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New Electrohydrodynamic Flow Caused by the Onsager Effect
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We report a new type of electrohydrodynamic (EHD) flow generated around a circular cylinder and a
spherical particle in a dielectric liquid under dc and ac electric fields. The EHD flow is observed for
various combinations of dielectric liquids and polar additives. We suggest that the EHD flow is caused by
a gradient of electrical conductivity produced by a nonuniform electric field and subsequent generation of
free charge in the bulk liquid. Analytical and numerical analyses which are based on the leaky-dielectric
model show good agreement with experimental results.
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A dielectric liquid is often preferred as a host fluid of a
colloidal system under an electric field because one can
utilize the full benefits of a strong electric field with little
concern for occurrence of electrolysis. Hence, dielectric
liquids have been employed in many practical applications
such as electrorheological fluids [1], electrophoretic depo-
sition [2], and electrophoretic display [3]. Nonetheless, the
dynamics of colloidal particles in dielectric liquids is
poorly understood compared to that in aqueous solutions.
In colloidal systems under an electric field, electrohydro-
dynamic (EHD) flows often occur in the bulk liquid or near
colloidal particles and electrodes [4]. It can be trouble-
some, but it can be utilized in such applications as pattern
formation and self-assembly of nanoparticles and micro-
particles [5]. There are many phenomena concerning the
dynamics of colloidal particles in dielectric liquids under
electric fields which are not fully explained yet, such as the
dynamics of fibrillation in electrorheology [6], the driving
force for fast lateral migration in electrophoretic displays
[71, and collective behaviors of particles in suspension [8].
Those phenomena are highly likely to be related to the
EHD flows. Therefore, to understand and control the dy-
namics of dielectric-liquid-based colloidal systems, funda-
mental studies on EHD flow are required.

In this Letter, we report a novel EHD flow which oc-
curs near the objects immersed in dielectric liquids
containing small amounts of polar additives. We used a
conventional particle image velocimetry technique to visu-
alize the EHD flow generated around a circular cylinder
and a spherical particle. The application of a strong electric
field perturbs initial dissociation-recombination equilib-
rium between ion pairs and free ions, thus producing a
substantial increase in electrical conductivity. This effect is
usually referred to as the Onsager effect. We suggest that
the EHD flow is generated due to Onsager effect and a
conductivity gradient caused by a nonuniform electric
field. We call this type of flow the nonuniform-field EHD
(NUF EHD) flow. Analytical and numerical solutions are
obtained and verified by comparison with experimental
results. We discuss the effect of electric-field strength,
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system size, and ac frequency on velocity and pattern of
NUF EHD flow.

The experimental cell consists of two parallel glass
plates coated with indium tin oxide, in which the gap
size h can be controlled. The circular cylinder was placed
in the middle of the electrodes with its axis parallel to the
two plates. The spherical particle was placed on the surface
of the lower electrode. In practical applications, colloidal
systems of dielectric liquids generally contain various
polar additives. For example, oil-soluble surfactants are
added as dispersants to prevent agglomeration of particles,
and alcohols and oil-soluble salts are added for fine adjust-
ment of the electrical properties of fluids [9]. As will be
discussed, the polar additives are important in generating
the EHD flows. We conducted experiments with various
combinations of dielectric liquids and polar additives [10].
Fluorescent polystyrene spheres with a diameter d of 7 um
were suspended in dielectric liquids as flow tracers. A sheet
of laser beam was illuminated to observe, by using a
microscope, the flows in a cross section around the cylinder
and the sphere.

In dodecane solution mixed with 5 wt % of Span 85, flow
patterns were usually symmetric and regular around cylin-
ders of tungsten (highly conductive) and Teflon (poorly
conductive) [Figs. 1(a) and 1(b)]. The flow structure is
different for the two cases. The flow direction is from the
equator (A = 90°) to the pole regions (# = 0°, 180°) near
the cylinders. In the cases of glass and poly(methyl meth-
acrylate) spheres [Figs. 1(c) and 1(d)], the flow directions
of the two large vortices located at the upper part of the
sphere are identical to those of the circular cylinders. The
maximum flow speed is 1-3 mm/s for all cases. The flow
velocity generally decreased with applied frequency f and
eventually stopped above about f = 1 kHz. Flow patterns
are little affected by the frequency for the cylinders, while
slightly affected around the substrate for the spheres.

The flow patterns of both cylinders and spheres seldom
change when a dc electric field is applied instead of an ac
field. In addition, a similar flow appears when the diameter
of the glass particle is reduced to 200 and 400 pm. We
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FIG. 1. Streamlines around circular cylinders (h =5 mm,
Ey=5kV/cm, f=30Hz) and spherical particles (h =
2.5 mm, E; =5 kV/cm, f =40 Hz) immersed in dodecane
solution mixed with 5 wt % of Span 85. (a) Tungsten cylinder,
d = 500 pm, (b) Teflon cylinder, d = 770 pm, (c) glass sphere,
d =750 pum, and (d) polymethyl methacrylate sphere, d =
750 um. E, = AV/h in which AV is the root-mean-square
voltage applied between the two electrodes. All the photos are
in the same scale. Scale bar is 500 pum.

obtained similar results for various combinations of dielec-
tric liquids and polar additives [10]. No flow appeared up to
Ey =30 kV/cm when we used pure dielectric liquids
without additives, which means that the additives play an
important role in generating the EHD flow.

The origin of the NUF EHD flow cannot be explained in
terms of conventional electrokinetics. In a strong electro-
Iyte solution, which is usually aqueous, conventional
electro-osmotic flow (EOF) and induced-charge electro-
osmosis (ICEO) are generated [11]. However, conventional
EOF is usually not generated for an ac field. The flow
direction of the ICEO is always toward the particle at
both pole regions (6 =0°180°) (e.g., Fig. 1 in
Ref. [11]), irrespective of material properties [12,13],
which is evidently opposite to those shown in our Fig. 1.
As will be described, the flow velocity of present EHD flow
is proportional to E3, while the EOF and ICEO are pro-
portional to E and E?, respectively. Moreover, the ICEO is
usually very weak for dielectric materials [ 13], whereas the
present flow is prevalent for both dielectric materials and
conducting materials. Consequently, the EOF and ICEO
are excluded from our consideration.

The origin of NUF EHD flow also cannot be explained
in terms of conventional EHD flows. EHD flows in a weak
electrolyte, such as considered in this work, are classified
as the injection, conduction, and induction EHD flows
according to the origin of the electrical charge [14]. For
injection EHD flows, space charges are generated by the
ions injected by a needle-type electrode. For conduction

EHD flows, these charges are generated by a heterocharge
layer that forms in the vicinity of an electrode (see, for
more details, Ref. [14]). However, these types of EHD flow
are generated only for dc case. Furthermore, we confirmed
that an identical flow pattern [Fig. 1] was still generated
under the same conditions even when the electrode was
coated by a 5-um insulating film of parylene-C, which
might prevent or reduce the generation of charge. Thus,
injection EHD flow and conduction EHD flow are also
excluded.

Induction EHD flow relies on induced free charges in the
bulk liquid. Electrothermal flows [15] and the electroki-
netic instability [16] are the typical examples of this type of
flow. In weak electrolyte systems, such an EHD flow is
generated only when the temperature gradient is externally
imposed because the temperature rise by Joule heating in a
dielectric liquid is usually not significant [14]. In what
follows, we suggest a new charge-induction mechanism
which is the origin of the NUF EHD.

According to Onsager’s theory, conductivity is propor-
tional to electric-field strength (E) because the dissociation
rate of uncontrollable chemical impurities in a dielectric
liquid increases with electric-field strength [17,18]. Hence,
any nonuniformity in electric-field strength can produce a
gradient of conductivity and generate electrical charges.
Such a field-enhanced dissociation process can be pro-
moted by adding polar additives such as surfactants and
alcohols. The polar molecules screen the Coulombic inter-
actions between ions by means of ion-dipole interactions
[18,19]. As a consequence, the ion recombination rate is
significantly reduced, which leads to a dramatic increase in
conductivity. According to our measurements, the dc con-
ductivity of pure dielectric liquids is increased 10* times by
adding just a few wt % of additives [10]. The conductivity
of various mixtures used in this study is almost linearly
proportional to applied electric-field strength as well as to
the concentration of additives, while the electrical permit-
tivity € showed little dependence on electric-field strength
[10]. We suggested that the electrical conductivity o(E) of
the mixtures can be approximately represented by

o(E) = &(1 + yE). (1

Here, & represents the conductivity of fluid without an
electric field, and & is a function of additive concentration.
The constant vy is determined empirically between 2.25 X
107 and 3.01 X 107> ¢cm/V, for most mixtures consid-
ered in this work, which is consistent with theoretical
values [10]. As aresult, a variation of electric-field strength
of, for example, E = 10 kV/cm, may change conductivity
by about 20% for typical dielectric-liquid—additive mix-
tures. It follows that a nonuniform electric field can some-
how contribute to charge separation in a bulk fluid, which
is essential for generation of an EHD flow.

Before carrying out mathematical analysis, we checked
whether such a field-enhanced charge-generation mecha-
nism is likely to generate such fast flows [Fig. 1]. Under dc
electric fields with constant €, the free charge density p is
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FIG. 2. Mechanism of the NUF EHD flow for conducting cylinder (a),(b) and dielectric cylinder (c),(d). Panels (a) and (c) show the
electric-field lines (vertical lines), conductivity contours (circular arcs), and sign of free charges; panels (b) and (d) show the
streamlines. The figures are based on the analytical solution for dc case, where & = 6.15 X 10™°, and the dielectric constant of fluid

€, = 2.01.

related to the conductivity gradient as [14]

_GVO"E
o

pr= = —€eVino - E, 2)
where E is the electric field. If we assume that 0 < yE <
1, Eq. (2) becomes p, = —ey(VE) - E. We can estimate
the Coulombic force per unit volume on an infinitesimal
fluid element as p/E ~ eyE?/a, where a represents the
radius of a cylinder or sphere. If the Coulombic force is
balanced by the viscous force, the characteristic flow ve-
locity is estimated as u, ~ eyE3a/u, where u is the
viscosity of fluid. The calculated value is u. ~3 mm/s
for the conditions in Fig. 1, which is consistent with
experimental results (1-3 mm/s).

To verify the concept rigorously, we solved the Stokes
equation analytically and the Navier-Stokes equation nu-
merically [20]. Under the quasielectrostatic assumption
[21], the electric field is described by the Poisson equation
V2 =—p ¢/€) and charge conservation equation
(dpy/dt +V - J =0). The current density J is assumed
to satisfy the modified Ohm’s law of J = o(E)E. Under
the creeping flow approximation, analytical solutions of
the electric potential ¢ and the streamline ¢ for a circular
cylinder located inside an unbounded domain are obtained
by using a perturbation method [20]. The leading order
electrical potential ¢ in the fluid side becomes ¢ (r, ) =
Re{Earcosf(1 + Bi~2)e/®"}, where B = (5y— &)/
(69 + 0'), E is the electric-field strength at far field, 7 =
r/a, j =~/—1, and w = 27f. Hereafter, G, = 0 + jwe,
0’ = o' + jwe, and the prime denotes the cylinder (or
sphere). The stream function for a conducting cylinder
(¢ +) and a perfect dielectric cylinder (¢ _) becomes

% 1 ed’Es,
+\7, 0) =
el 0) = e T3 2 “
X [(58 — 120772 1In# — 57772 — #7°) sin26
+ (210 T 20772 + 1074) sin46], 3)
where () = ew/&, ¢, = 2, and ¢c_ = 1.63. The solution

for the dielectric cylinder (¢ _) is valid for 2wae' /[* +
w*(e? — €?)] < 1 [e.g., for the condition in Fig. 2(b), f <
30Hz]. For these two limiting cases, the velocity vec-

tors have only the r component at far field, and their di-
rections change at § = 36.6° for the conducting cylinder
and at # = 53.4° for the dielectric cylinder (see dashed
lines in Fig. 2). This result may explain why the centers of
vortices are shifted toward 6 = 90° for the case of the
Teflon cylinder compared to that of the tungsten cylinder
[Fig. 1].

Let us look into the full analytical solution plotted in
Fig. 2 for the conducting and dielectric cylinders. For the
conducting cylinder, for example, the electric field is stron-
gest at the poles (# = 0°, 180°) and weakest at the equator
(6 = 90°) [Figs. 2(a) and 2(b)]. Because the gradient of the
electric field is greatest near § = 0° and 180°, negative
charges are produced near # = 0° and positive charges
near @ = 180°. Therefore, the Coulombic force directs
away from the cylinder at both poles, and subsequently
the flow near the cylinder moves from the equator to the
pole. Significantly, as mentioned earlier, this flow occurs in
a direction opposite of the ICEO flows. The flow patterns
are consistent with the experimental results [Figs. 1(a) and
1(b)]. The full numerical solution for the case in Figs. 1(a)
and 1(c) confirmed that the analytical solution agrees very
well in flow pattern with our numerical solution obtained
for a nearly unbounded domain [20]. The experimental and
numerical results show a reasonable agreement in flow
pattern and direction [Fig. 3].

When E < 9 kV/cm, the average velocity is propor-
tional to E3a [Fig. 4(a)], as predicted by the scaling analy-
sis. Here, the average velocity is defined as the average of

FIG. 3. Comparison of numerical simulation (right) with ex-
perimental results (left): (a) tungsten cylinder and (b) spherical
glass particle. The numerical simulation was executed under the
same conditions as those of Figs. 1(a) and 1(c).
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FIG. 4. The dependency of average flow velocity on
(a) electric-field strength (f = 30 Hz) and (b) frequency (E, =
5 X 10° V/cm) for the case of tungsten cylinder. All the data are
plotted to logarithmic scale. In (a), circles and triangles are for
d =500 um and d = 250 um, respectively, and solid lines
represent E> curves. In (b), solid lines represent theoretical
values. In the inset of (b), the two lines AB and AC connect
the center of the vortices.

vertical velocity across the line AB and horizontal velocity
across the line AC [Fig. 4(b), inset]. Such agreements in
scaling behavior and flow pattern between prediction and
experiment strongly support the suggestion that the present
EHD flow originates from the field-dependent conductiv-
ity. On the other hand, there is a discrepancy between the
theory and experimental results when E = 9 kV/cm. This
discrepancy is conjectured to be caused by the convective
flux of free charges around the bodies. We carefully moni-
tored the voltage and current signals, but there was no
particular sign of ion injection from electrodes.

For a conducting cylinder, the velocity decreases with
frequency as (1 + Q?)~'. The characteristic time for the
electric field is determined by () = 1, which corresponds
to about f = 55 Hz for the tungsten cylinder and is con-
sistent with the experimental results [Fig. 4(b)]. Because
the charge density is proportional to VIno for a given
electric field, the flow velocity is independent of & for dc
cases. When we increased the concentration of Span 85 to
5 wt % to verify the effect of & for an ac case, the flow
pattern is rather insensitive to additive concentration while
the average velocity tends to increase with additive con-
centration slightly. This is consistent with the theoretical
prediction that the conductivity contributes to flow velocity
in the form of (1 + €?w?/&%)~ ! in Eq. (3).

It should be noted that the flow velocity is scaled as E°
because it is quite different from the conventional EHD
flows, which is usually scaled as E%. More importantly, the
flow velocity is proportional to the radius a of the cylinder
or sphere, so that the velocity will not be reduced as much
as a is reduced. Our preliminary analysis for hydrody-
namic interaction due to the NUF EHD flow between
two spherical particles indicates that the hydrodynamic
interaction is at least comparable to that of dipole-dipole
interactions. This implies that NUF EHD flow can be a

dominant factor which governs the dynamic behavior of
colloidal particles in dielectric liquids under electric fields.

In summary, we discovered an EHD flow in dielectric
liquids mixed with polar additives which appears to be due
to the field dependence of conductivity caused by the
screening effect of polar additives. The NUF EHD flow
will become a key to understanding and controlling the
dynamics of dielectric-liquid-based colloidal systems.
Also, the NUF EHD flow itself may have broad applica-
tions including electromotive pumps and micromixers in
microfluidic devices.
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