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Èññëåäóåòñÿ âëèÿíèå îñàæäåíèÿ â ìàãíèòîðåîëîãè÷åñêîé æèäêîñòè íà âÿçêîå òðåíèå è êðóòÿùèé ìîìåíò ìàãíèòîðåîëîãè÷åñêîãî òîðìîçà. Ïðîòåñòèðîâàíî ïÿòü ðàçëè÷íûõ ìàãíèòîðåîëîãè÷åñêèõ æèäêîñòåé: MRF-140CG è MRF-122EG (êîðïîðàöèÿ Lord, ÑØÀ), MRHCCS4-A
è MRHCCS4-B (êîìïàíèÿ Liquids, Âåëèêîáðèòàíèÿ) è MUDZH-3 (Èí-ò òåïëî- è ìàññîîáìåíà
èì. À. Â. Ëûêîâà ÍÀÍ Áåëàðóñè). Âÿçêîñòü ìàãíèòîðåîëîãè÷åñêèõ æèäêîñòåé â ìàãíèòíîì
ïîëå èíòåíñèâíîñòüþ 0–1 Ò èçìåðÿëè ðåîìåòðîì òèïà Anton Paar Physica MCR-301. Äëÿ
èñïîëüçîâàíèÿ â ìàãíèòîðåîëîãè÷åñêîì òîðìîçå áûëà âûáðàíà æèäêîñòü ñ ëó÷øèìè ïàðàìåòðàìè. Ñåäèìåíòàöèþ â ìàãíèòîðåîëîãè÷åñêîé æèäêîñòè îïðåäåëÿëè çàïàòåíòîâàííûì
àâòîðàìè ìåòîäîì, îñíîâàííûì íà èçìåðåíèè ýëåêòðîñîïðîòèâëåíèÿ æèäêîñòè. Ðàçðàáîòàíà ìàòåìàòè÷åñêàÿ ìîäåëü âÿçêîãî òðåíèÿ è ñåäèìåíòàöèè â çàâèñèìîñòè îò ýëåêòðîñîïðîòèâëåíèÿ æèäêîñòè. Äëÿ ñìåøèâàíèÿ æèäêîñòåé âíóòðè ìàãíèòîðåîëîãè÷åñêîãî òîðìîçà èñïîëüçîâàëè ÷åòûðå ïüåçîïðèâîäà. Ñîçäàíà ýêñïåðèìåíòàëüíàÿ óñòàíîâêà äëÿ îïðåäåëåíèÿ êðóòÿùåãî ìîìåíòà òîðìîçà.
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Introduction. Magnetorheological (MR) fluids is a type of smart fluids, which consist
of carrying fluid (usually oil, grease, lubricant, etc.) and micron-sized ferromagnetic
particles. These fluids were great investigated because of their ability to change their state
from liquid to solid and vice versa in a couple of milliseconds. When the magnetic field is
applied on the fluid, its particles become polarized and arrange into the chains, because of
that shear stress and viscosity of the fluid increase [1–3]. Controllable strength of these
fluids can be used in some devices as MR brakes, MR clutches, MR shock absorbers, etc.
[4–9]. This makes MR fluids quite attractive new generation smart materials. Despite the
great success of these fluids, there is not much reports on the MR fluid electrical resistivity.
Its electrical resistivity depends on these parameters: temperature, how much time magnetic
field is applied on MR fluid, concentration of particles in MR fluid, sedimentation and
magnetic field strength [10–13]. When magnetic field is applied on MR fluid, its resistivity
decreases until its saturation and then remains constant.
One of the biggest problems with MR fluids is settlement of their particles
(sedimentation) [11, 14–16]. If fluid has not been used for a long time, the sedimentation
occurs. In scientific data there are described a couple ways to determine sedimentation
[17–19]. In this work have been used patent pending technology to determine
sedimentation in MR fluid – with special created sensors measuring their electrical
resistivity.
1. Theoretical Background. The magnetization of magnetic particles in MR fluid can
be described as [16]:
(1)
M = r p mL( x ),
where
1
L( x ) = 1- .
x

(2)

It is a Langevin function. The x can be described as [20]:
x=

p m 0M sa 3H
.
6
kT

(3)

Then the magnetization of MR fluid can be described as [16]:
æ
ö
6kT
1ö
÷= M æ
÷,
ç
1
M = M sç
s 1ç
3 ÷
è xø
è pm 0 M s a H ø

(4)

M s = r p m,

(5)

Ms
.
m

(6)

where

rp =

The motion equation of two dipoles which are between measuring electrodes can be
described as
dx p
p 3 d 2x
a r 2 + 3pha + m 0 a 3 Md = 0.
(7)
dt 6
6
dt
Using initial conditions x = x max , when t = 0 and H ¹ 0 the solution for Eq. (7)
is
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x = x max -

m 0M
da 2 t .
18h

(8)

Using Eq. (4) and knowing that, when T = 300 K, 6kT a lot of smaller than
pm 0 M s a 3 H , we can obtain
m M
x = x max - 0 s da 2 t ,
(9)
18h
or
x = x max -

kTx
.
3pahH

(10)

Using the solutions of Eqs. (9) and (10), equivalent electrical resistivity of the MR
fluid resistor can be described as
R=

ö
m M
2r m æ
ç
- 0 s da 2 t ÷
çx
÷.
3pjalè max
18h
ø

(11)

This can be expressed as
R = R ( t ) = R max -

rm m 0M s
adt ,
27plh

(12)

or
R = R ( t ) = R max where
R max =

2r m tdkTx
9p 2 lhaH

2r m x max
.
3palj

,

(13)

(14)

Using the Navier–Stokes law, the velocity of sedimentation (settling velocity) of the
particles depends on the difference between the weight and buoyancy of the particle and
can be described as
4
Fg = ( r p - r t )g pa 3 ,
(15)
3
where r p is the mass density of the particle, r t is the mass density of carrier liquid, g is
gravitational acceleration, and a is radius of the magnetic particle.
The force of viscosity on a small sphere moving through a viscous fluid can be written
as
(16)
Fd = 6phav,
where Fd is the frictional force, h is the dynamic viscosity, and v is flow velocity.
Requiring the force balance Fd = Fg and solving for the velocity v gives the
terminal velocity v s . Note that since buoyant force increases as a 3 and Stokes’ drag
increases as a, the terminal velocity increases as a 2 and thus varies greatly with particle
size as shown below. If the particle is falling in the viscous fluid under its own weight, then
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a terminal velocity, or settling velocity, is reached when this frictional force combined with
the buoyant force exactly balances the gravitational force. This velocity can be written as
vs =

2 ( r p - rt ) 2
ga ,
9
h

(17)

where the notations used are described above.
The sedimentation coefficient s of a particle is used to characterize its behavior in
sedimentation processes. It is defined as the ratio of a particle’s sedimentation velocity v s
to the gravitational and can be described as
s=

vs
.
g

(18)

A Svedberg unit (symbol S, sometimes Sv) is a non-metric unit for sedimentation rate.
The sedimentation rate for a particle of a given size and shape measures how fast the
particle ‘settles’, the sedimentation. The Svedberg unit is actually a measure of time, it is
defined as exactly 10-13 seconds.
Putting Eq. (17) into Eq. (18) it can be described as
s=

vs 2 ( r p - r t ) 2
=
a .
g
9
h

(19)

Instead of mass density of the particle putting the expression from the Eq. (3) it can be
described as
æM s
ö
ç
- rt ÷
v
ø 2
2è m
(20)
s= s =
a .
h
g
9
Then we can get the expression of M s :
æ
9Sh ö 9Shm
M s = mç r t + 2 ÷=
+ r t m.
è
2a ø 2a 2

(21)

Substituting the result into Eq. (11), we get
R = R (S )=

2r m x max r m m 0 m( 2a 2 r t + 9Sh )
adt.
3plja
54plha 2

(22)

2. Methodology. Five different magnetorheological fluids (MRF-140CG and MRF122EG from Lord Corporation, USA, MRHCCS4-A and MRHCCS4-B are from Liquids
Research Company, UK, and MUDZH-3, made in Luikov Heat and Mass Transfer Institute,
Belarus) were tested. The viscosity of these magnetorheological fluids in the magnetic field
of 0–1 T was measured on the Anton Paar Physica MCR-301 rheometer. Concentration of
particles in different magnetorheological fluids was taken from their manufactures internet
resources and is presented in Table 1.
Newly designed magnetorheological brake was filled with MRHCCS4-B. Scheme of
magnetorheological brake is shown in Fig. 1. This brake consists of disc 7 which is placed
inside magnetorheological fluid 11. Induction coil 4 is wrapped about the magnetic
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T a b l e 1
Concentration of Particles in Different Magnetorheological Fluids [21–23]
MR fluid

Concentration of particles (%)

MRF-140CG

85

MRF-122EG

72

MRHCCS4-A

70

MRHCCS4-B

80

MUDZH-3

71

Fig. 1. Brake with magnetorheological fluid: (1) body, (2) body cap, (3) magnetic conductor, (4)
induction coil, (5) induction coil frame, (6) sealant, (7) disc, (8) bearing, (9) locking ring, (10) bolts,
and (11) MR fluid.

conductor 3, and when current is applied it creates a magnetic field. Conductor, the coil
frame and disc was made of magnetic conductible metal – steel S235JR. Other parts were
made from aluminum. Bearing 8 lets disc rotate inside the brake. Sealant 6 with locking
ring 8 don not let magnetorheological fluid leak out form the brake.
The magnetic conductor of this brake was improved by patent pending technology to
determine sedimentation in magnetorheological fluids measuring their electric resistivity.
Two resistivity sensors were placed, in the top and the bottom of construction. Also four
piezo-actuators were placed to mix the fluid inside the brake if the sedimentation occurs.
Scheme of modified conductor is shown in Fig. 2.
Using the modified MR brake, the experimental setup for measure its torque moment
was created. Motor 5 was connected to MR brake 4 and was powered by power supply 1.
150
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a

b

Fig. 2. Magnetic conductor of MR brake: (a) real view; (b) schematic view. The conductor (4) was
modified by adding four piezo-actuators (1) and two resistivity measuring sensors (2) and (3) for
determining of sedimentation.

Fig. 3. Experimental setup: (1) power supply for motor, (2) power supply for MR brake, (3) frequency
generator, (4) MR brake, (5) motor, and (6) multimeter.

The coil of MR brake was powered by power supply 2 and magnetic field was created.
Sedimentation level in the brake was determined by measuring electric resistivity of the
fluid inside brake by multimeter PeakTech 2005, which can detect resistivity up to 2 GW.
When sedimentation occurred, 4 piezo-actuators were powered by frequency generator 3 at
2 kHz. Experimental setup is shown in the Fig. 3.
3. Results and Discussion. To select the appropriate fluid to fill up a newly created
device, the viscosity of five different fluids were measured using the rheometer. This
parameter is one of the main characteristics of MR fluids, but not all manufacturers share
this information with their customers. There are written some articles about viscosity
dependence on share rate [24]. Mostly, own made MR fluids are tested, but in this case
manufactured and market available MR fluids have been tested. Also, in real working
applications of MR fluids it is critically important to know, how much power device could
provide using a fluid. Because of sedimentation this power decreases, even if the fluids’
viscosity is quite large when applying the magnetic field to it.
3.1. Measuring of Viscosity Using Rheometer. Firstly, viscosity dependence on shear
rate was measured without magnetic field. Results are shown in Fig. 4.
From chart can be seen the highest viscosity when no magnetic field is applied was on
the fluid MUDZH-3. Both fluids from Liquids research company has probably the same
viscosity. MRF-122EG magnetorheological fluid has noticeable lower viscosity than other
ISSN 0556-171X. Ïðîáëåìè ì³öíîñò³, 2018, ¹ 2
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Fig. 4. Viscosity dependence on shear rate when no magnetic field was applied.

fluids. That could be because of additives added to this fluid by Lord Corporation, also it
could depend on concentration of particles, because MRF-140CG fluid has higher
concentration and the viscosity too. Viscosity of the fluid when no magnetic field applied is
important factor when using these fluids in real life applications. It would be better to have
as lower viscosity as possible in working device without magnetic field, because that could
affect the efficiency of the working device. Ideally, viscosity of the magnetorheological
fluids should be lowest when no magnetic field is applied and highest when the magnetic
field is applied, but it is really hard to achieve this.
The viscosity dependence on shear rate was also measured in a magnetic field of
0–1 T. Results are shown in Fig. 5.

a

b
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c

d

e
Fig. 5. Viscosity dependence on shear rate changing magnetic field for different MR fluids: (a)
MUDZH-3; (b) MRHCCS4-A; (c) MRHCCS4-B; (d) MRF122-EG; (e) MRF-140CG.

When a small magnetic field is applied (less than 500 mT) there is no big difference
between all tested fluids. But when 500 mT magnetic field was applied, at high share rates
(about 600) viscosity of both Liquids Research Company fluids and MRF-140CG was
nearly 40,000 Pa. Furthermore, viscosity of fluid MUZH-3 was less than 30,000 Pa and for
MRF-122EG only a little bit more than 20,000 Pa. When 700 mT magnetic field was
ISSN 0556-171X. Ïðîáëåìè ì³öíîñò³, 2018, ¹ 2
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applied at high shear rate fluids MRF-140CG and MUDZH-3 have probably the same
viscosity – nearly 60,000 Pa. Fluid MRHCCS4-B has higher viscosity than MRHCCS4-A
(68,000 and 61,000 Pa). Fluid MRF-122EG has apparently less viscosity than other fluids
(less than 40,000 Pa). When maximum tested magnetic field (1 T) was applied, the highest
viscosity was for the fluid MRHCCS4-B (nearly 100,000 Pa). Fluid MRF-122EG than has
a smallest viscosity of all fluids (60,000 Pa). Other three fluids have nearly the same
viscosity (about 85,000 Pa). Also when there was very low share rate (less than 1), both
fluids from Lord company have a peeks on higher magnetic field (more than 700 mT)
because the measuring plate of rheometer has slipped.
To determine which of the fluids is the best to use in a real working device magnetic
field dependence on the viscosity of MR fluid when the share rate is 500 rps was showed in
Fig. 6. As can be seen from the graphs, as it is mentioned previously, MRHCCS4-B is the
best fluid to use in a device, and the worst out of these 5 tested fluids is MRF-122EG.
Other 3 fluids have nearly the same characteristics.

Fig. 6. Magnetic field dependence on the viscosity of MR fluid when the share rate is 500 rps.

By analyzing all results, one can determine that the best fluid for a real life
applications is MRHCCS4-B, the worst in this field of testing – MRF-122EG. Although
this fluid had the lowest viscosity when no magnetic field was applied, but it also had low
viscosity with magnetic field. Other scientists have also measured viscosity using rheometer,
but in this paper results differ from them [25, 26]. MR fluids tested in this paper have really
high concentrations (~ 70–85%), so viscosity is higher for them. Some other constructions
of rheometer have been described [27–29], but rheometer used in this paper (Anton Paar
Physica MCR-301) has got a lot of additional functions and it is quite new.
3.2. Determining a Sedimentation in Magnetorheological Brake. Sedimentation is
one of the main thing limiting the usage of magnetorheological fluids. To determine the
level of sedimentation in the magnetorheological fluids in literature there are described a
few different methods. One of them are using ultrasonic sensors to determine the level of
sedimentation [16]. Ultrasonic propagation velocity in MR fluid changes dependent on
magnetic field and is related to the sedimentation in this fluid. One more method to
determine sedimentation in magnetorheological fluid is to measure their temperature
change. One device is heating MR fluid in the lower layer of testing tube, and the other is
measuring its temperature. The change of the temperature is depended on concentration of
particles, which is settled [10]. For this reason a simple, accurate and easy to adapt method
to determine sedimentation using Lithuanian patent (“Device to determine sedimentation in
magnetorheological fluids”) pending technology have been created. To determine
sedimentation inside MR brake its electrical resistivity have been measured.
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Electrical resistivity was measured for 3 days, then 4 piezo-actuators were powered
for 1 min by 2 kHz and the fluid was mixed. The same procedures were carried out after 5
days and after 6 days. Results are shown in Fig. 7. As can be seen, mixing with
piezo-actuators stir the fluid, but it can not return initial conditions to the fluid, because
residual sedimentation appears. This means that not all particles are mixed, some of them
are sticked to the surface of the brake and can’t be mixed. Residual sedimentation is
increasing during the time a little bit, but until it gets to the point, where all particles in the
MR fluid can be mixed. It can be seen the difference between top and bottom sensors
resistivity. That is the way how we the sedimentation level could be determined. The higher
is the difference between these two sensors, the higher is sedimentation.

Fig. 7. Determining of the sedimentation in MR brake: (a) residual sedimentation after 3 days; (b) residual
sedimentation after 8 days; (c) residual sedimentation after 14 days.

Fig. 8. Torque moments’ of the MR brake dependence on time: (a) torque moment affected by
residual sedimentation after 3 days; (b) torque moment affected by residual sedimentation after 8 days;
(c) torque moment affected by residual sedimentation after 14 days.

There are some articles about using MR fluid for magnetorheological brake [30, 31].
There was measured a torque moment of magnetorheological brake [32], but not tested how
sedimentation influences its’ torque moment. Sedimentation of the magnetorheological
fluids affects the working efficiency of MR brake, that means its’ torque moment. The
torque moment of the MR brake was measured for 3 days, then mixed by piezo-actuators
and after that the same procedures were carried out after 5 days and after 6 days. Results of
torque moments’ of the MR brake dependence on time are shown in Fig. 8. As can be seen,
mixing with piezo-actuators also cannot reach the initial torque moment, because residual
ISSN 0556-171X. Ïðîáëåìè ì³öíîñò³, 2018, ¹ 2
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sedimentation appears. Also it is proved, that when sedimentation in the MR brakes’ fluid
occurs, its torque moment decreases and it could noticeable decrease the efficiency of the
MR brake. If failure occurs in the device which is using MR fluids [30, 33], the proper
usage of the device cannot be achieved. This problem can be solved by adding some
additives to MR fluid and avoid some failures [1]. If MR fluid does not work properly in
the device with its initial conditions, parameters of devices which is set to exact MR fluid
cannot be used, because its properties have been changed.
Conclusions
1. When no magnetic field was applied on the fluid, MUDZH-3 had the highest
viscosity (at high shear stress – 1000 rps, it is over 1200 Pa). MRF-122EG had 6 times
lower viscosity than MUDZH-3 (only 180 Pa at the same share rate). MRHCCS4-A and
MRHCCS4-B had almost the same viscosity (over 1000 Pa at the same share rate).
MRF-140CG viscosity was 1200 Pa at the same share rate. Viscosity with no magnetic field
is very important parameter of MR fluids, because it influences a strength which is needed
to run a device filled with MR fluid.
2. The viscosity was measured when 0–1 T magnetic field was applied on the fluids.
When maximum tested magnetic field (1T) was applied, the highest viscosity was for the
fluid MRHCCS4-B (nearly 100,000 Pa). Fluid MRF-122EG than has a smallest viscosity of
all fluids (60,000 Pa). Other three fluids have nearly the same viscosity (about 85,000 Pa).
The best fluid should achieve with the highest viscosity under the biggest magnetic field
applied, because it influence the strength of the MR fluid itself and how much power it can
transfer to the device.
3. The sedimentation level of MR fluid inside tested MR brake was determined by
measuring the difference of electric resistivity from top and bottom sensors. It is cheap,
easy construction and accurate method to determine sedimentation in MR fluids.
4. The sedimentation of MR fluid inside the brake influences the torque moment of
the brake. Also, piezo-actuators mix the fluid, but do not retain its initial conditions.
Ðåçþìå
Äîñë³äæóºòüñÿ âïëèâ îñàäæåííÿ â ìàãí³òîðåîëîã³÷í³é ð³äèí³ íà â’ÿçêå òåðòÿ ³ êðóòíèé ìîìåíò ìàãí³òîðåîëîã³÷íîãî ãàëüìà. Ïðîòåñòîâàíî ï’ÿòü ð³çíèõ ìàãí³òîðåîëîã³÷íèõ ð³äèí: MRF-140CG i MRF-122EG (êîðïîðàö³ÿ Lord, ÑØÀ), MRHCCS4-A ³
MRHCCS4-B (êîìïàí³ÿ Liquids, Âåëèêîáðèòàí³ÿ) òà MUDZH-3 (²í-ò òåïëî- òà ìàñîîáì³íó ³ì. Î. Â. Ëèêîâà ÍÀÍ Á³ëîðóñ³). Â’ÿçê³ñòü ìàãí³òîðåîëîã³÷íèõ ð³äèí ó ìàãí³òíîìó ïîë³ ³íòåíñèâí³ñòþ 0–1 Ò âèì³ðþâàëè ðåîìåòðîì òèïó Anton Paar Physica
MCR-301. Äëÿ âèêîðèñòàííÿ â ìàãí³òîðåîëîã³÷íîìó ãàëüì³ áóëî âèáðàíî ð³äèíó ç
êðàùèìè ïàðàìåòðàìè. Ñåäèìåíòàö³þ â ìàãí³òîðåîëîã³÷í³é ð³äèí³ âèçíà÷àëè çàïàòåíòîâàíèì àâòîðàìè ìåòîäîì, ùî áàçóºòüñÿ íà âèì³ðþâàíí³ åëåêòðîîïîðó ð³äèíè.
Ðîçðîáëåíî ìàòåìàòè÷íó ìîäåëü â’ÿçêîãî òåðòÿ ³ ñåäèìåíòàö³¿ â çàëåæíîñò³ â³ä
åëåêòðîîïîðó ð³äèíè. Äëÿ çì³øóâàííÿ ð³äèí âñåðåäèí³ ìàãí³òîðåîëîã³÷íîãî ãàëüìà
âèêîðèñòîâóâàëè ÷îòèðè ï’ºçîïðèâîäè. Ðîçðîáëåíî åêñïåðèìåíòàëüíó óñòàíîâêó äëÿ
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