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The electrorheological (ER) liquids possess the ability to change their physical proper-
ties like the apparent viscosity and modulus of elasticity which is related to stiffness under
influence of external electric field. They serve successfully in the field of semi-active/active
vibration control — as well as in many other areas. The STL was investigated for various
kinds of ER suspensions in the frequency range from 100 Hz to 2 kHz. An influence of
the electric field density on the STL was different for normal and tangential sound wave
propagation. In both cases the STL decreases with the increasing electric field density.
Those properties can be potentially useful in sound propagation control applications.

1. Introduction

Among many varieties of “smart” materials there are certain suspensions known as
controllable fluids. Their mechanical properties such as viscosity and modulus of elastic-
ity can be changed through the application of an externally applied field. Many types of
fields may be used including electric, magnetic, pressure or other field types. Of partic-
ular interest in this work are liquids which properties are controlled by electric fields —
electrorheological (ER) liquids. They are able to change their physical properties as elas-
ticity (Young’s modulus), apparent viscosity, normal and shear stress upon application of
electric field on them. ER suspensions consist of solid particles (solid phase) dispersed in
insulating liquid (liquid phase). Under the influence of electric field, particles of the solid
phase form chains and later columns along the direction of an electric field. This results
in enhanced yield shear stress, such liquid exhibits also resistance to flow (apparent vis-
cosity increases) as well as an increased stiffness (modulus of elasticity). For those reasons
the transition had been described as liquid-solid. In the presence of a strong electric field
the ER liquid takes on the appearance of a rigid gel-less or more solid. For description of
ER suspensions behavior Bingham model of plastics flow is used most frequently [7, 8,
27]. This means that flow is observed only after exceeding a minimum yield shear stress.
That yield shear stress increases dramatically when an electric field is applied to ER
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suspension. Under normal (compressive) stress and applied electric field the increase in
the hardness of the ER liquid is observed. In some cases the hardened ER can withstand
forces in excess of 1 GN/m? [7, 8, 25]. That effect can be described in terms of changes
of the modulus of elasticity [11, 25]. Solid materials are capable of supporting shear and
compressional stress. That means in solids, shear (transverse) and torsional, along with
compressional (longitudinal) waves may propagate. In thin barriers, sound propagation
in the audio frequency range is primarily through excitation of bending waves, which
are a combination of shear and compressional waves [23]. The response of the barrier
excited by an incident sound wave, when forcing occurs simultaneously across its surface
is the development of a spatial pattern over the entire surface of the barrier. Response
of the thin barrier to such an excitation is referred to as a forced wave. In contrast to
free bending waves, the speed of the forced bending wave does not depend on frequency,
barrier thickness or its surface mass; the amplitude of the response, however, does depend
on those variables. When the coincidence between the incident sound wave and the free
bending waves in the barrier occurs, the results are complete sound transmission, if the
barrier had no internal damping. To account for internal damping a complex modulus of
elasticity is often considered. In finite-size barriers, the sound-forced bending waves run
into the edges of the barriers and develop free bending waves that lead to resonances.
Calculations in those cases are often involved and solutions are usually complex in order
to take into account resonances, anti-resonances, etc., that occur in a coupled resonating
system.

Since its discovery, ER effect has been recognized to have great potential in a number
of hydraulic, robotic and other applications [1-6]. ER liquids have found many applica-
tions: they are being employed in brakes, clutches, shock absorbers, etc. There are also
vibration damping systems based on those suspensions [9, 10, 12, 14]. Application of ER
fluids in a controllable barrier for sound is the subject of this investigation.

2. Sound transmission loss measurement system

Setup for all investigations is based on the modified SAE J1400 standard for the
sound transmission loss (STL) measurements [21]. It is not always convenient to measure
STL using the standard method. That system of measurement needs samples to be of a
relatively large area (opening for a specimen increases with decreasing frequency). For
expensive materials this in not economical. There are also materials (as, for example,
investigated ER liquids) that are difficult to handle and operate when the size of the
specimen is relatively large. For those, a modified testing method has been employed
[22]. Instead of using a large reverberation room that these anechoic chamber or two
reverberant rooms, it is possible to work with two chambers. As a sound source system
in the primary chamber, a sine generator along with an amplifier and a speaker are use.
The secondary or receiving chamber is placed behind the sample. The system is presented
in Fig. 1. The sample that is placed between two standing wave tubes, is a system of two
electrodes with an ER fluid between the electrodes surfaces, powered by the high-voltage
DC power supply. Two electrode systems are designed: in the first one the direction of
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the electric field and the sound wave propagation are perpendicular. In the second the
direction of the electric field and the sound wave propagation are parallel.

standing wave tube sample movable microphones
with a speaker

I

High-voltage DC
power supply

Generator

signal analyzer signal analyzer —

Fig. 1. Proposed measurement system.

Signal analyzers allow for examination of two signals: one of them is the source sound,
the second is the sound after it passes through the system of electrodes. Both signals are
analyzed for approximately every 1/3 of the octave of frequency (100, 125, 160, 200, 250,
315, 400, 500, 630, 800, 1k, 1.25k, 1.6k, 2k, 3.1k [Hz]). The equipment units employed in
the measurements were:

e standing wave apparatus (2 units) B&K type 4002,

e sine/random generator B&K 1027,

e power amplifier McIntosh MC2125,

e 2 real time 1/3 octave signal analyzers B&K 3347,

e high-voltage DC power supply Spellman RHSR5PN50.

The first step of the STL investigations was the verification of the measurement setup.
In order to do that the barrier materials of known characteristics of STL determined theo-
retically and by SAE J1400 standard were measured in the proposed measurement setup.
Comparison of theoretical predictions (STL mass law) and measurements according to
SAE J1400 standards with results obtained using the proposed measurement setup indi-
cates that the designed apparatus is relatively accurate. From statistical analysis of those
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results it has been found that the relative error is less than 5%. The mass law equation
used in calculations is given by [23]:
w \2
1+ ( Ps ) 7
2poco

where ps — mass per unit area of the sample, pocy — characteristic impedance of the
air, w = 27 f — angular frequency.

STL = 101log

3. ER liquids

The liquids that have been employed in the measurements were suspensions of zeolite
particles (20% and 30% of weight, respectively) in a transformer oil. Additional investi-
gations were conducted on the modified commercial fluid VersiFlo™ ER-201 from the
Lord Corporation [24]. The modification was done by adding some transformer oil to
ER-201 so the final product was 80% suspension (weight) of ER-201 in the transformer
oil. The reason was that initially the ER-201 was too dense and was difficult to mix after
the solid particles in suspension sedimented in the electrode system. In that case the
results of STL measurements were very inconsistent.

4. Measurements methodology

To perform measurements, the electrode system shown in Fig. 2, after filling it with
the ER suspension, was placed in the opening between two standing wave tubes and
sealed with the oil-based putty. The frequency of the sound sine wave was then adjusted
along with the maximum value of the incident wave pressure level. The average sound
pressure level (SPL) was measured on both sides of the electrode systems.

Those measurement steps were repeated for every frequency in the range between
100 [Hz] and 2 [kHz] and the electric field densities of 0, 0.2, 0.4, 0.6, 0.8, and 1 [kV/mm],
respectively.

Before every measurement all ER fluids were well mixed in order to assure that the
sedimentation processes did not affect the results of experiments.

All experiments were conducted at 20°C (293°K) and the humidity was kept within
the range of 50-60%.

5. Results

5.1. Results of the STL measurements for the DC electric field parallel
to the direction of propagation of the sound wave

This portion of experiments was conduced using the parallel plate configuration of
electrodes (Figs. 2a and 3). One set of measurements was done for the positive voltage,
another one for the negative voltage applied. Figure 4 presents the sound transmission
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Fig. 2. Electrode configurations: a) system of electrodes where sound wave propagation is parallel to
the direction of the electric field, b) system of electrodes where sound wave propagation is perpendicular
to the direction of the electric field.

loss of all three ER fluids used in experiments; the STL curves are shown for the whole
spectrum of frequencies (100 [Hz] — 2 [kHz]) and for the various levels of the electric
field density. It can be noticed that the increased in the electric field density results
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Measurements of the STL with the electric field parallel to the direction of sound wave

propagation.

in the lowing of the sound transmission loss values for the whole range of frequencies
and for all three investigated liquids. It means that an application of the electric field
allows for more of the sound to go through the whole structure and seems to be of a
greater value for the low frequencies 100-250 Hz. As a comparison level the STL values
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Sound Transmission Loss for 20% of zeolite in a transformer oil
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Sound transmission loss of a) ER201 suspension, b) 20% of zeolite in the transformer
oil, ¢) 30% of zeolite in the transformer oil (negative voltage) -0- 0 [KV/mm], —-O- 0.2 [KV/mm],
-A- 0.4 [kV/mm], -A- 0.6 [kV/mm], -* 0.8 [KV/mm], -o- 1[KV/mm].
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for the electrode system without the voltage applied were used. After application of
the highest electric field density level of 1 [kV/mm)], the biggest STL drop for the ER
201 suspension was 9.6 [dB] at 125 [Hz|, the smallest one was 1.4 [dB] at 400 [Hz].
The corresponding values in the case of 30% suspension of zeolite were: 11.8 [dB] at
160 [Hz] and 1.4 [dB] at 1.6 [kHz]. In a similar way, the values for 20% suspension of
zeolite are presented: 6.2 [dB] at 100 [Hz| and 1.1 [dB] at 500 [Hz]. The power of the
transmitted sound increased more than three times where the STL drop was the biggest
(11.8 [dB] drop for 30% zeolite suspension).

5.2. Results of the STL measurements for the DC electric field perpendicular
to the direction of propagation of the sound wave

For this part of the experiments the electrode system shown in Figs. 2b and 5 was
used. The STL was measured again for the 100 [Hz] — 2 [kHz] frequency band and electric
field densities 0, 0.2, 0.4, 0.6, 0.8 and 1 [kV /mm], respectively. The results are presented in
Fig. 6. The STL drop for this configuration of electrodes was not very significant, though
one should notice that the active surface of electrodes was very small. On the other hand,
shear stress is at least ten times less than normal stress in the same electric field density
[25]. After application of the highest electric field density level of 1 [kV/mm)] the biggest
STL drop for the ER 201 suspension was 1 [dB] at 200 and 250 [Hz|, the smallest drop
was 0.1 [dB] at 630, 800 and 1600 [Hz]. The values of the biggest and smallest STL drop
for the 30% suspension of zeolite were: 3.3 [dB] at 100 [Hz] and 0.2 [dB] at 315 and
800 [kHz], respectively. Likewise the values for 20% suspension of zeolite are presented:
3.9 [dB] at 630 [Hz] and 0 [dB] at 2 [kHz].

insulation
/\/electrodes
4
sound wave electric
i field
V\

ER fluid

Fig. 5. Measurements of the STL with the electric field perpendicular to the direction of the sound wave
propagation.
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C) Sound Transmission Loss for 20% of zeolite in a transformer oil
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Fig. 6. Sound transmission loss of a) ER201 suspension, b) 30% of zeolite in the transformer oil, ¢) 20%
of zeolite in the transformer oil, -(- 0 [kV/mm], -O- 0.2 [kV/mm], -A- 0.4 [kV/mm], -A- 0.6 [KV/mm],
-%- 0.8 [kV/mm], -o- 1[kV/mm].

6. Summary

Characteristics given in Figs. 4 and 6 indicate that the density of the electric field
does affect the STL of ER suspensions. It was observed that with the increase of the
voltage between electrodes the transmission loss was decreasing for all the ER fluids at
all the measurement frequencies. The most significant STL drop was observed for the
frequency range between 100 and 250 [Hz]. The fluid that seemed to show the biggest
STL drops was the 30% suspension of zeolite in the transformer oil. There are many
possible explanations for that effect; one might make use of the mechanical coupling
between electrodes via the ER fluid structure formed under influence of the electric
field, another one can consider the electrical forces interactions in the ER suspension.
Also presented results were obtained in frequency range where stiffness of the sample
dominates STL.

For the electric field perpendicular to the direction of the sound wave the graphs
of STL vs. frequency (Fig. 5) do not show a significant STL change with an electric
field increase. The active electrode area was very small in this particular case and that
could be a possible explanation for the small STL drop. Another reason is that the
shear stresses that ER fluids are able to withstand are 10 — 100 times smaller than
corresponding compressive stresses [6, 7, 25—-27]. Although not very discernible, this
STL drop effect was present and occurred for the entire measurement frequency range
and for all three investigated suspensions. Again, as in the case of flat, plain electrodes
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configuration, the biggest drop in the STL values was registered for the 30% zeolite
suspension.
The conclusions are:

e The sound transmission loss of ER suspensions can be controlled by the external
DC electric field. The STL of those ER fluids decreased with the increase of the electric
field density applied. For a flat-parallel system, where the electric field was parallel to the
direction of the incident sound wave, the sound transmission loss drop was up to 12 [dB]
for the highest (1 [kV/mm)]) electric field density applied. That means that the amount
of sound power transmitted through the partition consisting of electrodes and ER fluid
increased more than 3 times.

e The observed STL drop values were higher for the lower frequency range of the
measurement band (100-300 [Hz]) for all the suspensions.

e The STL drop was also observed in the electrode system where the electric field was
perpendicular to the direction of the sound wave — the values of that drop were not high
(maximum of 3.3 [dB] was observed at the frequency of 100 [Hz] for the 30% suspension
of zeolite in the transformer oil).

o Potential applications are STL controllers, esp. in the low frequency range, active
noise control devices, etc.
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