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Local Transition to Turbulence in Electrohydrodynamic Convection
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On the route to turbulence in electrohydrodynamic convection of nematic liquid crystals, the last bi-
furcation is spatially inhomogeneous via nucleation. Such a transition occurs between two different tur-
bulent states (DSM1 and DSM2). We find good agreement between the nucleation rate of DSM2 nu-
clei and an expression from conventional nucleation theory. The motion of the DSM1-DSM2 interface
behaves similarly to propagating fronts in other nonequilibrium systems. Disclinations in the director
field are created during the transition, similar to the vortex filaments in the TI-TII transition in

superfluid He 11.

PACS numbers: 47.25.Ae, 47.20.Ky, 61.30.—v, 67.40.Hf

Turbulence occurs when sufficiently strong external
fields are applied to a fluid system. For more than a cen-
tury this has attracted great interest, and yet in many
respects remains unsolved and is still a good candidate
for surprise.! In small- as well as in large-aspect-ratio
convection systems different routes to turbulence have
been found.? However, for simple fluids in Rayleigh-
Bénard convection or in Taylor-vortex flow on the route
to turbulence the investigations are usually not done
from a viewpoint of spatially local transitions, such as
spontaneous nucleation phenomena.? A kind of local
transition is known from plane Poiseuille flow® and re-
cently from the turbulence-turbulence transition in heli-
um gas,* but in both cases this is mainly induced by the
boundaries.

When an external voltage is applied to a thin layer of
nematic liquid crystals, electrohydrodynamic convection
occurs above a first threshold voltage V..° Immediately
above V. one mainly observes a well-ordered roll convec-
tion. However, at higher voltages one also observes, af-
ter a sequence of bifurcations, a transition to turbulence,
which is traditionally called the dynamic scattering mode
(DSM).*"7 Two different kinds of DSM have been ob-
served, the DSM1 and DSM2 states; '3 the DSM2 state
occurs at a higher voltage above the threshold voltage,
V). Both states are characterized more quantitatively by
measuring the spatial power spectra of the transmitted
light, parallel (P;) and perpendicular (P.) to the origi-
nal director orientation.'* The wave-number depen-
dences of Py and P, are different from each other in
DSM1 and become similar in DSM2. Therefore the no-
tion of anisotropic (DSM1) and isotropic (DSM2) tur-
bulence is used. '

Here we show that the transition between the two
DSM states takes place via nucleation of small areas of
DSM2 and their subsequent growth; the nucleation ki-
netics resembles nucleation in other nonconvective sys-
tems. During the growth of the DSM2 areas the motion
of the DSM1-DSM2 interface is similar to propagating
fronts in other nonequilibrium systems; however, we find
an uncommon dependence of the interface velocity on
the external control parameter. It is qualitatively dem-

onstrated that the disclination density in the director
field characterizes the DSM1-DSM2 transition.

We have used the liquid-crystal material N-(p-meth-
oxybenzylidine)-p-butylaniline (MBBA),'* which shows
the nematic phase at both temperatures used in the ex-
periment: 27 and 32*0.1°C. The experimental setup
is the standard one;'* the electrodes extend here over
3.0x3.0 cm? and the thickness is d =50 ym. We have
measured with an applied voltage of 20 Hz, whereas the
cutoff frequency was 170 Hz. In the present sample the
onset for a roll convection (the Williams domains) is at
V.=6.8 Vand 27°C.

In Fig. 1 the voltage dependence of the light transmit-
tance (=1/1y) through the sample is shown as a func-
tion of an increasing and a decreasing applied voltage
with various ramp rates r (mV/s) in the neighborhood of
the DSM1-DSM2 transition. I and I are the light in-
tensities passing through the sample in the presence of
and in the absence of convection, respectively. The light
transmittance (LT) in Fig. 1 has a sudden change in the
slope at the voltage V,. Above V; the DSM2 nuclei are
formed spontaneously. V; is like an r-dependent DSM
threshold. The voltage Vi in Fig. 1 is, however, rather
insensitive to changes of 7 and the difference between V;
and Vi tends to zero for decreasing r. As shown in Fig.
2 the hysteresis gaps AV and AV* =V, — Vg exhibit a
square-root dependence on r; the solid (dotted) curve in
Fig. 2 is calculated with AV (AV*)=(t,r)'? by using
the constant 7, =1.78x10° Vs (1, =1.09%10° Vs). Be-
cause of this behavior we take Vi as the DSM2 thresh-
old ¥, (=31 V at 27°C) and the vanishing hysteresis in
the LT indicates that the DSM1-DSM2 transition is su-
percritical.

An impression of the local behavior of the DSMI1-
DSM2 transition is given in Fig. 3. The photograph in
Fig. 3(a) is taken immediately after a voltage jump from
0 to e,=(V2—V¥2)/V3=8.0; the dark regions are the
spontaneously created DSM2 nuclei. With increasing
time these nuclei grow [Fig. 3(b)] until there is fusion
with other nuclei, and simultaneously new nuclei are
created in the remaining DSM1 area until the whole
area is in the DSM2 state [Fig. 3(c)]. The DSM2 nuclei
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FIG. 1. Hysteresis in the light transmittance I/Io near the
DSM1-DSM2 transition for various ramp rates r (mV/s) at
T=27°C. We choose two different hysteresis gaps AV and
AV* (=V; —Vx). The open circles are obtained for increasing
and the closed circles for decreasing voltage.

are always roughly elliptical, with the long axis parallel
to the original undistorted director orientation. The
number of nucleation sites increases and their size be-
comes smaller for larger ¢;.

The number of DSM2 nuclei, which are spontaneously
created at 1 to 2 s after the jump in the applied voltage
from V=0 to a voltage above V5, is shown as a function
of ¢; in Fig. 4. From a conventional expression for the
nucleation rates, '

J=Jwexpl—A/(1+e)]1+B, ¢))

we obtain the curves in Fig. 4. The values Jo =920
mm ~%, 4=50, and B=1.4 mm ~2 for 27°C and 800,
25, and 0.9 for 32°C, respectively, are obtained for the
best fit of Eq. (1) to the data in Fig. 4. Here A corre-
sponds to the normalized activation energy and e¢; is a
measure of overstability in classical nucleation theory. B
is probably related to heterogeneous nucleation, induced,
e.g., by inhomogeneities at the electrodes. Repeating the
experiment several times with long enough time for re-
laxation in between, the nucleation sites always occur
randomly in space.

The main difference between the DSMI1 and the
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FIG. 2. The ramp-rate r dependence of the hysteresis gaps
AV and AV* as defined in Fig. 1. The solid curve is the expres-
sion (t4r) ' with ¢, =1.78x10* Vs and the dotted curve is for
1h=1.09%10° Vs.

DSM2 state is the density of disclinations in the director
field, which is higher in DSM2. To visualize this, we use
the fact that the relaxation of the flow field (velocity)
and the simple director distortions is much faster than
the relaxation of the disclinations in the DSM2 state. If
we switch off the applied voltage ¥ > ¥V, at a time when
the DSM2 state has already filled considerable space
[Fig. 5(a)l, then the disclinations can be clearly observed

FIG. 3. A set of photographs of the growth process of
DSM2 nuclei at different times after applying a voltage V
larger than the DSM2 threshold voltage V; [e;=(V?—V?%)/
V$=8.0and T=27°C]. (a) t=1s, (b) 3s,and (c) 6. The
bar in (a) shows 500 um in length.
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FIG. 4. Nucleation rate J for DSM2-turbulent nuclei as a
function of e [=(V2—V%)/V3] for two different tempera-
tures. O, 27°C; @, 32°C. The solid and the dotted curves are
due to Eq. (1).

in the areas where DSM2 was observed before, as shown
in Fig. 5(b) and enlarged in Fig. 5(d). If we switch the
voltage on again to above V', before the disclinations
have vanished, then the disclinations serve as nucleation
centers for the DSM2 state and the same image as in
Fig. 5(a) is obtained once more [Fig. 5(d)]. The dis-
clination density in the DSM2 area itself increases with
€2 (quantitative measurements of this density will be de-
scribed elsewhere).

During the self-similar growth of the DSM2 nuclei,
new disclinations are continuously created in the nuclei
keeping the disclination density inside the nuclei roughly

constant. By measuring the diameters in the two main
directions of the elliptical nuclei as a function of time,
we always determine the growth velocities in a range
where they become independent of the size of the nuclei.
The ¢, dependences of the velocities parallel (vy) and
perpendicular (v, ) to the original director orientation
are shown in Fig. 6 for the temperature 7 =27°C. The
curves show the expression v =y¢%’, where y has been
chosen for the best fit and has the values y=54 um/s
(vi), 29 um/s (v,) at 27°C and 65 um/s (vy), 35 um/s
(vy) at 32°C. The velocity ratio vy/v . =1.85 is rather
independent of €; and is equal to the ratio of the diame-
ters along the long and the short axes of the elliptical nu-
clei.

It is not possible to reverse the growth velocity of the
nuclei by decreasing ¢, below zero; instead the DSM2
state disperses away globally. In that respect the motion
of the DSM1-DSM2 interface resembles propagating
fronts in other nonequilibrium systems above a supercrit-
ical bifurcation (SB).'® The front velocity v, =r7ed/&
above SB (where 7 is a characteristic time and & is the
coherence length), however, does not fit our experimental
data. This is also the case for the front velocities from
other deterministic equations related to the subcritical or
the transcritical bifurcation discussed in Ref. 16 and
simple extensions of those. At the DSM1-DSM2 bifur-
cation, mainly the disclination density is changed, indi-
cating that it is the relevant order parameter. The flow
field in both DSM regions is turbulent and the disclina-

FIG. 5. Retriggering process of the DSM2 state by disclinations (7 =27°C). Photographs (a)-(c) are taken after a jump in the
applied voltage above the thresholds, e; [=(V? —V2)/V$] =1.04. (a) t =24 s after the jump, (b) t =26 s immediately after the
field is switched off, (c) r =28 s immediately after the field is applied again, and (d) an enlargement of a disclination domain. The
dark area shows the DSM2 state. In (b) a large number of disclinations can be seen in the domain where the DSM2 state existed
before. (c) shows that the disclinations serve as DSM2 nucleation centers. The bars in (a) and (d) show 500 and 100 um, respec-
tively.
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FIG. 6. The growth velocity of the DSM2 nuclei parallel v}
(open circles) and perpendicular v, (closed circles) to the orig-
inal director orientation as function of €; at 27°C. The curves
are yed’, with y=54 ym/s (vy) and 29 um/s (v.). For 32°C,
similar results are obtained (Ref. 20).

tions are presumably formed by strong short-range fluc-
tuations in the flow field via viscous coupling between the
director and the flow field. It seems that the flow field
acts like a destabilizing noise on the disclination-free
director field. A realistic model for the DSM1-DSM2
transition should therefore at least include noise with a
short correlation length, in contrast to the available
deterministic models; if there is not an ab initio ap-
proach, starting from the full equations for electrohydro-
dynamics will be necessary. Investigations in this direc-
tion are in progress.

In conclusion, we have reported a local transition be-
tween two turbuelent states DSM1 and DSM2 in elec-
trohydrodynamic convection, which is rather uncommon
for convective systems at supercritical bifurcations. The
change in the disclination density, the divergence in the
relaxation time,'"'? and the drastic increase of fluctua-
tions of light intensity'* at the DSM1-DSM2 transition
are similar to the properties of the TI-TII transition in
superfluid He 11, where the vortex filament density is
changed during the bifurcation and where the transition
is considered to be spatially homogeneous.!” We hope
that the presented results stimulate further investiga-
tions, which can be complementary to, as well as an ex-
tension of the studies in He 1. The influence of multipli-
cative noise on the DSM1-DSM2 transition seems espe-
cially promising,'®!® because it can also be applied in
our system in a well controlled manner. '8
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FIG. 3. A set of photographs of the growth process of
DSM2 nuclei at different times after applying a voltage V¥
larger than the DSM2 threshold voltage V; [e;=(V2—V¥%)/
V$=8.0and T=27°C). (a) t=1s, (b) 35, and (c) 6 5. The
bar in (a) shows 500 um in length.
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FIG. 5. Retriggering process of the DSM2 state by disclinations (77=27°C). Photographs (a)-(c) are taken after a jump in the
applied voltage above the thresholds, &; [=(V? —V$)/Vi]1=1.04. (a) t =24 s after the jump, (b) t =26 s immediately after the
field is switched off, (¢) r =28 s immediately after the field is applied again, and (d) an-enlargement of a disclination domain. The
dark area shows the DSM2 state. In (b) a large number of disclinations can be seen in the domain where the DSM2 state existed
before. (c) shows that the disclinations serve as DSM2 nucleation centers. The bars in (a) and (d) show 500 and 100 um, respec-
tively.



