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Abstract

Electrorheologica (ER) fluids can change their rheological properties when subjected to an electrical field. By using
ER fluids as the working medium in fluid power systems, direct interface can be realized between electric signals and
fluid power without the need for mechanical moving parts in fluid control unit. The pressure drop and flow rate can be
directly controlled through the change of applied electric fields. This paper investigates the design and controllability of
ER fluid power control system for large flows. The design criterion for an ER valve is proposed and four ER valves are
manufactured based on this criterion. A fluid control unit consisting of an ER valves bridge circuit is constructed, the
characteristics of which are theoretically and experimentally investigated. The results show that the ER fluid control

units have better controllability for fluid power control.
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1 Introduction

Electrorheological (ER) fluids consist of fine po-
larizable particles suspended in aliquid of low dielectric
constant and low viscosity. When an electric field is ap-
plied, the particles are polarized and form chains be-
tween the electrodes. This chain structure is held in place
by the field, and hence resists fluid flow. The apparent
viscosity is changed. The resulting behaviour is analo-
gous to the class of fluids known as Bingham Plastics
fluids capable of developing a yield stress, which is a
function of the applied electric fidld (Sims et a, 2000).
Moreover, this phenomenon is completely reversible.
Upon dectric field cut-off, the fluid almost immediately
resumes its origina liquid state. The time-scale for the
trangition is of the order of millisecond. Because of their
fast response and low power requirement, ER fluids pro-
vide the possihility of rapid-response coupling between
mechanical devices and electronic control (Wang et al,
2001). These unusual properties enable ER fluids to be
used in various technical applications, such as shock
absorbers (Sims et a, 2000; Lindler and Wereley, 2000),
clutch/brake systems (Nakamura et al, 2002), intelligent
structures (Li, 2002) and valves (Kondoh and Y okota,
2000; Wang et al, 2001).
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By employing ER fluids as the working medium in
fluid power systems, direct interface can be realized be-
tween electric signals and fluid power without the need
for mechanical moving parts in control vaves (Kondoh
and Y okota, 2000). The pressure drop and flow rate can
be directly controlled by changing the applied eectric
field. The ER fluid control units are characterized by
simple construction without moving parts and high re-
sponse rate caused by the short reaction time of the ER
fluids (Lindler and Wereley, 2000).

Simmonds (1991) proposed a plate-type ER vave
and investigated the pressure drop responses of the ER
valve with respect to the electric field. Tsukiji et a
(1993) observed the microscopic behavior of the ER
fluids structure in a fixed electrode valve and the effect
of the electric field on pressure drop and flow rate. Peel
and Bullough (1994) discussed the prediction of ER
valve performance in steady flow. They drew on the
generdized valve flow characteristic, together with sm-
ple static clutch determinations of fluid yield properties,
zero volt viscosity and valve dimensions to predict valve
pressure/flow performance. Whittle et a (1994) analyzed
the pressure response in an ER vave control system.
Park et al (1999) fabricated a micro ER valve using ho-
mogeneous ER fluids, and experimentally investigated

49



Kexiang Wei, Guang Meng and Shisha Zhu

its static and dynamic characteristics. Kondoh and Yo-
kota (2000) proposed a hydraulic actuator with ER fluids
and with movable electrodes. Choi et a (2000) presented
the position control of a cylinder system using ER
vave-bridge with application to a seaport cargo handling
system. Yoshida et a (2002) demonstrated and devel-
oped a micro ER valve using micromachining technolo-
gies. Georgiades and Oyadiji (2003) studied the voltage
control characteristics of ER fluids valve.

In this work, the design method and working per-
formance of an ER fluid power control unit under large
flows is discussed. The design criterion of an ER valve
isfirst put forward, according to which four ER valves
are designed and manufactured. An ER fluid control
unit composed of a valve-bridge circuit is described.
Finally, a fluid control test rig is introduced to investi-
gate the characteristics of ER fluid power control unit.

2 ERValve

2.1 Design Criterion of ER Valve

The ER fluids are near Newtonian flow in the ab-
sence of an electric field. Assuming their initial viscos-
ity coefficient is no.Upon the application of an electric
field, the ER fluids are changed to Bingham plastic in
which particles are aligned in a chain (Choi et a,
2000). Then their apparent viscosity becomes

Na=mo+7,(E)/ ¥ (1)

where 7 is the initial viscosity in absence of electric
fields, y isshear rate, 7, isyield stress of the ER flu-
ids and afunction of the electric field E.

When the flow rate flowing through valve Q is con-
stant, the pressure drop between inlet and outlet of
valve APis

ap =221

—b?Q &)

In the absence of an electric field, # = 7, then

_ 127,
bh?

AP Q ©)

While applying an electric field to the fluid domain,
then 77=1], =7, +7,(E)/7, the pressure drop is

12l 7,(E)

AP = WQ(% +

) 4

Assuming the flow pattern for the Bingham plastic

flow is plug flow (Peel et a, 1994) and j/:lj]—Qz, we
get the fluid control equation for the ER valve as (Zhu
et al, 2002)

_12n,l

AP
bh®

Q+2:7,(E) ®)

where APis pressure drop, Q is the flow rate through
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the valve, b is electrode width of flow aperture, h is
electrode separation gap, | is electrode length in the
flow direction.

For the ER valve under plug flow, the yield stress of
ER fluids can be expressed as (Zhu, 2001)

E,— &
Ty (E) B 2kr880€f (2;—-’_)2 E2 6)

f p

where ki is a coefficient that depends on the geometry
and operating conditions of ER valve, and k.=16.67, £
is vacuum dielectric constant, & and ¢, are relative di-
electric constants of the continuous liquid phase and the
suspension particles of ER fluids, respectively.

Substitution Eg. 6 into Eg. 5 yields the pressure
drop

1273, |
AP ==""2Q+2-K.E®
o Ot 2 Ke ()
E-& |,
where K, =2k &0 ( )",

f p

Assuming E is large enough, ER fluids will stop
flowing and Q = 0. The pressure drop of valve under
the maximum control electrical signal is

AP = 2('H)KEE2 )

When the control signal E=0, Eq. 7 can be rewritten
as

T (QoraP =218 ()0 ©

AP =
bh? b

Comparing Eq. 8 with Eqg. 9, we can find that the
damping length (I/h) is the scale that defines both vis-
cous power loss and ER power loss. The ER power loss
indicates that there is an energy consumption to over-
come electrical field force between particles in addition
to viscous friction. Equation 8 and 9 also show that the
ER valve still belongs to a type of typical damping
control unit. The controllable range of pressure drop
can be raised effectively if the damping length is prop-
erly increased. While at the same time, the viscous
power loss will be increased and a negative effect on
control precision will be produced as well. So the
damping length I/h >1 should be satisfied when an ER
fluid control unit is designed. Meanwhile, the dimen-
sion I/b <1 should also be satisfied in order to reduce
the viscous power loss and relatively enhance the ER
power loss. These are the design criterions of ER valve.

2.2 Configurationsof ER Valve

The annular structure is chosen for the construction
of the ER valve because it has no edge effects due to its
finite width (Zhu et al, 2002). According to the design
criterion of the ER valve, the dimensions of ER valve
are determined as follows: Mean annular diameter D =
20mm (D = b/x), Electrode separation gap h = 1mm,
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Electrode length in flow direction | = 61mm. The con-
figuration for the ER valveis shownin Fig.1
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b) Photograph

Fig.1: ERvalve

3 ER Fluid Control Unit

As shown in Fig. 2, the fluid control unit isavalve
bridge loop that consists of four ER valves. The ER
valves ER1 and ER3 are electrically connected, while
valves ER2 and ER4 are connected. The control elec-
tric field to be applied to the valves ER1 and ER3 is
denoted by E;, while E, denotes the valves ER2 and
ER4.

In Fig. 2,the load pressure drop is P. = P—P,. As-
suming that the dimension and configuration of each
valve are identical, then Q; = Qz and Q.= Q4 by the law
of bridge circuit.

Valves ER1 and ER3 have an applied electric field
of

E,= Eo—AE (10)

and similarly valves ER2 and ER4 have an electric
field of

E,= Eo+AE (11)

where Eyis the electric field applied in static equilib-
rium position, and AEis control signal.
127

bhgl which is defined with

In Eq. 7, let R =
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viscous hydraulic resistance, and R, = %I K_ whichis

defined with ER hydraulic resistance, we can get the
flow rate through valves ER1 and ER3 as

Q1 = Q3 = R;_Ll[APl - Rer(Eo _AE)2] (12)
and the flow rate through valves ER4 and ER2 as

Q, =Q, =R'[AP, - R, (E, + AE)’] (13)

Fig.2:  ERfluid control unit

Then the load flow rate through the hydraulic cyl-
inder is

Q=Q-Q
S (14)
=R/I(AR -AR)) + 4R, E,AE]
As APy = Ps— APy, P = Ps—2AP; (Lou et al, 1991),
the load pressure drop is P = AP4~AP.. So the load
flow rate can be rewritten as

Q =4R'R,E,AE-R'R (15)

Equation 15 shows that the load flow rate of the ER
fluid control unit is linear in load pressure drop and
electric field strength. By changing the magnitude and
direction of electric field control signa AE, the flow
rate and direction of flow through the hydraulic cylin-
der can be easily adjusted. Thus the velocity and posi-
tion of the actuator can be linearly controlled.

4 Experimental Program

4.1 Characteristics of ER fluids

The ER fluids are of the suspension type with sil-
icargel particles dispersed in silicone oil. The dielectric
coefficient of the continuous liquid phase is & =2.0,
while that of the suspension particles is e,= 4.7. The
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volume fraction of suspension is 0.25, and the initia
viscosity in absence of electric fields is 7= 0.16 Pas.
The rheological characteristic of ER fluids measured
with HAAKE Rheometer (model number CV20) is
shown in Fig. 3.
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Fig. 3: Characteristic of ER fluid
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Fig. 4. Configuration of experimental apparatus

4.2 Experimental Configuration

The design of this experiment system is consistent
with actual engineering applications as far as possible.
Figure 4 displays schematically the experimental con-
figuration. The working medium is the ER fluids (sus-
pension), which are circulated using an electrically
driven gear pump (model number CB306) out of a tank
through the ER fluid control unit back into the tank.
HV control unit outputs two voltage signals to valves
ER1 & ER3 and valves ER2 & ER4. The valves ER1
and ER3 are electricaly connected, while valves ER2
and ER4 are connected. The actuator is hydraulic cyl-
inder type with model number 34Y-100BZ. The piston
diameter is 12 mm with a maximum displacement of
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32 mm. The pressure drop over the actuator is meas-
ured by two pressure meters (P, and P,). The flow rate
across the hydraulic cylinder is calculated using the
measured piston displacement of the actuator.

5 Results and Discussions

Figure 5 is the characteristic curve of flow rate with
electric field strength under no load. The flow rate of the
ER fluid control unit increased in proportion to the elec-
tric field strength. The proportional relationship obtained
experimentally was in good agreement with the theo-
retical value that was calculated by Eq.15 subject to a
few points. The differences between theoretical and ex-
perimental value were likely to be caused by variation of
output flow of power source. The output flow of gear
pump was not always stable. This instability caused the
variation of flow rate of the ER fluid control unit.
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Fig.5: The relationship between no load flow rate and
electric field strength
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Fig.6: Flow—pressure characteristic of fluid control unit

Figure 6 illustrates the flow-pressure characteristics
of the ER fluid control unit. When the applied electric
field was low (0.5 kV/mm and 1.5 kV/mm), the ex-
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perimental curve was close to the theoretical curve.
However, as the electric field strength increased to 2.5
kV/mm, experimental values were less than the theo-
retical values. This error might be due to two reasons:
One is that the coefficient k. in Eq. 6 needs to be ad-
justed for different applied electric fields because it
depends on the geometrical parameters and operating
conditions for the ER valve as mentioned previously.
Better agreement between theoretical with experimen-
tal values have been achieved if different values for the
coefficient k. were used for the low and high electric
fields. The other reason is that we derived the yield
stress equation for the ER valve based on the depend-
ence of the yield stress 7, (E) on E>. Atten et a (1997)
found that the yield stress g, () varies as E° at low ap-
plied electric fields and as E at high fields. When the
applied electric fields are high, the actual flow rate
should be lower than is calculated by the dependence
on E? Figure 6 also shows that the flow rate changes
very dlightly when pressure drop is increased, and the
ratio of flow rate with pressure drop is aimost constant
upon different electric field strengths.

However, there are also some additional problems
with the ER valves apparent in the preceding figures,
i.e. their control pressure drop or load flow rate (around
180 cm¥s when E = 3 kV/mm) is too small for the
practical application. Nevertheless, they would have a
very promising application in the micro system such as
micro ER valve (Park et al, 1999; Y oshida et a, 2002).

6 Conclusions

An ER fluid control unit composed of four ER
valves has been designed and constructed. The charac-
teristics of the ER fluid control unit have been ana-
lyzed. The results of theoretical and experimental stud-
ies show that the flow rate or pressure drop of ER fluid
control unit can be directly controlled by applied elec-
tric fields, and the flow—pressure characteristics are
nearly constant under different electric field strength.
But its control pressure drop or load flow rate is too
small for practical application. In order to achieve prac-
tical engineering application, the parameters and con-
figurations of ER fluid control unit need to be further
optimized besides improving the ER effect of ER fluids
in the next research.

Nomenclature

electrode width of flow aperture [mm]
electrode separation gap [mm]
electrode length [mm]
mean annular diameter in valve [mm]

electric field strength [kV/mm]
electric field strength applied in  [kV/mm]
static equilibrium position

flow rate flowing through the [cm®/s]
valve

controllable electric field signa

% O mmuo—-—So

[kV/mm]
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AP pressure drop [MP4]

ke coefficient

Yz shear rate [1/5]

Ty yield stress of the ER fluids [Pa]

&0 vacuum didlectric ~ constant [F/m]
(8.85-10%9)

& relative dielectric constants of the
continuous liquid phase

&p relative dielectric constants of the
suspension particles

na apparent viscosity of ER fluids [Pas]

7o initial viscosity in absence of elec- [Pa-s]
tric fields
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