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Abstract

The paper presents the results of experimental tests concerning the durability of two devices, using three
different electrorheological fluids as working fluids. They were: a cylinder viscous brake and a dual clutch,
consisting of a cylinder viscous clutch and a hydrokinetic clutch. The concept of the control of devices filled with
electrorheological working fluids involves the impact of the electric field of variable intensity on the working
fluid and thus causes changes of sheer stress in it. It also changes the transmitted torque. The studies show
that the most important factors affecting the durability of a viscous brake and a dual clutch are: sealing of the
workspace, including the electrorheological fluid, electrorheological fluid type, electrodes and electrical wire
insulation, supplying high voltage from the power supply. Another essential factor is that the durability of the
electrorheological fluid, defined by the rate of wear, is found within the ranges reported in the literature and does
not differ significantly from the magnetorheological fluid durability.
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Streszczenie

W artykule przedstawiono wyniki badan eksperymentalnych trwatosci dwoch urzadzen, w ktorych zastosowa-
no trzy rézne ciecze elektroreologiczne jako ciecze robocze. Byty to: wiskotyczny hamulec cylindryczny oraz
sprzegto zespolone, sktadajace si¢ z wiskotycznego sprzegta cylindrycznego i sprzegta hydrokinetycznego.
Koncepcja sterowania urzadzen z elektroreologicznymi cieczami roboczymi polega na oddziatywaniu polem
elektrycznym o zmiennym natgzeniu na ciecz robocza i wywolywaniu w ten sposob zmian naprezen stycznych
w cieczy roboczej, a tym samym zmian przenoszonego momentu obrotowego.Z przeprowadzonych badan wy-
nika, Ze najistotniejszymi czynnikami wptywajacymi na trwato$¢ hamulca wiskotycznego i sprzegta zespolo-
nego sa: uszczelnienie przestrzeni roboczej, w ktorej znajduje si¢ ciecz elektroreologiczna, rodzaj cieczy elek-
troreologicznej, izolacja elektrod i przewodow elektrycznych, doprowadzajacych wysokie napigcie z zasilacza
oraz ze trwalo$¢ cieczy elektroreologicznych, zdefiniowana za pomoca stopnia zuzycia, miesci si¢ w zakresach
podawanych w literaturze. Ponadto nie odbiega znacznie od trwato$ci cieczy magnetoreologicznych.

Stowa kluczowe: trwatos¢, sprzegta i hamulce wiskotyczne, sprzegla hydrokinetyczne, ciecze adaptacyjne
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1. Introduction

Currently, the main direction of research and development concerning machine drive
systems is to improve the design of their components, such as clutches, brakes or gears. The
application of new hydraulic fluids causes the progress of clutches and brakes. Due to the
issue of increasing demands concerning drive units, which is connected with the increase
of machine efficiency, new components must be very durable. The durability is defined as
the machine’s ability to preserve the functionality in the required conditions of its use. The
device durability has an essential impact on its reliability.

Hydraulic clutches consist of a driving part, combined with an input shaft, a driven
part, connected to the output shaft, and a working fluid. There are two basic types of
clutches: viscous and hydrodynamic ones. In viscous clutches, driving and driven parts are
connected together due to the friction caused by shear stresses t in the working fluid, while
in the hydrokinetic clutches, the torque is transmitted from the pump impeller to the turbine
impeller, using the kinetic energy of the working fluid.

Due to the workspace shape, the following can be distinguished: viscous couplings —
cylindrical and disc clutches and hydrodynamic ones, including or not including the inner
ring. By immobilizing the driven part of the hydraulic clutch, it can be converted into
a hydraulic brake.

Working fluids called adaptive fluids or smart fluids, in which the shear stress can
be changed by means of an electric current [1, 2], are used in hydraulic clutches and
brakes. They are: electrorheological fluids that are activated with the electric field and
magnetorheological fluids activated with the magnetic field. The concept of hydraulic clutch
control filled with these fluids is based on the interaction of the electric or magnetic field of
variable intensity on the working fluid and thus inducing shear stress changes in the working
fluid and consequently changes of the transmitted torque [3, 4].

Considering the composition, both electrorheological and magnetorheological fluids
are divided into heterogeneous fluids, consisting of a solid phase and a liquid phase and
a homogeneous fluids. Heterogeneous fluids are mostly used in hydraulic clutches. The solid
phase in this type of fluid is present from 20% to 80%, and from 5% to 50% as far as volume
is concerned. The increase in shear stress in heterogeneous fluids, when being influenced by
electric or magnetic fields, is caused by the creation of spatial structures hindering the flow
of the mixture.

Solid particles of heterogencous adaptive fluids are about a few micrometers in diameter
and are made (in case of electrorheological fluids) of materials that are polarized when
influenced by an electric field. They can also be made of inorganic materials (metal oxides,
zeolites, glass) or organic ones (starch, resins, rubber, polyaniline, polyphenylene). In the
case of magnetorheological fluids, they are made of materials with ferromagnetic properties
[5-8]. A non-conductive liquid, typically oil or silicone oil, is used as a liquid phase. These
fluids also contain various types of additives modifying their properties (water, inorganic
salts, acids, alcohols, esters). These additives prevent particle sedimentation and combination
so that they can be used in a wide range of temperatures and with considerable accelerations.

In viscous clutches and brakes including electrorheological fluids, in order to generate
an electric field, electrodes, which are also elements of driving and driven parts of the



89

clutch, are used. On the contrary, to induce a magnetic field in the clutches and brakes of
magnetorheological fluids, it is necessary to use additional electromagnets. For these reasons,
clutches and brakes including electrorheological fluids have a much simpler construction.
The disadvantage of these clutches and brakes are their bigger dimensions in comparison
with clutches and brakes including magnetorheological fluids, resulting from the fact that
the maximum shear stress, possible to obtain during the activation, is several times greater in
magnetorheological fluids than in electrorheological fluids. It is possible to obtain the range
of shear stress changes, which can be influenced by means of an electric current through the
formation of one of the physical fields. It allows for over one hundred times more precise and
continuous variation of the torque transmitted by viscous clutches or brakes.

Uptillnow, anumber of clutches and brakes using electrorheological or magnetorheological
fluids as working fluids [9—13] have been developed and tested. However, in mass-produced
machines, these clutches are rarely used [14]. For this reason, there are no experiments
connected with the durability of such clutches and brakes.

2. Review of literature concerning the durability of equipment
including adaptive fluids

Previous studies concerning the durability of devices filled with adaptive fluids have
concentrated mainly on studying clutches and dampers, referring to the fluid durability,
whole devices or their components.

The authors of the publication [15] suggest two reasons for the electrorheological fluid
degradation: high operating temperature and the phenomenon of electrolysis, caused by the
flow of the electric current through the liquid. During the process of electrolysis, chemical
reactions may occur, resulting in the decomposition of water, and oxidation or reduction
of the material, of which adaptive fluid particles are made. The corrosion of the electrode
material might also occur. As it is seen from the example given in the publication, the water
content of the electrorheological fluid sample may be reduced up to 1% when the current
flow is 10 mA for 600 hours. The change of the electrorheological fluid property can also
be caused by the degradation of inorganic salt particles added to electrorheological fluids
in order to improve their electrical conductivity. In this case, a decrease of shear stress T in
the electrorheological fluid can be noticed. For the fluid consisting of polymer particles and
silicone oil, the shear stress decrease may be t approx. 40% when the current flow is 50 pA
for 3 hours.

In the paper [16], the impact of the temperature on the shear stress t in the newly
developed electrorheological fluid, consisting of polyurethane particles and silicone oil, has
been studied by means of reometer, which has a special construction. It was found that the
detention of the liquid for 1000 hours at a temperature below 60°C does not change the shear
stress value, but instead raises the temperature to:

100°C decreased the value of shear stress by 50% after 100 hours,

120°C decreased the value of shear stress by 40% after 4 hours.

On the basis of the durability of the linear damper including the magnetorheological
fluid, it has been found that the first sign of the magnetorheological fluid wear is the value
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increase of the coefficient of dynamic viscosity in time, due to the particle disintegration
[17]. Moreover, it has been established that the destruction of even a small number of solid
particles causes a significant increase in the coefficient of dynamic viscosity. The problem of
the low durability of particles has been solved by changing the way they are received.

In the paper [18], a pin-on-disc wear apparatus has been used to carry out the tribological
experiment for the magnetorheological liquid. It has been found that the sample wear rate
with the magnetic field is higher than without it. The wear rate is in proportion to the rotating
speed and rotating load.

In a similar manner, the magnetorheological fluid, intended for the use in a damper, has been
tested [19]. Experimental studies consisted of the oscillating motion of the piston rod in a groove
cut in a cube made of sealing material filled with magnetorheological fluid or a typical hydraulic
oil. The load was 80 N, the amplitude was 7 mm, and the oscillation frequency was equal to 10
Hz. The test duration varied and ranged up to 48 hours. The piston rod wear was evaluated on the
basis of measuring its surface roughness. After conducting the experiments, it was found that the
measured wear of the piston rod is much greater when the magnetic fluid is used.

In [17, 20] papers, a method has been suggested for determining the durability of the
magnetic fluid by means of S wear degree on the basis of the energy (converted into heat
during the device operation) ratio, to the fluid volume, defined as:

S= ljpdz )
where: 7
P — the power converted to heat,
V' — liquid volume,
t — time.
It has been assumed that the device works properly when the condition is fulfilled:
§>8, 2)
where:

S, — limit value of the wear degree for the magnetic liquid from 10° J/em® to 107 J/m®.

A new electrorheological fluid studied in the paper [16] has been investigated in
a damper. During the tests, the damper piston travelled 40 km, and the damper filled with
200 ml of liquid 1.7 x 107 J scattered the energy, which means that the wear degree S defined
in the papers [17, 20] was equal 0.85 x 10° J/em?®. After the tests have been completed, no
degradation of the electrorheological fluid, seal damage, or other elements of the damper
have been found.

The publication [14] presents the results concerning the research on the durability of the
clutch filled with magnetorheological fluid, destined for the drive of the cooling system fan
used in a vehicle. The durability test has been based on the clutch work, operating on the
test rig for 500 hours at various speeds of the input shaft (600, 1600, 2000, 2700 rev/min).
The torque transmitted by the clutch is proportional to the square of the angular velocity of
its input shaft. After the completion of the test, no changes in the clutch performance were
noticed. The degree of the adaptive liquid S wear, defined in papers [17, 20], was equal to
7.3 x 107 J/em?.
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According to the results of the studies, the most important factors affecting the durability

devices filled with adaptive fluids are:

» electrorheological fluid (quantity, composition, particle construction),

 fluid working conditions (temperature, the amount of dissipated energy, ambient humidity),
+ construction of the device (sealing, materials).

It should also be pointed that, currently, there is no uniform method for testing the
durability of devices filled with adaptive fluids. The values of wear degree S calculated
for the tested clutches and dampers exceed the value range of values from 10° J/cm?® to cm?
to 107 J/cem? suggested in the publication [17, 20]. It indicates the need for further research
concerning ways of evaluation of durability of devices filled with adaptive fluids. Therefore,
when implementing devices filled with new adaptive fluids, it is necessary to develop tailor-
made durability tests.

3. Mathematical relationships used to assess the durability of clutches and brakes
filled with adaptive fluids

In hydraulic clutches and brakes, both cylindrical and disc, the value of the transmitted
torque M is proportional to the shear stress t in the liquid and the value of angular velocity to
sheer rate Y. The following dependencies are practically used for clutches and cylindrical
brakes [21]:

M . KO

= =1 3
s s 3)
or
A M . KO 4
2nr22b i r =" “)
where:

the radius of the inner cylinder,

the radius of the outer cylinder,
width of the cylinders,

relative velocity of cylinders, Fig. 1.
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Fig. 1. Scheme diagram of the viscous clutch or brake: 1 — stationary cylinder, 2 — driven cylinder,
3 — gape filled with electrorheological fluid
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Rheological properties of adaptive fluids are usually presented by means of dependencies
of shear stress 7, occurring in the fluid, to shear rate y. The product of these two quantities
determines the power P of the clutch or brake assuming constant working conditions, related
to the volume V" of the used fluid:

. P
W=y )

During design calculations of hydraulic clutches and brakes filled with adaptive fluids,
Bingham model is often used. There, the shear stress t in the fluid, for the constant value of
the electric or magnetic field strength, is defined as:

T=W,¥+T, (6)

where:
H, — plastic viscosity,
Y — shear rate t,— limit strength dependent respectively on electric £ or magnetic B
field strength, Fig. 2.
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Fig. 2. Fluid rheological characteristics described by means of Bingham model: a) electrorheological
fluid [22], b) magnetorheological fluid [23]
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The formula (1), defining the wear degree S, in the case of hydraulic clutches and
brakes filled with adaptive fluids and described with Bingham model, can be written in the
following way:

P . . .
S=;t=wt=(u,,v+fo)vt (7

As it is seen from Fig. 1, parameter value: H, and t, in Bingham model, as well as the
wear degree S, are significantly changed due to the electric field value. This change refers
particularly to electrorheological fluids. The impact of the shear rate on the fuel wear degree
is parabolic, and the impact of a device working time — linear. It should be noted that the
plastic viscosity i, which is equal to the arc tangent of the angle of the straight varies due
to the increase of the electric £ and magnetic B field strength. Values differ from positive to
negative ones. On the contrary, yield strength t,, determined for y = 0 always increases due
to electric or magnetic field strength. Thus, it is possible that, depending on the parameter
values i, and t,, the degree of the device wear will diminish together with the increase of
angular velocity, which is not possible for typical hydraulic clutches.

For hydraulic clutches and brakes filled with adaptive fluids, in constant conditions, the
wear degree S can be calculated on the basis of the formula (1) converted as follows:

P t

S=—t=—oM (®)
204
where:
P — power delivered to the clutch,
V' — working fluid volume,
t — time job working fluid in the clutch,
o — the relative angular velocity,

M — torque transmitted by the clutch.
The minimum volume ¥ of the fluid ensuring the proper operation of viscous brake can
be calculated from the dependence [24]:

_| Mo || Mo
V—(TOQJ(MJ(MTLO) ©)
where:

M, — torque in case of adaptive fluid activation absence,
M_ — torque in case of adaptive fuel activation,
o — relative angular velocity.
In practice, the liquid volume used in prototype valves, linear dampers as well as clutches
filled with the magnetorheological fluid, is much greater than the one calculated according
to formula (9) and takes values from 25 V to 50 V [20].
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4. Hydraulic clutches and brakes filled with adaptive fuels durability tests

The durability test was performed for a cylindrical viscous brake and a dual clutch,
which consisted of a cylinder viscous clutch and a hydrodynamic clutch, filled with various
electrorheological fluids. A cylindrical viscous brake was mounted directly on the axis of the
electric motor engine. The bearings of the driving brake part were inside the brake, whereas
driving and driven parts of the dual clutch were mounted outside the clutch.

A. Cylindrical viscous brake durability testing

A cylindrical viscous brake, as shown in Fig. 3, consists of two cylindrical parts with
different diameters, forming electrodes, electrically isolated from each other, which are
connected to the high voltage power supply through the commutator and electric wires [25,
26]. The cylinders are made of aluminum. The external diameter of the brake is 160 mm and
its width 90 mm. The size of all construction joints, filled with the working fluid, is 1 mm.

a) / .
Metal
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Fig. 3. Scheme of the cylinder viscous brake design; a) cross-section: 1 — driven element of the brake,
2 — a stationary brake part 3 — sealing ring 4 — ball bearing 5 — commutator rings; b) general view

The driven part of the brake is located on ball bearings installed on a sleeve connected to
an external part of the brake, sealed with a typical sealing ring.

The brake was filled with two different electrorheological fluids. The data is presented in
Table 1.

Table 1
The basic data of the tested ER [4]
Fluid symbol Manufacturer Densu}y Fluid VOlu.H.lemC Volur}ne
[kg/m?] composition [cm’]
Smart Technology Ltd, 37% polymer, silicone
LID 3354S UK [22] 1460 oil 140
Technical University in 35% soluble starch,
CES35 Radom, PL 95 transformer oil 140
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A dual clutch mounted on the test rig, as shown in Fig. 4, enables the measurement of
the angular velocity ® and the transmitted torque M. During the test, the voltage 1 kV was
adjusted to the brake cylinders.

a)

Fig. 4. Scheme of the test rig for testing the durability of cylindrical viscous brake; a) construction
scheme: 1 — controlled electric motor, 2 — tested brake, 3 — torque meter, 4 — test rig frame;
b) general view

After the test rig was started, for both liquid at time #, given in Table 2, a significant
increase in the value of the transmitted torque showing the brake damage was noticed.

Table 2

Test conditions and results of cylinder viscous brake

Fluid w M T t S
symbol | [rad/s] | [Nxm] [°C] [hour] [J/cm?]

LID

| S
33548 50 1.9 40-50 70 1.7x10

CES35 50 0.9 40-50 55 0.6x10°

After the brake has been disassembled, in both cases, the presence of solid particles in
the electrorheological fluid, in the bearings and on the sealing ring inner surfaces has been
noticed, Fig. 5.

Fig. 5. View of solid particles in the electrorheological fluid in bearings and on the sealing
ring inner surfaces
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The reason of a significant increase of the brake torque values was rolling of solid
particles included in the electrorheological fluid through ball bearings on bearing ring tracks
and the formation of a layer, which obviates the clearance between bearing elements. It
caused an increase of the resistance movement.

No adverse chemical impact of the fluid on the material of the sealing ring was observed.
The cylinder surface became dull and there were no pits or scratches. Under the microscope,
no significant changes in the size and shape of solid particles were noticed in the fluid taken
from the brake. During the studies with rheometer, there were no significant changes noticed
in the coefficient of dynamic viscosity of the two fluids.

B. Dual clutch durability test

A dual clutch consists of a hydrokinetic clutch and a viscous clutch cylinder located in
a common housing [27]. The torque M transmitted by the dual clutch is the sum of moments
carried by the hydrokinetic and viscous clutches. Rotors of the hydrokinetic clutch have
flat radial blades. A viscous clutch is made of co-axial cylinders, isolated from each other.
The driving and driven parts of the clutch as well as the housing are made from standard
steel. The electric field acting on the electrorheological working fluid is produced in the gap
between the cylinders with a width of 1 mm. The brake external diameter is 250 mm and its
width is 110 mm. Fig. 6 shows a sectional view of the dual clutch.

|
N
L

3219 |

[ !

Fig. 6. Dual clutch: a) construction scheme, b) general view

The input and output shafts of the dual clutch are located outside the housing. The
housing is sealed with the sealing ring mounted on the clutch output shaft. The voltage
necessary to generate an electric field is applied to the cylinders through a copper-carbon
brushes cooperating with the copper rings arranged on the output shaft of the clutch.
Coupling complex was filled with the electrorheological fluid, whose data are shown in
Table 3. The dual clutch was installed on the testy rig that enables the measurement of the
angular velocity o and the transmitted torque M, Fig. 7. During the research, the driving part
of the clutch rotated with a speed of 100 rad/s, and the voltage of 1 kV was adjusted to the
dual clutch cylinders.
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Table 3
Basic data of the liquid used in the dual clutch [28]
Fluid symbol Smart Technology Ltd, | Density Fluid volumetric Volume
LID UK [ 22] [kg/m?] mposition [cm?]
33548 g compositio c

KCENITCS Faculty 35% sulfonated resin

ERE of Chemistry, 1074 | styrene — divinylbenzene 880

#6 Warsaw University of Y resin silico)ile oil
Technology, PL ’

Fig. 7. View of the test bench with the installed dual clutch: 1 — electric motor, 2 — dual clutch,
3 — torque meter, 4 — electric brake, 5 — high voltage power supply

The electrorheological fluid ERF # 6 was working in the hydraulic dual clutch for
645 hours until the liquid leakage through the sealing ring was observed. After 600
hours, high voltage fluctuations were noticed. The fluctuations were caused by avalanche
breakdowns. After the clutch was dismantled, the presence of solid particles of the
electrorheological fluid on the inner surfaces of the sealing ring were observed as well as
mechanical damage of the sealing surface, Fig. 8.

Fig. 8. The effects of the sealing ring wear

No adverse effects of the fluid chemical impact on the sealing ring material were
observed. The cylinder surface was smooth, without pits or scratches; however, on the
internal surfaces of the housing, corrosion was observed, Fig. 9.

As a result of observation under a scanning electron microscope, it was found
consumption of solid spherical particles electrorheological fluid, such as flattening, damage
the surface, adhesion of contaminants to the solid particles, Fig. 10.
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Fig. 9. Corrosion spots inside the dual clutch housing

b)

Fig. 10. Damage of the fluid solid particles ERF# 6 seen under UV light (365 nm), 400 times
magnified: a) flattening of spherical solid particles, b) damage of the spherical particle surface
damage, c) pollutants stuck to particles

However, the number of damaged particulates did not exceed a few percent, which
indicates the beginning of the electrorheological fluid wear. Under the microscope, there
was no evidence of silicone oil degradation, which is the electrorheological fluid liquid
phase. During tests carried out on the theometer, no significant changes in the coefficient of
dynamic fluid viscosity ERF#6 were observed.

The value of the wear degree S of the electrorheological fluid working in the dual clutch,
calculated on the basis of the formula (8) was 2.6 x 105 J/cm®.

5. Evaluation of test results

As is clear from the research, the most important factor affecting the durability of
viscous brake and dual clutch is the method of sealing the bearings and space with the
electrorheological fluid. Also, the material of the electrorheological fluid particles is
important. Particles made of a soft material are more easily deformed while rubbing against
each other or against the cylinder walls, which is the reason of their easier passage through
the seals. For this reason, the viscous brake filled with the fluid CES35, which consists of soft
starch particles, crashed very quickly.

In order to increase the durability of devices filled with adaptive fuels, it is useful to put
bearings outside of the housing. Although this design solution means the increase of the
device size, it enables, according to the studies, the increase of the seal ring durability by
nearly 10 times.
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The observed degradation of solid particles of the fluid ERF# 6 are mainly associated
with their movement inside the dual clutch housing. Particles moving between the viscous
clutch cylinders and into the channel formed by the blades of the hydrodynamic clutch
rub against the walls and against each other, and hit the blades during the flow of the
electrorheological fluid from one hydrodynamic clutch rotor to another. The movement of
solid particles is intensive, as it is apparent from the calculations for the angular speed of the
clutch driving part, which is 100 rad/s, the flow velocity of the electrorheological fluid flow
speed reach 5.5 m/s, and the maximum angles of impingement of the liquid stream on the
blades reach the value of 55° [29]. The flatness of particles indicates the plastic properties
of the material that they are made of. The reasons of pollution that has been observed in
electrorheological fluids can be: corrosion and seal ring mechanical wear.

The type of used materials also influences the brake durability. As it is clear from the
tests described in the paper, as well as the author’s experience concerning devices filled with
electrorheological fluid, aluminum is a better material for housing including adaptive fluids,
because it does not corrode like a typical steel. The use of appropriate insulation materials
ensures long and proper brake operation.

In order to achieve high durability of clutches and brakes filled with adaptive fluids, it
is also necessary to provide adequate working conditions of devices. The most important
factors are temperature and humidity. The device operating temperature results from the
balance of heat supply and discharge. The amount of discharged heat into the environment
is related to the brake size and the materials it was made of. The larger the brake and higher
the thermal material conductivity, the lower is its working temperature. The temperature has
a direct impact on electrorheological fluid properties and its destruction. In the case where
the temperature increase causes shear stress t increase, the power converted into heat in the
device increases in the electrorheological fluid and consequently its durability decreases.

Ambient humidity has a significant impact on the durability because water percolating
into the electrorheological fluid can cause degradation of fluid due to the electrolysis, as
well as it can cause an increase in shear stress 1, and also be the reason of corrosion of
clutch or brake parts.

6. Conclusions

So far, the studies concerning the durability of devices filled with adaptive fluids have
been performed for a small number of selected devices in specific working conditions, so
the results do not provide a complete answer to questions on wear mechanisms of both their
parts and adaptive fluids. Therefore, further experimental studies related to the durability of
devices filled with adaptive fluids are necessary.

The experimental studies of the dual clutch and viscous brake, including three
electrorheological fluids, show that the most important factors affecting the durability are:
sealing of rolling bearings as well as working space filled with adaptive fluid, the type of
adaptive fluid as well as the isolation of electrodes and electrical wires, supplying high
voltage from the power supply. Electrorheological fluid durability, defined by means of the
wear degree S, is within the ranges reported in the literature and does not differ significantly
from the magnetorheological fluid durability.
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Due to the presence of solid particles in adaptive fluids, it is necessary to use sealing
rings adapted to work with mixtures containing particles. While selecting sealing rings, the
impact of chemical ingredients of the electrorheological fluid on the material the ring has
been made of should also be taken into account.

The durability of the electrorheological fluid solid particles is less than the silicone oil
durability. The basic forms of particle mechanical wear include both surface flattening
and damage. However, crushing of solid particles included in the electrorheological fluid,
characteristic for linear dampers, which causes the large increase of dynamic viscous
coefficient for the inactive electrorheological fluid, has not been observed.
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