of
solenoid. This process was calculated by using integral
operation and approximation method on Eq. (4) and Eq. (5).

(L—x)(4-B)+(x+L)(C-D)
B =3unn, Y (L=x+A)(L-x-B)(L+x+C)(L+x-D)

2 M (L=x—A)L-x+B)(L+x—C)(L+x+D)

(6)
Table 1. The relative parameters of the solenoid.
Parameter Value Parameter Value
Coil material Red copper Length of solenoid L (mm) 180
Inner radius of solenoid R; (mm) 123 Resistance of solenoid winding (Q2) 6.2
Outer radius of solenoid R, (mm) 154 Electrical resistivity (€/m) 1.75¢-8
Numbers of coil in axial direction 85 Coil diameter (mm) 2
Numbers of coil in radial direction 14 Relative permeability 0.999979
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Fig. 3. (Color online) Solenoid calculation model.
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where n; are the number of turns in axial, 7, are the
number of turns in radial, R; is the inner radius of

multilayer-turn, R, is the external radlus of multlla er-
turn,  A=(x—L) +y'+R:, B=(x-L) +y*+R’,
C=\J(x+Ly +y +R, D=\[(x+L) +y +R’

Actually, bush can be magnetized when solenoid works,
so magnetic flux density in hydrodynamic bearing is
derived by twined wires and magnetized bush. It is
assumed that magnetized bush is equivalent to a solenoid,
and magnetic intensity producing by bush is opposite to
the external solenoid [23]. Therefore, the equations of
magnetic induction intensity, along axial and radial
directions, in hydrodynamic bearing are modified as
follows:

(L-x)(A-B)+(x+L)(C-D)
B =3u,0lnn, L n(L—x+A)(L—x—B)(L+x+C)(L+x—D)
2 " (L-x—-A)(L-x+B)(L+x~C)(L+x+D) |

(®)

p = tolynn, ln(Rz-FA)(R‘+D)+ACR,(D—B)+BDRZ(A—C)7
’ 4 (R+B)(R +C) ABCD |
)

where o is a correction factor, & is a modified function

S=_ PtpXTpXHpytpy
I+ px+px+py+py +p,y>

o=160~180, p, =18.3615, p, =—0.0041,
p.=2750.6644, p, =0.00028, p, =—1943.441,
p.=—-7x10", p,=-33.8193,
p.=—6.8663x10°, p, =—64.3478, p, =—0.001.

2.2. Magnetic induction intensity measure
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Fig. 4. (Color online) Magnetic intensity measurement device.
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Fig. 5. (Color online) Viscosity test device.

The principle of the measurement is based on Hall
Effect that the charged particles would be deflected by
Lorenz force under magnetic field. A DC power is used
to provide current to the solenoid, and a teslameter
(WT10A) is applied to test magnetic intensity of a certain
point. The point is fixed by two rulers. The measurement
device is shown in Fig. 4.

2.3. Viscosity test

Figure 5 is the testing equipment to measure the
relationship of temperature, magnetic intensity and viscosity.
The ferrofluid used in the test is a colloidal suspension
including magnetic particles (Fe;O4) about 6 %, of which
size was about 12 nm. A rotational viscometer (NDJ-5S)
was used to measure viscosity and the measure results
were analyzed on a connected computer. To meet the
experimental requirements of various temperature condi-
tions, a constant-temperature water-bath heater was ap-
plied, and a thermometer was inserted into the ferrofluid
to monitor the real-time temperature. The designed solenoid
provides the magnetic intensity through adjusting its
current. Viscosity characteristic is tested at 40-70 °C, and
the magnetic induction intensity is 10-60 mT.

3. Results and Discussion

3.1. Analysis of magnetic induction intensity
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The axial magnetic intensity/mT

The radial magnetic intensity/mT

Fig. 6. (Color online) Distribution of magnetic induction intensity. (a) Theoretical results of axial magnetic intensity. (b) Experi-
mental results of axial magnetic intensity. (c) Theoretical results of radial magnetic intensity. (d) Experimental results of radial mag-

netic intensity

Through the above research, the distribution of axial
and radial magnetic induction intensity is shown in Fig. 6.

Fig. 6(a) is theoretical result of axial magnetic induction
intensity (B,) under 3 A according to the size of the
solenoid and the Eq. (8). Fig. 6(b) is experimental result
of axial magnetic induction intensity (B,) with the same
current. By contrast, the two distributions agree well with
each other. B, reaches the maximum value in the edge of
solenoid, and it decreases along the radial direction while
increases along the axial direction from the inner center

of solenoid. Because the width-diameter ratio of bearing
is 0.8, the distribution of magnetic flux density shows no
homogeneous where B, along the axial direction is
sharper than the radial direction. The maximum (B, n.x) iS
12 mT, the minimum (B, i) is 2 mT.

In the same way, theoretical result of radial magnetic
induction intensity (B,) is shown in Fig. 6(c), and Fig. 6
(d) is experimental result. It is obvious that theoretical
value is very closer to experimental value. The radial
magnetic intensity is zero in the center of solenoid,

Table 2. The comparison results of different magnetic intensity mathematical models.

X

0.09 0.06 0.03 0 —0.03 —0.06 -0.09 accuracy
Results

Modified 12.7156 42360 1.4984 0.7429 1.4984 4.2360 12.7156 83.5%

By Literature [23] 27.0073 26.1917 25.9441 25.7807 25.9441 26.1917 27.0073 174 %
Experimental 12.5 34 1.4 1.2 1.4 34 12.5 -

Modified 5.3051 4.5942 2.5267 0 —2.5267 —4.5942 —5.3051 93.8%

By Literature [23] 19.2514 15.2532 7.635 0 —7.635 -15.2532 -19.2514 28.3 %
Experimental 5.1 4.5 22 0 22 —4.5 =5.1 -
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presenting as central-symmetric distribution of which
increasing tendency along the axial and radial directions
have the similar rate. The maximum is in the edge of
solenoid, i.e., Bymax = 5 mT.

As the agreement of theoretical result and experimental
result, the assumption regarding bush as a solenoid is
rational.

With comparison with Fig. 6(a) and Fig. 6(c), the axial
magnetic induction intensity is bigger than the radial one,
it means that the axial magnetic intensity is determinant.
The maximal magnetic intensity exists in the edge of the
bush, where is the working area of lubricant. It means
improving lubrication environment, ensuring the stability
of the bearing as well. Thus the equations of magnetic
induction intensity deduced in this paper are reasonable
and precise. The comparison with two equations in this
paper and literature [23] is shown in Table 2.

3.2. Viscosity test results

Viscosity is one of the vital parameters to represent the
characteristic of lubricating oil. Temperature and pressure
are major factors which could affect oil viscosity. Gene-
rally, the relationship between viscosity, temperature and
pressure is expressed by Einstein formula [17, 18] as
follow.

(Iny,, +9.67)

n.(P,T)=n,exp Yoo (T—138Y)° (10)
(]+5]X10 'P) ’(m] _]

where 7. is viscosity of lubricating oil, z is a viscosity-
pressure coefficient, z = 0.68, and s is a viscosity-temper-
ature coefficient, s = 1.1.

According to rotating viscosity theory by Shliomis [19],
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Viscosity of ferrofluid/pa.s

Fig. 7. (Color online) Distribution of viscosity under the
effects of temperature and magnetic intensity.
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the equation representing the effect on ferrofluid viscosity
by pressure, temperature and magnetic intensity is given
as follows:

n(T,P,B)=;1/+;golj_J'()5.(;§gx(l)(smzﬁ)ﬂ( (11
where 7 is viscosity of ferrofluid with magnetic field, 7,
is viscosity of ferrofluid without magnetic field, and ¢ is
the volume fraction of magnetic particles.

Based on FEinstein formula and Rosenweig modifi-
cation, the relationship between viscosity of ferrofluid
and viscosity of carrier fluid can be obtained [20, 21].
Then applying the Langevin function, the viscosity of
ferrofluid influenced by magnetic field, temperature and
pressure was obtained as follows:

(Iny,,+9.67)

7/(P5 T3 B):r]mexp 9 z T—138 -’
(1+5.1x10° P) [ -138j -1

J“ » (12)

)

-{1+2.5[1+‘:j ¢—1.55[1+

. 1.5k
1V o+3kT /mru, (1 —1)B
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where 0 is the thickness of dispersants, r is the radius of
magnetic particle, 44 is the permeability of vacuum, M, is
magnetization of a single magnetic particle, &k is Bolt-
zmann constant, M is magnetization of ferrofluid, %, is a
proportion coefficient.

Figure 7 displays the distribution of ferrofluid viscosity
changing with temperature and magnetic field intensity.
Viscosity of ferrofluid increases with magnetic intensity
rise while decreases with temperature rise. And the effect
of magnetic field intensity is pretty obvious at lower
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Fig. 8. (Color online) The curve of viscosity changing with
magnetic intensity. (TR-theoretical result, ER-experimental
result)



—-30-

(e
o
=

T
= Theoretical value

90l—— Fitting '\falue

ot

>

=]
T

I
I
1
|
sof

Fitting rate: 0.99985

I
1
1
|
| .
1
I
I
1

10 1 1 1 r 1 1 1
0 10 20 30 40 50 60 70

The load-carrying capacity/Mpa

The magnetic intensity/mT

Fig. 9. (Color online) Relationship of load-carrying capacity
and magnetic intensity.

temperature.

The relationship between ferrofluid viscosity and mag-
netic intensity is presented in Fig. 8. The rise of magnetic
field could effectively improve viscosity, however with
the continuously rise of magnetic intensity, viscosity
reaches at a stable value in the end. When magnetic
intensity arrives at about 20 mT, the curve of viscosity
becomes flat. It means that the saturation magnetization
of the ferrofluid is 20 mT. Hence magnetic intensity has
obvious effect on viscosity of ferrofluid, it could improve
viscosity before the ferrofluid approaches saturation
point. And we can see, the viscosity decrease with the
increasing temperature,

3.3. Load-carrying capacity of bearing

Load-carrying capacity is an important parameter to
assess the working condition of bearing. Overload would
result in the rupture of oil film which easily causes the
failure of the bearing, so it is necessary to efficiently
increase load-carrying capacity to improve working per-
formance of bearing. According to literature [22], the
relationship between load-carrying capacity and viscosity
is shown in Eq. (13), which shows that viscosity of
lubricant has directly positive influence on load-carrying
capacity of bearing.

p=k 21 (13)
¢_

where  is the shaft angular velocity, ¢ is the relative
space of bearing, and k, is a coefficient related to
eccentricity ratio.

When ferrofluid is used instead of traditional lubricant,
magnetic induction intensity has positive effect on vis-
cosity, which means magnetic flux density could posi-
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tively affect load-carrying capacity of ferrofluid hydro-
dynamic bearing. Combining Eq. (12) with Eq. (13), the
relationship between load-carrying capacity and magnetic
intensity can be obtained. And a prediction mathematical
model of the relationship was calculated by fitting
algorithm as well.

P=p+pB +pB+pB +pB+pB (14

where p, ~ p, are correlation coefficients.

Figure 9 displays the direct relationship between load-
carrying capacity and magnetic intensity. The load-carry-
ing capacity is enhanced as the magnetic intensity increases.
A prediction mathematical model was given, and it
matched extremely well with theoretical result, which
means the prediction mathematical model is rational.

This prediction mathematical model is aim to provide
the direct relationship of magnetic intensity and load-
carrying capacity in a certain condition. When the bearing
is operating, its load-carrying capacity can be adjusted by
changing magnetic intensity until lubricant gets magnetic
saturation. Further the load-carrying capacity of bearing
can be monitored through controlling the value of mag-
netic intensity, which can improve working performance
of the bearing, decline the failure of the bearing.

4. Conclusions

(1) A solenoid is designed as external magnetic field for
magnetic fluid hydrodynamic bearing. The equation of
magnetic induction intensity producing by the solenoid is
deduced. And the consistency of theoretical results and
experimental results verifies the reasonable of magnetic
field model.

(2) The distribution of magnetic induction intensity is
uneven but symmetrical, the maximum exists in the work-
ing area of lubricant which could improve the lubricating
environment of the bearing. The axial magnetic intensity
is about three times than the radial ones, which means the
axial magnetic intensity is determinant.

(3) The viscosity of ferrofluid is analyzed under mag-
netic intensity. The magnetic intensity has positive effect
on viscosity of magnetic fluid. The theoretical values are
in agreement with the experimental results before the
ferrofluid approaches to saturation magnetization. When
magnetic fluid is fully magnetized, the effect of magnetic
field on the viscosity will gradually become slight.

(4) A prediction mathematical model of load-carrying
capacity and magnetic intensity is obtained. Through
controlling the magnetic intensity can help enhance and
monitor the load-carrying capacity of hydrodynamic bear-
ing, thus improving the working performance of the



Journal of Magnetics, Vol. 26, No. 1, March 2021

bearing and decreasing its failure rate.
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