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The operating state of thrust plain bearings is a function of many parameters, both geometric and related
to load conditions. Besides the methods of controlling bearings of this type used so far, new possibilities
of modelling their operating characteristics by using substances with controlled rheological properties as
a lubricant can be pointed out. Magnetorheological fluids create such a possibility. These are suspensions
of particles with magnetic properties in a carrier fluid (usually in mineral or synthetic oil). The influence of
magnetic field on this type of fluids changes their rheological properties. This process is almost instantaneous
and fully reversible.

The paper presents the results of investigations of a thrust squeeze bearing lubricated with magnetorheological
fluid. The aim of the study was to determine the influence of selected factors on the axial force as a result of
the oscillatory squeeze load.

ciecz magnetoreologiczna, tozysko wzdtuzne, badania, Sciskanie oscylacyjne, sita normalna.

Stan pracy wzdluznych tozysk slizgowych jest funkcjg wielu parametrow zarowno geometrycznych, jak
i zwiagzanych z warunkami obcigzenia wezta tozyskowego. Oprocz dotychezas stosowanych sposobow ste-
rowania uktadami tego typu mozna wskaza¢ na nowe mozliwosci modelowania ich charakterystyk pracy
poprzez wykorzystanie jako srodka smarnego substancji o sterowanych wtasciwosciach reologicznych. Moz-
liwos¢ takg stwarzaja ciecze magnetoreologiczne. Sa to zawiesiny czastek o wlasciwosciach magnetycznych
w cieczy nosnej (zazwyczaj w oleju mineralnym lub syntetycznym). Oddziatywanie polem magnetycznym
na tego typu ciecze powoduje zmiane ich wlasciwosci reologicznych. Proces ten jest niemal natychmiastowy
i w petni odwracalny.

W pracy przedstawiono wyniki badan wzdtuznego tozyska smarowanego ciecza magnetoreologiczng. Celem
badan bylo okreslenie wptywu wybranych czynnikéw na warto$¢ sity osiowej w tozysku w wyniku zadania
obcigzenia w postaci oscylacyjnego wymuszenia $ciskajacego.

INTRODUCTION diameter of 1-20 um and ferrofluid (FF) composed of

ferromagnetic nanoparticles with a size of 5-10 nm.

Magnetic fluids are suspensions of ferromagnetic The unique properties of magnetic fluids rely on the
particles in a carrier liquid. Depending on the particle possibility of reversible, almost instantaneous, change
size, there is a distinction between magnetorheological in their rheological parameters, as well as changes in the
(MR) fluid containing particles with an average flow direction due to the magnetic field. In mechanical
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devices, magnetorheological fluids (MR) are used
in vibration dampers, brakes and clutches [L. 1, 2],
while ferrofluids (FF) are mainly used in seals [L. 3,
4]. Research has also been related to the development
of sliding bearings with magnetic fluid as the lubricant
[L. 5-7]. Such solutions may be characterized by simple
constructions and the possibility of active control over
working parameters. As a result, it is possible to achieve
a higher reliability and stiffness of bearings than is the
case with conventional solutions.

While considering the use of a magnetically active
fluid as a lubricant, one should pay attention to the
possibility of controlling the rheological parameters of
the lubricant and the ability to hold it at a given position
and to control the fluid flow by means of a magnetic field.
In addition, in the magnetic fluid under the influence of
a magnetic field, a pressure is created which can be used
to separate the working surfaces of cooperating bearings
[L. 7-10]. In the case of magnetic fluids which contain
solid particles with ferromagnetic properties, this can
significantly improve working conditions in the event of
surface contact with mixed friction [L. 5, 12]. Another
aspect of the use of magnetic fluids for slide bearings
is the ability to limit the outflow of lubricant from
the bearing working gap as a result of the self-sealing
phenomenon. This effect is related to the possibility of
maintaining the magnetic fluid in a specific position by
means of magnetic field forces due to the appropriate
shape of the bearing support surface, which results from
the spatial magnetic field distribution. This limits the
flow of lubricant from the lubrication gap, similarly to
the case of seals with magnetic fluid [L. 13].

The paper presents the results of experimental
investigations into the behaviour of selected MR fluid
in an oscillatory compression condition. The analysis of

the influence of fluid properties, the height of the gap
(h), compression rate (g), and the MR fluid volume (v)
on the compression force was carried out.

TEST STAND AND TEST METHOD

The scheme of the test stand used in the tests is
presented in Fig. 1a. A drive system and a test cell (4)
were mounted on the frame. The drive system is a linear
motor (1) that allows oscillatory motion in a vertical
direction. A counterweight (5) was used to reduce the
static load on the motor. The positioning accuracy of
the linear motor is 1 um. A detailed description of the
test stand is presented in [L. 14]. The test cell (Fig. 1b)
consists of a body (7) inside which an electromagnet,
consisting of windings (9), and a core (10), is placed.
This unit is thermally stabilized by forced circulation of
the cooling liquid. All tests were carried out at t = 20°C.
The MR fluid is placed in the gap (8) which is between
the stationary plate (6) and the movable measuring plate
(3), which carries out the oscillating motion in the axial
direction. The measurement of axial force is performed
using a force transducer (2), on which a moving plate
(3) is mounted.

The research was carried out by using the geometry
consisting of two parallel flat plates. The diameter of
the upper plate was d = 45 mm. A certain volume of
the MR fluid was placed on the bottom plate, then, after
the starting position (h,) was reached, the chamber was
closed and measurements were made.

Four types of tests were carried out:

1) The examination of the influence of physical
properties of MR fluid on the compression force
value,
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Fig. 1. Scheme of (a) the test stand, (b) the test cell, and (c) the test geometry
Rys. 1. Schemat: a) konstrukcji stanowiska, b) komory badawczej, c) geometrii badanej
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2) The examination of the influence of the initial height
of the working gap on the compression forces,
The examination of the influence of the MR fluid
volume on the compression force value, and
The examination of the influence of oscillation
frequencies on the compression force.

Studies (a), (b) and (c) were carried out for 14

measuring points, corresponding to different values
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Fig. 2.

b)

of the current supplying the electromagnet's winding:
1 =0.00, 0.25, 0.5, 0.75, 1, 1.25, 1.5, 1.75, 2, 2.5, 3,
3.5, 4, and 5 A. The value of magnetic induction in the
working gap space of the test cell, corresponding to the
applied current range, varied in the range of B = 40
— 610 mT. The characteristics of B = f (I) of the test
chamber are shown in Fig. 2a.
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a) Characteristics B = f(I) of the test cell, b) magnetization curves of the tested MR fluids

Rys. 2. a) Charakterystyka B = f(I) komory badawczej, b) krzywe magnetyzacji badanych cieczy MR

Figure 3 presents an example of axial force change
obtained on the basis of the test (initial gap height
h,= 1 mm, compression rate £ = 0.2). After establishing
the starting position and setting the initial force to
0 N, the linear motor started to move in the oscillatory
motion with the constant frequency (f) and the range of
movement (Ah) — Fig. 1c¢. The axial force was measured
while the current value changed. The aim of the tests
was to analyse the values of the maximum compression
force (F__ ), measured for individual values of magnetic
induction. In the work, the convention was adopted that
the positive force is the force that causes the fluid to
compress (reference system in accordance with Fig. 1c¢).
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Fig. 3. Sample measuring procedure (MRF-122EG,
h,=1mm, £¢=0.2)
Rys. 3. Przykladowy przebieg pomiaru (MRF-122EG,

h,=1mm, ¢ =0.2)

The tests were carried out on four commercially
available MR fluids: Basonetic 5030 and Basonetic 2040
(manufactured by BASF [L. 16]), and MRF-122EG
and MRF-140CG (manufactured by LORD Co.
[L. 17]). Selected physical properties of the tested
fluids are presented in Table 1. Dynamic viscosity was
established for zero magnetic induction (B) conditions
at constant shear rate (¥ ) and constant temperature (t).

The order of the positions in Table 1 depends
on the value of fluid saturation magnetization. Fluid
1 is characterized by more than twice the saturation
magnetization value than Fluid 4. Differences in the
density of the tested fluids indicate a difference in the
content of ferromagnetic particles in the tested MR
fluids.

Table 1. Physical properties of the examined MR fluids
Table 1. Wtasciwosci fizyczne badanych cieczy MR

Dynamic
viscosity Saturation
No. Name Density (B=0T, |magnetiza-
¥y =100s", tion
t=25°C)
kg/m? mPa-s kA/m
1 |Basonetic 5030| 4120 582.9 791
2 MRF-140CG | 3540 1569.1 698
3 |Basonetic 2040| 2470 1075.7 424
4 MRF-122EG | 2380 203.4 361
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In Fig. 2b, the magnetization curves of the tested
fluids are presented. It can be noticed that, in the analysed
range of the current supplying the electromagnet,
saturation magnetization of the tested fluids was not
obtained. In addition, in the analysed range of magnetic
induction (B, = 610 mT), the magnetization curves
(Fig. 2b) of Fluids (1) and (2) and (3) and (4) coincide
with each other, and up to B<200 mT characteristics
are very similar to each other. A detailed discussion of
the rheological properties of the investigated fluids is
presented in [L. 15].

TEST RESULTS

The aim of the first research stage was to investigate
the response of selected MR fluids during oscillatory
compression. The following extortion parameters were
adopted: h)= 0.5 mm, Ah = 0.1 mm, f = 0.1 Hz, and
B = var. The volume of the tested liquid v = 0.8 ml.
Due to the measuring range of the force transducer, the
test was stopped if the force F_exceeded 200 N. The
results of measuring the maximum compression force of
the tested fluids are presented in Fig. 4.
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Fig. 4. F = f(B) for examined MR fluids
Rys. 4. F = f(B) dla badanych cieczy MR

For all the tested fluids, it is possible to indicate
the similarity of the trend of measured forces with
magnetization curves (Fig. 2b). Higher F_ values
are observed for fluids that have a higher saturation
magnetization value. For Fluids (1) and (2), the trend of
F,,. variation is close to linear. For Fluids (3) and (4)
the curves also have a similar course. For fluids with the
highest magnetization, (1) and (2), due to the large values
of the force, the measurement was interrupted before
reaching the maximum value of magnetic induction. At
the same time, higher values of force are observed for
the fluids with a lower zero viscosity, (4), although it has
the lowest value of saturation magnetization.

In the second stage of the research, the impact of the
initial height of the working gap on the obtained values of
axial force was analysed. The results of the measurements

are shown in Fig. 5. Fluid (4) was tested for three heights
of the initial gap h; = 0.25, 0.5, and 1 mm, and, in each of
the analysed cases, the compression rate was analogous
and amounted to € = 0.2, which corresponds to Ah = 0.05,
0.1, and 0.2 mm. Respectively to the gap height h, the
MR fluid volume in each case corresponds to the degree
of filling v = 100% (v = 0.4, 0.8, and 1.6 ml).
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Fig.5. F, = f(B) for various initial gap height (h )
Rys. 5. F .. = f(B) dla roznych wysokosci poczatkowych

szczeliny roboczej (h,)

At lower values of magnetic induction, the initial
gap height value does not have a significant impact on the
range of obtained force. The impact of this parameter is
noticeable for B > 225 mT and, in this case, by increasing
the initial height, this results in an increase in the axial
force. In the extreme case, the difference was 86 N,
which is a difference of nearly 63%. In addition, at the
lowest value of h, the F _increase is the smallest when
increasing B > 300 mT.

The third type of test was to analyse the influence of
the MR fluid volume applied to the gap on the maximum
compression force. The test results are presented in
Fig. 6. The tests were carried out for the case h;= 1 mm,
Ah=0.2 mm (compression rate € =0.2), the volume of the
tested fluid, (4), applied to the working space of the station
wasv=0.4,0.8, 1.2, and 1.6 ml, which corresponds to the
fill level v =25, 50, 75, and 100%.

Reducing the fill level in the gap results in a decrease
of the observed force value, and the difference between
the curves are larger for higher magnetic induction.
In the case of the lowest values of magnetic induction
(B <100 mT), the differences are below 20% (calculated
in relation to the degree of filling v = 100%). At
B > 300 mT, a 25% MR fluid insufficiency reduces the
force by about 10%, and 50% MR fluid insufficiency
reduces it by about 50%. A reduction in v from 100%
to 25% results in more than double the decrease in axial
force (from 200 to 91.5 N). It should be noted that, for
B > 300 mT, although significant differences in the
maximum force values are observed, the relative
differences between the forces are approximately
constant. This may be due to the position change of the
MR fluid in the working gap of the measurement system.
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Fig. 6. a)F_ = f(B) for various sample volumes (v), b) ratios of measured forces
Rys. 6. a)F = f(B) dlaréznych objgtosci cieczy (v), b) proporcje mierzonych sit

The last stage of the tests was concerned with
determining the influence of oscillation frequency on
the axial force change. The tests were carried out for
two values of magnetic induction B = 150, and 300 mT,
and three oscillation frequencies f=0.2, 0.4, and 0.8 Hz.
The MRF-122EG fluid, (4), was tested. The results are
presented in Fig. 7.

In the analysed range, no significant influence
of oscillation frequencies on the force variation in
the compression and stretching phase is observed.
Similarly, there are no significant differences for
the maximum forces in the extreme positions of
the movable plate (Ah = 0 and Ah = 0.1 mm). With
increasing magnetic induction, the hysteresis loops
are shifted towards higher values of force. Moreover,
higher F values are observed at the initial position
of the moving plate. This is related to magnetostatic
pressure, with a detailed analysis of this issue being
presented in the papers [L. 4, 10].

140 4
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Fig. 7. F_=1{(Ah) for B = var. and f = var.
Rys. 7. F = f(Ah) dlaB = var.if=var.

CONCLUSION

Research has shown that it is possible to obtain
considerable forces when the MR fluid is subjected to
extortion of the oscillating compression. The obtained
forces at the level of 200 N indicate that the pressure in
the working gap exceeded 125 kPa. As expected, along
with the increase in magnetization of the MR fluid, the
compression force increases; however, it should be
remembered that the resistance of the system movement
also increases. In the case of a thrust bearing, this will be
associated with an increase in the frictional torque. This
issue was analysed in detail in [L. 15].

At low values of magnetic induction, the initial
gap height does not have a significant effect on the
compression force values. This behaviour may be
related to the rheology of MR fluids and, by increasing
hO, the shear rate of the fluid in the working gap also
decreases. At the same time, increasing the magnetic
induction increases the tangential stress in the fluid.
A full explanation of this phenomenon requires more
detailed research.

Reducing the MR fluid volume in the working gap
by up to 25% causes a relatively small decrease in the
compression force. From the point of view of thrust
bearings, this is a favourable phenomenon, indicating
that the system can be maintained even if a certain loss
of MR fluid occurs. This is probably connected with the
distribution of the MR fluid inside the gap. For a given
excitation range, no significant influence of the oscillation
frequency on the value of axial force was observed.
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