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Charge transport measurement during turbulent electroconvection

J. T. Gleeson
Department of Physics, Kent State University, Kent, Ohio 44242

~Received 30 May 2000; published 26 January 2001!

We report measurements of the energy dissipation during electroconvection of a nematic liquid crystal in the
fully turbulent regime. The energy dissipation is quantified by measuring the electric current at constant
potential difference. In certain cases, we observe the surprising result that the dimensionless energy dissipation
ceases to increase with increasing potential difference. In some circumstances, a power-law scaling relationship
between the dimensionless excess energy dissipation and the reduced voltage is observed, but the exponent in
this relationship varies dramatically with both the time scale of the driving electric field and the separation
between the electrodes.

DOI: 10.1103/PhysRevE.63.026306 PACS number~s!: 47.27.2i, 61.30.2v, 47.27.Te
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I. INTRODUCTION

Electroconvection in nematic liquid crystals is in ma
ways analogous to the more familiar phenomenon
Rayleigh-Bénard~or thermal! convection. In thermal convec
tion, a temperature gradient, antiparallel to the gravitatio
force, is maintained across a fluid layer. When the ther
gradient, expressed in terms of the dimensionless Rayl
number R exceeds a critical value (Rc), convective flow
spontaneously arises.@1# As the Rayleigh number is in
creased aboveRc , a cascade of secondary instabilities
observed, leading to fully developed turbulence at values
R above about 104. Strongly disordered flow in thermal con
vection has been extensively studied for many years, and
led to a substantially enhanced understanding of the tho
problem of turbulence in general. Much attention has b
focused on calculating and measuring the heat transport
ing turbulent thermal convection. Specifically, one finds
power-law scaling behavior, in which the total heat tran
ported is found to be proportional toRa over several decade
in R. @2,3# Calculating and measuring the exponenta has
been the principal focus of this previous work. Recent p
cise results@4# shows that a single power law is not com
pletely sufficient to describe the energy transport.

Electroconvection in liquid crystals can arise when t
liquid crystal is subject to stress not in the form of a te
perature gradient, but a gradient of the electric potential.
der the proper conditions, when the rms potential differe
V across a nematic liquid crystal exceeds a critical valueVc ,
flow arises spontaneously. As a nonlinear dynamical syst
this has been intensely studied for over 30 years.@5# Al-
though there are many similarities between Rayleigh-Be´nard
convection in simple fluids and electroconvection in liqu
crystals, energy transport measurements in electroconve
have been surprisingly rare. We recently completed a st
of energy transport during electroconvection.@6# This study
focused on the weakly nonlinear regime just above the o
of convection. In this paper we instead concentrate on
so-called ‘‘dynamic scattering’’@7# turbulent regime that re
sults whenV greatly exceedsVc .

One reason for the paucity of studies of the highV regime
is the immense difficulty this strongly turbulent regime pr
sents for optical studies. Because liquid crystals are biref
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gent, in the dynamic scattering regime the optical axis
rapidly randomized, leading to extremely strong depolariz
scattering of light. ForV510Vc , the optical density of a
25 mm thick liquid crystal undergoing dynamic scattering
greater than 1.5; our measurements extend toV.60Vc .
Thus, the traditional shadowgraph@8# technique is of no use
in this regime. For this reason we have chosen to concen
on energy transport studies enabled by measuring the ele
current induced by an potential difference sufficient to
duce turbulent electroconvection in a nematic liquid crys

In Rayleigh-Bénard convection, the amount of energ
transport is characterized by defining a thermal Nusselt n
ber. This is the ratio of heat transported between the lo
and upper bounding surfaces of the fluid relative to the h
transport in the absence of flow~the so-called conductive
regime, or quiescent state!. In electroconvection, the ana
logue of heat transport is charge transport. The potential
ference across the conducting plates bounding the nem
liquid crystal has the formV(t)5A2V cos(vt). The in-phase
component of the current due to this potential difference
I (t)5A2I cos(vt). We define the electrical Nusselt numb
Nu asI /I 0, whereI 0 is V/R' , the current amplitude in the
absence of convection.R' is the resistance of the nemat
liquid crystal in the quiescent state. With this definition, t
excess energy dissipation in the nematic liquid crystal du
convection isV2(Nu21)/R' . An additional Nusselt numbe
can also be defined based on the out-of-phase current,I (t)
5A2I i sin(vt); this Nusselt number is not relevant for ener
transport, and we do not consider it further here. Sometim
the results of experiments such as these are expresse
terms of a reduced Nusselt number, defined as Nu21.

Studies of energy transport in Rayleigh-Be´nard convec-
tion present the Nusselt number as a function ofR; recall that
R must exceedRc51708 to induce convection. In order fo
comparisons between our electroconvection results and t
from Rayleigh-Be´nard to be useful, results must be presen
in terms of a reduced control parameter; for Rayleig
Bénard, one defines the reduced Rayleigh numberr
[R/Rc ; for electroconvection we use the reduced volta
v[V2/Vc

2 .

II. EXPERIMENT

The ‘‘classical’’ experimental arrangement is employ
@9#. The nematic liquid crystal is confined between transp
©2001 The American Physical Society06-1
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ent conducting planes in the parallel-plate capacitor ge
etry. The plates are indium-tin-oxide coated borosilic
glass plates. The indium tin oxide has been selectiv
etched to provide an ‘‘active area’’ in the center of t
sample. Outside the active area, there is no conductive c
ing and so no electric field is present. The parallel pla
have also been unidirectionally rubbed to induce pla
alignment of the nematic director parallel to a single dire
tion in the quiescent state. After the plates are prepared,
are glued together with spacers interposed between the
control their separationd. For the experiments reported her
different samples were prepared in whichd varied between
22.7 mm and 227mm. After gluing, the nematic liquid
crystal methoxy benzylidene-butyl aniline~MBBA !, doped
with 0.0005% tetrabutyl ammonium bromide is introduc
between the plates via capillary action. This liquid-crys
preparation had a cutoff@5# frequency of 495611 Hz. Elec-
trical contacts are made to the conducting areas via si
epoxy.

Energy transport is quantified by measuring both the
tential difference across and the electrical current through
nematic liquid crystal. A function generator produces a si
soidal voltage signal that is amplified and applied across
liquid crystal layer. The path to ground for the current tr
versing the layer is through the field-effect transistor input
a current-to-voltage converting preamplifer. The output
this preamplifier is measured by a lock-in amplifier. The r
erence signal for this amplifier is supplied by the origin
function generator. Before any measurements are made
liquid-crystal cell is replaced by a purely resistive load, a
the phase angle of the lock-in is adjusted to zero the out
phase component.

The nematic cell is reinserted. At a selected frequencV
is raised in small steps; after a waiting period the curren
measured. The waiting period is chosen to be at least as l
as the director diffusion time:td[d2g1 /K1p2 @10#; g1 is
the rotational viscosity, andK1 is the splay elastic constan
For values ofV well belowVc , I 05V/R' ; the lowV data is
fit to this relationship to obtainR' . We then define Nu as
R'I /V. The value ofV where Nu increases above unity
Vc ; our previous studies@6# confirmed thatVc obtained this
way agrees with that determined from traditional shado
graph techniques within 0.01%.

Applying potential differences up to 400 Vrms across thin
layers of nematic liquid crystal raises two potential proble
that cannot be ignored. The first is Joule heating inside
nematic liquid crystal, and the second is dielectric bre
down of the liquid crystal itself. We do not witness the latt
The dielectric strength of MBBA is 15V/mm @11#; we do
approach this value, but never exceed it significantly.
have never observed breakdown during these experimen

In order to minimize the effects of Joule heating, t
liquid-crystal sample is housed in a copper block that is h
at 1860.01°C. We desired a large difference between
sample temperature and the nematic isotropic transition t
perature so as to minimize the temperature dependenc
material parameters. Furthermore, we estimate, based o
thermal properties of the nematic liquid crystal and the gl
confining plates, that in the worst case, the largest temp
02630
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ture increase expected is less than 1°C. For most cases
expected temperature increase will be substantially sma
than this.

III. RESULTS

Our results on energy transport are obtained by measu
the I -V characteristics as described above. An example
I -V data is shown in Fig. 1. Since Joule heating is identifi
as a potential difficulty, its effect is also revealed in Fig.
This shows twoI -V curves, one taken using a 100% du
cycle, where the drive voltage is always applied, and
other using a 33% duty cycle. In the latter case, the des
voltage was applied for 5 s, after which the current w
measured, and the voltage was set to zero for 10 s, a
which this cycle is repeated at the next higher voltage. T
difference in current for these two cases never exceeds
and the largest discrepancy does not occur at the largest
age. Thus, we are confident that Joule heating does
present a significant problem.

The energy transport is quantified in a dimensionle
manner via the Nusselt number. Using the method descr
above, theI -V data as in Fig. 1 is reduced to show Nu vsv;
an example is shown in Fig. 2. In this figure, we see
saturating at about 3.2 at highv; this puzzling behavior is
discussed subsequently. Since one goal is to investi
whether there exists a power-law scaling relationship
tween the Nusselt number and the reduced voltage, in Fi
we plot Nu vsv using log-log axes. Figure 3 reveals seve
important features. First, over certain ranges ofv, there are
indeed indications of power-law scaling. In searching
scaling regimes, we arbitrarily restricted ourselves to exa
ining ranges no smaller than one decade inv. The straight
line drawn on Fig. 3 indicates such a regime. This regi

FIG. 1. Two examples of current-voltage data for electroconv
tion of the nematic liquid-crystal MBBA. The upper curve wa
obtained when the driving voltage was continually applied, and
lower when the driving voltage was applied for 5 s, then set to z
for 10 s. Inset: Critical voltage (Vc) vs frequency. The solid line is
a fit to the prediction of the standard model@5# for electroconvec-
tion; this fit yields the cutoff frequencyvc .
6-2
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corresponds tov ranging between about 175 to 17 500. T
aid comparison, comparable Rayleigh numbers for Rayle
Bénard convection would be about 320 000 to 3 200 0
Thus, over this range, we find Nu}va, with a50.281. It
must be noted that this range is not as large as typically s
in thermal convection; one possible reason that this sca
regime is shortened is discussed below. Experiments
Rayleigh-Bénard convection have shown scaling regimes
Rayleigh numbers as low as 104 and as high as 1012; with
exponents between 0.247 and 0.333, but clustered aro
0.29. Thus, the scaling we observe here is indeed compar
to that observed in traditional thermal convection.

In thermal convection, the relevant time scale is dicta
by the Prandtl number: the ratio of viscous diffusion to h

FIG. 2. Example of electrical Nusselt number vs reduced v
age for turbulent electroconvection. The saturation of Nu at higv
can be observed forv.2500. In this example, the frequencyv/2p
is 100 Hz, and the separationd is 22.7mm.

FIG. 3. Example of log-log plot of Nusselt number vs reduc
voltage for turbulent electroconvection. The straight line shown
slope 0.281. The decade-wide interval fromv5172 to 1720.
Clearly, the saturation of Nu has serious consequences on the e
of power-law scaling regions.
02630
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diffusion. For a wide range of Prandtl numbers~0.025–6!,
the exponenta does not deviate significantly from the valu
0.29 reported above. In electroconvection, the relevant t
scale is determined by the period of the applied electric fie
made dimensionless by dividing by the charge relaxat
time of the liquid crystal,R'C' , whereC' is the capaci-
tance of the quiescent state. Figure 4 shows the meas
exponenta for electroconvection vs 1/vR'C' . While this
data does not span a large enough range to draw any co
sions about scaling with 1/v, the tremendous variation ina
is striking. In stark contrast to thermal convection,a changes
by more than a factor of 3, ranging between values b
greater and smaller than ever reported in thermal convect

Interestingly, the transition from anisotropic convection
isotropic convection~the so-called DSM1-DSM2 transition!
@12# has no apparent signature in the Nusselt number.
vertical line in Fig. 1 lies where this transition was~opti-
cally! observed. This transition evidently has no impact
energy dissipation.

IV. DISCUSSION

Figure 3 shows that power-law scaling indeed occurs.
have measured exponents that are both substantially la
and smaller than ever measured for Rayleigh-Be´nard convec-
tion. Moreover, the exponent changes with the relevant t
scale in a much more dramatic fashion than is observe
thermal convection. Beyond this demonstration of scali
however, there are numerous unexplained issues.

Most significant is the manner in which the scaling r
gime shown in Fig. 3 ends; via the saturation of Nu at lar
v. We are unaware of another example of a driven, turbu
system where the rate of energy dissipation relative to
conduction state ceases to increase with the driving fo
Indeed, for frequenciesv/2p less than 100 Hz, Nu appar
ently even decreases withv for v.1500. The reason for this
saturation remains unclear. In liquid-crystal electroconv
tion, one important contribution to enhanced charge trans

-

s

ent

FIG. 4. Scaling exponenta vs v21 for turbulent electroconvec-
tion. The inverse frequency is made dimensionless by scaling w
the charge relaxation timeR'C' .
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is the reorientation of the nematic director@13#. In the qui-
escent state, the conductance of the liquid-crystal laye
d/As' , whereA is the area of the conducting region. Th
maximum possible Ohmic conductance isd/As i . Thus, di-
rector reorientation alone can lead to a value of Nu no lar
thans i /s' . For the experiments reported here, this quan
is 1.35, far smaller than the saturation value above. The d
sity of disclinations in the nematic director has been repor
to saturate above the DSM1-DSM2 transition@14#, but this
saturation was observed at a far smaller potential differe
than we see in the present paper. It is not known whe
these two effects are related.

Also important is the manner in which Nusselt numb
depends on the separation between the electrodes. Again
recall the analogy with Rayleigh-Be´nard convection; in the
turbulent regime, because the separation between confi
surfaces is absorbed into the Rayleigh number, the Nus
number’s dependence onR does not change withd. Indeed,
sinceR}d3, varyingd is a particularly effective way to spa
a wide range inR. Moreover, turbulent thermal convection
intimately associated with the formation of thermal bound
layers near the lower and upper surfaces. As these layers
coherence with one another, the lower and upper surfa
become decoupled, and hence their separation ceases to
relevant parameter. At higher Rayleigh numbers, a la
scale mean circulation arises, which possesses its own le
scale.

In contrast, the electrical Nusselt number exhibits a st
ing dependence ond. In Fig. 5 we show Nu vsv, at the same
value ofvR'C' , for values ofd spanning almost an orde
of magnitude. The energy dissipation is at least twice
large, at the samer, for electrode separation 22.7mm com-
pared to 225mm; thus, we see no indication of decouple
boundary layers in turbulent electroconvection. This dep
dence ond obviously has serious consequences for the s
ing exponenta. For d5227 mm, a ranges between 0.02

FIG. 5. Nusselt number vsv for different values of the electrod
separation.
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and 0.040 asv is changed, with no discernible, systema
dependence onv. At d5110 mm, a is only slightly larger.
In the so-called standard model of electroconvection,
electrode separation is normally chosen as the scale fact
which to rescale all other lengths. Within this model, af
rescaling, the only role played byd comes in the ratio of the
director diffusion time to the charge diffusion time. This r
tio is essentially the parameterQ defined in Ref.@15#, in
which they also find that its value has little influence on t
calculated results. As such, within this model, one expects
strong dependence ond when measuring rescaled quantiti
such as we have presented. However, we must stress tha
by no means certain that the mechanisms and description
the standard model, developed to describe behavior
above the onset of convection, are applicable in this reg
explored here. Indeed, the large density of disclinations
the director field significantly complicates any efforts to a
ply the standard model to this problem. The approach co
monly used for flow in liquid-crystal polymers, in which th
nematic order parameter is allowed to vary@16# may prove to
be more amenable, because of the isotropic disclina
cores.

One further important factor in Rayleigh-Be´nard convec-
tion is the aspect ratio; the ratio of the lateral extent of
flow to the separation between the surfaces@17#. Indeed, one
of the principal benefits of the electroconvection system
pattern formation studies are the relatively large aspect ra
possible. For the experiments reported here, the aspect
ranged from 220 to 22. However, this variation was due
the variation ind. Preparing experiments to systematica
vary the aspect ratio at constantd is substantially more dif-
ficult.

V. CONCLUSIONS

Turbulent electroconvection indeed exhibits energy dis
pation properties similar to those in high Rayleigh numb
thermal convection, but also reveals some unusual dif
ences. For higher aspect ratios—smaller values ofd, we ob-
serve Nusselt number scaling, with exponents that are c
parable to those both observed and predicted for ther
convection. This scaling regime ends, and we find the rat
excess energy dissipation saturates, even as the driving f
increases by 50%.

In sharp contrast to the case of thermal convection,
find a particularly strong dependence of the Nusselt num
on either the aspect ratio or the plate separation. The rea
for this are unclear, especially in light of the standard the
retical description of electroconvection.
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