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ABSTRACT

During the operation of hydraulic devices, centrifugal and magnetic forces often affect local density changes in
magnetorheological fluid, depending on operating conditions and the composition of the fluid. The density dis-
tribution of the magnetorheological fluid in the vessel is measured in order to assess the density changes induced
by centrifugal and magnetic forces. Two magnetorheological fluids selected for the tests differ in composition and
iron particle size. The density of the magnetorheological fluid is measured in a rotating vessel, and after applying
a magnet to a wall of a stationary vessel. During rotation, the magnetorheological fluid is denser near the vessel
walls, where the radius of the rotating fluid is the largest. Moreover, it is noted that (both during spinning and after
applying the magnet) the density changes of the magnetorheological fluid are not instantaneous, but occur over time.
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INTRODUCTION phase typically consists of oils, while the solid
phase comprises particles of magnetic materials
[23, 24]. The MR fluids exposed to a magnetic
field have the properties of a non-Newtonian flu-
id, while in the absence of a magnetic field, they
become Newtonian fluids [25].

Actuator designs vary significantly based on
the different functions they perform in machines
[26, 27]. Consequently, the MR fluid flow varies
by application. In viscous clutches and brakes,
shear flow occurs with rotational fluid motion,
whereas in valves, dampers, clutches, and hydro-
dynamic brakes, pressure flow occurs, character-
ized by linear motion. The motion of MR fluid
working in actuators is often unsteady. Also, there
are different ways of affecting the MR fluid with

Magnetorheological fluids (MR) belong to a
group of new working fluids the rheological prop-
erties of which can be changed to influence ac-
tuator performance. The rheological properties of
the MR fluid are modified by changing the inten-
sity of the magnetic field acting on the MR fluid,
generated by means of an electric current [1-3].
Therefore, digital control systems can easily be
used in actuators containing the MR fluid. This is
why MR fluids are used in numerous types of ac-
tuators and other devices, such as: viscous clutch-
es and brakes [4—6], hydrodynamic clutches and
brakes [7, 8], valves [9-12], dampers [13—-15],
shock absorbers [16, 17], isolators [18], energy
converters [19], landing gears [20] or cantilever

beams [21, 22].
The MR fluids are heterogenous fluids con-
sisting of liquid and solid phases. The liquid
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a magnetic field. Components generating a mag-
netic field (such as permanent magnets or electro-
magnet coils) can be stationary [28] or moving
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[29]. The magnetic field generated by the AC
powered coils can also rotate [30].

Due to the fact that the phases of the MR fluid
differ significantly in density and magnetic prop-
erties, the external forces acting on the fluid can
induce stratification. The phenomenon of separa-
tion of two-phase fluids (including MR fluids)
under the influence of gravity is called sedimen-
tation and is described by Stoke’s law. Higher vis-
cosity of the liquid phase reduces the settling rate
of solid particles, which results in a more uniform
particle distribution within the vessel [31].

A theoretical analysis based on numerical cal-
culations [32] examines the effect of centrifugal
force from the rotation of a vessel containing a
two-phase fluid. The assumption is that the two-
phase fluid is a non-Newtonian fluid. A power
law model with exponent # is used to describe the
fluid properties. The continuous finite element
method is used in the numerical calculations, and
the model solutions are obtained using the “Free-
fem++" software. The calculation results show
that under vessel rotation, solid particle concen-
tration increases with radius, depends on rota-
tion duration, and is significantly influenced by
liquid-phase viscosity. Attractive forces between
particles are also significant, particularly for solid
particles at the nanoscale. However, under the in-
fluence of external forces greater than the attrac-
tive forces (such as gravity, buoyancy or centrifu-
gal force) the particles separate.

Article [33] examined changes in the po-
rosity coefficient & of iron powder, defined as
the ratio of solid particle volume to the volume
of space between particles, during rotation in a
magnetic field, with the powder dispersed in oil.
Static pressure and weight were not taken into
consideration. It was assumed that the change
in the porosity coefficient is proportional to the
pressure dp change, assuming that d§ = -a dp.
The proportionality coefficient a is determined
experimentally using a specially built test stand.
Iron powder was subjected to a magnetic field in
a cylinder and compressed by a piston to measure
the relationship between piston displacement and
applied force. The measurement results show that
the value of the coefficient a can range from -0.30
3x10 cm?/g in the absence of a magnetic field to
-0.19x10? cm?/g in the presence of a magnetic
field. It is also calculated that the threshold pres-
sure, caused by centrifugal and magnetic forces,
at which the particles agglomerate is 0.25 MPa.

Experimental studies on rotating magnetic
field are conducted mainly for ferrofluids the par-
ticle sizes of which differ in size from those in
the MR fluids. The diameters of solid particles in
ferrofluids range from 3 nm to 15 nm, while the
diameters of solid particles in MR fluids range
from 1 um to 20 um [34]. During testing, a vessel
containing ferrofluid is placed within coils gener-
ating a rotating magnetic field powered by alter-
nating current [35-38]. It was observed that the
solid particles of the ferrofluid rotate in the fluid,
which causes the fluid to rotate around them at a
speed slower than the rotation of particles. De-
pending on the testing conditions, the solid parti-
cle rotation caused the entire ferrofluid to rotate at
a slower angular velocity than the magnetic field.
The rotation of the entire ferrofluid is caused by
inhomogeneity in the following: magnetic field,
magnetization, particle concentration, friction
coefficient and base fluid viscosity. The angular
velocity of the ferrofluid rotation depends on the
angular velocity of the magnetic field rotation, the
intensity of the magnetic field, the position of the
magnetic field relative to the vessel, the number
of generating coils, the size of the solid particles
and the magnetization of the solid particles. The
phenomena occurring in a ferrofluid located in a
rotating magnetic field have been explained by the
authors in various ways. These include hydraulic
interactions of a rotating particle, a phase shift be-
tween the magnetization vectors and the magnetic
field intensity (causing a rotational torque acting
on the particles), and the formation of interacting
magnets inside the ferrofluid. The forces that in-
fluence these phenomena include magnetic inter-
action, intermolecular attraction, surface tension,
centrifugal force, viscosity, friction, and gravity.

The influence of a rotating magnetic field on
the MR fluid placed in a vessel is studied in [39].
In the mounted vessel, ripples appear on the fluid
surface immediately after activation of the rotat-
ing magnetic field. Subsequently, vortices occur
in the MR fluid when the vessel starts to rotate.
After increasing the angular velocity of the ves-
sel, the surface of the MR fluid in the vessel as-
sumed a shape similar to a paraboloid of revolu-
tion. After switching off the magnetic field, the
MR fluid rapidly disperses and flows down the
vessel walls. When the vessel containing the MR
fluid is immobilized in a rotating magnetic field,
a ring of solid particles forms along the vessel
walls. The tests also show that solid particles can
stick together and form lumps.
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During the operation of actuators containing
the MR fluid, both fluid rotation and influence of
the magnetic field generate external forces, pri-
marily centrifugal and magnetic forces. These
forces cause local changes in the composition of
the MR fluid, leading to changes in the fluid den-
sity. This is why assuming a constant density of
the MR fluids in the design calculations of actua-
tors may lead to significant errors.

The article presents experimental studies on
the density distribution of two MR fluids during
the vessel rotation and after applying a magnet
to the wall of a stationary vessel. The described
research contributes to increasing the level of
knowledge about hydraulic devices with the MR
fluid by testing of a density distribution in MR
fluid subjected to external forces. The concept
of the density distribution testing is innovative.
This method has not been used in hydraulic de-
vices with MR.

MATERIALS

Two MR fluids produced internally were used
to study the density distribution of fluids under
the influence of centrifugal force and magnetic
force. The fluids consist of spherical iron parti-
cles and silicone oil OL.111, and are marked as A
and B. The iron particle diameters and the weight
concentration ratio ¢ of the particles (defined as

Table 1. Names and composition of tested MR fluids

the ratio of the mass of solid particles to the mass
of silicone oil and solid particles) for fluids A and
B were selected to obtain the MR fluids the prop-
erties of which would be significantly different.
The data on the composition of fluids A and B are
summarized in Table 1.

Fluids A and B do not contain additives to
limit sedimentation, aggregation and corrosion of
iron particles. Due to the significant differences
in the composition of the fluids, it would be nec-
essary to supply different amounts of additives,
which would render the interpretation of test re-
sults difficult.

The images of solid particles of fluids A and
B, obtained using a Motic MSZ 140 Series ste-
reomicroscope with halogen illumination, are
presented in Figure 1.

METHODS

Method for studying the density distribution
of fluids during rotation

The study of the density distribution of fluids
during rotation was performed using a test stand
consisting of a vessel with the tested MR fluid.
The vessel was mounted on the axis of a low-speed
electric motor powered by a regulated electric
power supply. The test stand is shown in Figure 2.

Symbol p [g/cm?] Weight concentration ratio ¢ [-] | Volume concentration ratio ¢ [-] | Fe particle diameter [um]
A 2.53 0.67 0.19 35+6.5
B 2.69 0.75 0.24 100 + 150

Figure 1. Views of the iron solid particles used to prepare the MR fluids at 50x magnification:
a) particles of fluid A, b) particles of fluid B
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Figure 2. View of the test stand used to test the density distribution of rotating fluids: 1 — rotating vessel,
2 — low-speed electric motor, 3 — electric power supply

The view of the MR fluid surface during
rotation is shown in Figure 3. The diameter of
the vessel is 8 cm. During the tests, the rotation
speed is increased to a fixed angular velocity o .
After a predetermined rotation time ¢, the vessel
is stopped and a 1 ml fluid sample is withdrawn
with a syringe at a selected point along the radius,
as presented in Figure 4.

The location of points relative to the vessel
wall where the MR fluid is collected is shown in
Table 2. The time ¢, of fluid sampling does not
exceed 3 seconds, in order to prevent the fluid
from 1”: fluid weight is obtained by subtracting
the weight of the syringe. Dividing the weight of
the MR fluid by its volume allows calculating the
density p of the fluid.

Method of testing the density distribution
of a fluid after applying a magnet

Figure 8 shows the test stand designed to study
the density distribution of fluids after applying a

magnet to the wall of a stationary vessel. The test
stand consists of a vessel equipped with a magnet
holder, a neodymium bar magnet measuring 1 x 2
x 8 cm and an SMS102 induction meter.

After filling the vessel with a MR fluid and
applying the magnet in a selected position, ap-
proximately 1 cm? of the MR fluid was collected
from the vessel using a syringe. The locations of
the points where the MR fluid was sampled, as
well as the mean induction value B at these points,
are presented in Figure 9 and Table 3.

The average value of induction B is assumed
to be the same for the tested fluids, due to the fact
that the induction B values measured for these
MR fluids at the same point are very similar, dif-
fering just by a few percent.

Subsequently, the syringe was weighted,
and the fluid weight was obtained by subtract-
ing the weight of the syringe. Dividing the
weight of the MR fluid by its volume allows
calculating the density.

b)

Figure 3. The view of the MR fluid surface during 20-minute rotation: a) fluid A, b) fluid B
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1

Figure 4. Method of collecting MR fluid

RESULTS
Density distribution tests

Figure 5 shows density changes in MR fluids
A and B depending on the distance / of the sample
collection point from the edge of the vessel, after
5 minutes of rotation at angular velocity ® = 6
rad/s. At this angular velocity the MR fluid did
not yet spill out of the vessel during rotation.

Figure 6 shows changes in density near the
vessel wall (for 1 = 0 cm) for fluids A and B, de-
pending on rotation time t at an angular velocity
o = 6 rad/s.

Table 2. Location of fluid collection points

Point sésgsa;f;eéérgoerqctﬁ Point radius [cm]
1 0 1
2 1 3
3 2 2
4 3 1

Pressure caused by centrifugal force

The pressure due to the centrifugal force p,
[Pa] at a selected point can be calculated as [40]:

p, =0.5parr? (1)

where: p — MR fluid density [kg/m?], ® — angular
velocity [rad/s], r — radius [m].

Figure 7 shows the relationship between cen-
trifugal pressure p_ and vessel radius r, calculated
for fluids A and B using Equation 1 and density
values from Figure 5.

Results of the fluid density distribution after
applying a magnet

Figure 10 shows density changes depending
on the distance / of the sampling point from the
vessel wall, for fluids A and B, 5 minutes after
applying the magnet to the vessel wall.

Figure 11 shows density changes depending on
induction B measured at sampling points for fluids
A and B, 5 minutes after applying the magnet. Fig-
ure 12 shows changes in density near the vessel
wall / (I =0 cm) for fluids A and B, in relation to
time after magnet application.

24
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Figure 5. Changes in p depending on | after 5 minutes of rotation
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Figure 6. Density p in relation to rotation time t of fluids A and B near the vessel wall (1 =0 cm)
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Figure 7. Pressure p_ in relation to the vessel’s radius r for fluids A and B, ® = 6 rad/s

Figure 8. Test stand for testing the density distribution after magnet application: 1 — vessel equipped
with a magnet holder, 2 — neodymiux bar magnet, 3 — induction meter, 4— measuring probe
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Figure 9. Location of collecting points for MR fluid

The view of the MR fluid after applying a bar
magnet to the vessel wall is shown in Figure 13.
Figure 14 shows the view of the MR fluid in the
presence of a magnetic field.

Magnetic pressure

The magnetic pressure p [Pa] in the MR fluid
caused by the presence of a magnetic field at a
selected point can be calculated on the basis of
formula [41, 42]:

P =B’/ 21, @

where: B — magnetic induction [T], p,= 4m x107
H/m — vacuum magnetic permeability, p
— relative magnetic permeability of MR
fluid [-].

On the basis of reference [43] the relative mag-
netic permeability p_for both tested fluids is as-
sumed to be 2.7. Figure 15 shows the dependence
of pressure p , caused by the magnetic field, on the
vessel radius 7, calculated using formula (2) and of
magnetic induction values from Table 3.

Measurement errors

The relative error 8 of determining the MR
fluid density during rotation and determining the
density during interaction with a magnetic field
(after magnet application) is calculated on the ba-
sis of formula [44]:

2
LS9 p
% = g\%{@x}J (s;)

where: g = f(x,... x,) — a complex physical quan-
tity calculated from £ measured quantities
X oo Xy 8, measurement uncertainty X

3)

Table 3. Locations of collecting points of MR fluids and mean induction B values

Point Distance / from the vessel’s edge [cm] Radius [cm] Mean induction B at the point [mT]
1 0 4 221.2
2 1 3 27.7
3 2 2 6.1
4 3 1 22

26
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Figure 10. Changes in p in relations to /, 5 minutes after applying the magnet
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Figure 11. Changes in p in relations to B, 5 minutes after applying the magnet
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Figure 12. Changes in p in relations to magnet application time for fluids A and B at point 1 for B =221.2 mT

a) b)

Figure 13. View of fluid A after magnet application: a) perpendicular to the vessel wall,
b) parallel to the vessel wall
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Figure 14. Effect of a magnetic field on the MR fluid: a) fluid B after direct contact with the pole
of a bar magnet, b) spikes formed from a small amount of fluid A near the pole of a bar magnet

r [em]

Figure 15. Pressure p in relation to vessel radius 7 for fluid A, ® = 6 rad/s

For density p, the function g is written as
follows:

m X
=P Vo ox,
where: m = x, — weight of the MR fluid sample
[g], V= x,— volume of the MR fluid sam-
ple [ml].
After taking into consideration (4) in (3), the
obtained equation is:

2 2
6=1(1JmJﬂ(ﬁJmﬂ2 ©®)

P g \ X2 X
where: x, = m — weight of the MR fluid sample

[g], x,= V' — volume of the MR fluid sam-
ple [ml].

50

The measurement uncertainty s is assumed to
be 0.5 measurement division, Table 4. As a result
of calculations performed on the basis of formula
(5) it was found that the errors §_for all determined
density values p do not exceed 5%.

The relative error caused by the time it takes
to collect the sample for density estimation of the
MR fluid is calculated according to the formula:

5 =22 (6)
P Iy
where: A — density change over time 7, [g/cm’],
v — rate of change of density [g/cm’s],
t,— MR fluid sampling time [s].

Rates of density change v of the MR fluids
obtained on the basis of Figure 6 and Figure 12
are shown in Table 5.
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Table 4. Data for error calculation §_for determined values p

Force MR fluid x, [9] s, [a] X, [ml] s,[ml]
A 12+15 0.05 1.0 0.05

Centrifugal
B 1.3+21 0.05 1.0 0.05
A 12+25 0.05 1.0 0.05

Magnetic
B 14+26 0.05 1.0 0.05

On the basis of the calculations performed us-
ing formula (4), it was found that for all determined
values of density p, errors 3 did not exceed 1 %.

DISCUSSION

Both during rotation and after magnet appli-
cation, the solid particles in the MR fluids move in
the direction of centrifugal and magnetic forces,
leading to changes in fluid density p. In the case
of centrifugation, the MR fluid density is higher
near the vessel walls, 1.e. where the radius » of
the rotating vessel is the largest. When exposed
to a magnetic field, the MR fluids are most dense
where the magnetic induction B is the highest, i.e.
at the point where the magnet pole is applied to
the vessel wall. Density changes also occurred
over time, both during rotation and in the pres-
ence of a magnetic field.

Figure 3 also shows that the surface of flu-
id A (containing particles of smaller diameter)
is smooth during rotation, which indicates that
stratification does not occur. However, fluid B
stratified during rotation, as indicated by its wavy
surface and accumulation of particles mainly at
the vessel wall, where the centrifugal forces were
the greatest.

Figure 5 shows that during rotation, density
p decreases parabolically, depending on the dis-
tance / of the point from the vessel’s edge. The
changes in the MR fluid density p over time ¢,
shown in Figure 6, also follow a roughly para-
bolic pattern. Initially, the density of fluid A in-
creases more quickly, while the changes in fluid
B occur more slowly. The reason for this course

of changes in the MR fluid density p is the size
difference between particles in fluid A and fluid
B. The particles of fluid A move faster due to
their smaller diameter, so the density increases
faster near the vessel walls. As shown in Figures
5 through 6, which present the rotation of MR flu-
ids A and B, the density p values are lower for flu-
id A than for fluid B. This is due to the lower iron
particle content in fluid A. For fluids A and B, the
dependence of the pressure p_caused by the cen-
trifugal force on the radius r of the vessel does not
change parabolically (as it does for single-phase
fluids). As shown in Figure 7, the dependence
is described by a fourth-degree polynomial. For
the tested fluids A and B, the fluid density after
magnet application increases the closer it is to
the vessel wall. The same is true for the rotation
of MR fluids, as shown in Figure 10. However,
the curves connecting the sampling points in Fig-
ure 10 are convex. The inclination angle of these
curves increases with distance from the vessel
walls. Figure 11 show that the course of density
change p with respect to magnetic induction B is
strongly non-linear for both fluids. The density
begins a rapid decrease for induction B values be-
low 50 mT. However, it should be noted that the
dependence of the induction B on the distance /
is also strongly non-linear, as shown in Table 3.
Figure 12 shows that the course of density change
p over time ¢ is nearly linear. Similarly as in the
case of rotation, the density values p, as shown in
Figures 10 through 12, are smaller for fluid A than
fluid B due to lower iron particle content.

Figure 13 shows that accumulation of solid
particles near the magnet pole causes the MR
fluid level to rise at the vessel walls, similarly to

Table 5. Error calculation data 6, for determined values of p

Force MR fluid v [g/lcm?®s] t, [s]
A 3.3x10% + 9.7x10* 3
Centrifugal
B 2.4x10* + 2.6x10* 3
) A 8.4x10% =+ 9.9x10* 3
Magnetic
B 6.6x10* + 9.4x10* 3
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what happens when the fluid rotates. The influ-
ence of the solid particle size on the fluid behav-
ior in the presence of a magnetic field is shown in
Figure 14. It can be seen that the particles of fluid
A are arranged along the magnetic field lines in
spikes characteristic of typical MR fluids, while
the particles of fluid B are separated from the oil.
As it can be seen from Figure 15, the change in
the magnetic pressure p depending on the radius
r of the vessel is also strongly non-linear.

CONCLUSIONS

The following conclusions can be drawn from
the results of the experimental studies:

1. The action of external forces, such as centrif-
ugal and magnetic forces, cause density distri-
bution in the MR fluid. These changes do not
occur instantly but develop over time.

2. The density changes in the tested fluids under
the influence of centrifugal and magnetic forc-
es are similar. The differences in the behavior
of fluids A and B are related to the amount and
size of solid particles. For fluid B, containing
a larger mass of solid particles, the density
changes are greater than for fluid A.

3. A significant difference in the behavior of MR
fluids during rotation, compared to typical sin-
gle-phase fluids, is a result of the dependence
of the pressure induced by centrifugal force on
the radius of rotation. The equation describ-
ing this relationship for single-phase fluids is
a second-degree polynomial, whereas for the
MR fluids it is a fourth-degree polynomial.

4. Changes in density and magnetic pressure in
the MR fluid depend only on magnetic induc-
tion and, when a magnet is applied to the vessel
wall, are strongly non-linear.

5. Measurement errors related to the performed
tests are less than 5%.
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