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The flow patterns formed by the electrohydrodynamic effect of the nematic liquid crystal are
observed. It is found that the phase diagram made from the observation bears a strong resem-
blance to that of isotropic fluid. The typical patterns observed under the variable frequency
and voltage are shown.

1 INTRODUCTION

It is well known for an isotropic fluid that as an applied external stress
increases, the system changes from a laminar flow into turbulent flow. An
example is the Benard-Rayleigh problem. When a horizontal layer of fluid
is heated from below, at a critical temperature gradient a regularly aligned
roll pattern appears. With further increase of gradient, the system develops
finally into turbulent flow after passing through a few transitions. Com-
prehensive experimental studies of this problem have been carried out, for
example, by Krishnamurti.! On the other hand, McLaughlin and Martin,?
using the Ruelle-Takens’ theory, proposed theoretically that a non-periodic
flow occurs after three or four bifurcations. The study of these sorts of hydro-
dynamic instabilities is very interesting from the viewpoint of statistical
hydrodynamics far from thermal equilibrium.?

The same kinds of instabilities appear in a nematic liquid crystal.* Com-
prehensive theoretical and experimental studies of an electrohydrodynamic
instability have been made by the Orsay Liquid Crystal Group. When the
external stress, the voltage, is applied to a liquid crystal layer, a roll pattern
named the Williams domain appears at a critical voltage in a low frequency
region. On the other hand, in a high frequency region a different pattern,
called the chevron texture, is formed.®> With further increase of voltage, these
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patterns change into the dynamic scattering mode, which is turbulent flow.
This phenomenon is of fascinating interest in the study of hydrodynamics.

We have studied this phenomenon from the viewpoint of hydrodynamics

far from thermal equilibrium.® At present our interests focus mainly on the
following problems:
(1) the number of dissipative structures which appear, (2) preparation of a
phase diagram, (3) the number of bifurcations, (4) the property of the bifurca-
tions, (5) the analogy to the second order phase transition in a thermal
equilibrium system.

The dissipative structures and the phase diagram obtained by changing
the voltage and the frequency have been reported.”® In those papers we
have concluded from the comparison with the Krishnamurti’s phase diagram
that the voltage corresponds to the Rayleigh number and the inverse of the
frequency corresponds to the Prandtl number after the non-dimensionaliza-
tion. We have emphasized in our works that the electrohydrodynamic effect
is a very advantageous example for study of hydrodynamics far from thermal
equilibrium. The number and the properties of bifurcations have been
studied experimentally through the fluctuation of the transmission of light
and an analogy to the second order phase transition in a thermal equilibrium
system has been pointed out. These results are described elsewhere.®*

More recently we have made efforts to obtain more precise observation
of flow patterns. In this paper, the newly classified patterns and the phase
diagrams are reported. The justification of the present results is well sup-
ported by other experimental results.'®

2 EXPERIMENTAL

In the present study, the nematic liquid crystal MBBA (p-methoxybenzyl-
idene-n-p’-butylaniline) is used. As is well known, this crystal shows a ne-
matic mesophase between 17 ~ 49°C. Specimens with various purities were
prepared, with electric conductivities ranging between 2 x 107'! and
5% 107'° Q@ 'em™~!'. Two kinds of cells were used for observation:; one
was used to observe the plane figure and the other the transverse figure.
The constitution of the cells. has been described elsewhere:® the thickness
of the cells is in the range 6 ~ 10® um. In the case of transverse observation
the separation of electrodes is in the range of 200 ~ 300 pum. Voltages,
0 ~ 200 volt and 20 Hz ~ 2 kHz, are applied. The patterns and the flow
figures were observed visually by a microscope with crossed nichols.

3 RESULTS AND DISCUSSIONS

The dissipative structure depends strongly on the strength of the external
forcing parameters, especially the intensity and the frequency of the applied



Downloaded by [Tomsk State University of Control Systems and Radio] at 05:30 23 February 2013

NEMATIC L.C. AND CLASSICAL FLUID {9771 / 263

voltage. In this paper, the voltage V and the frequency f are non-dimen-
sionalized through the electric Rayleigh number k = V/V, oc \/R/R, and
the electrical Prandtl number P = f,/f.!' Here V. and f, are the critical
values at which the Williams domain (roll pattern), and the chevron texture,
respectively, appear, and R is the Rayleigh number.
The patterns newly classified in the present study are as follows: the
arrow shows an increase of voltage.
HP>1(f<f)
WD —» FWD - GP - quasi-GP —» DSM-like - DSM1 - DSM2,
) P~1(f ~ f)
PWD — CV-like (FWD) — GP-like — DSM-like - DSM1 —» DSM2,
) Pr<P<I(f.< f < f*:
(FWD) - CV(A) — DSM-like —- DSM1 — DSM?2
for the low purity specimen,
FWD (CV-like) - GP-like - DSM-like - DSM1 — DSM2
for the high purity specimen,
4) P¥* < P < P¥(f* < f < f**)
WP — PWPI (CV(B)1) » PWP2 (CV(B)2) » (DSM1, DSM2)
for the low purity specimen,
CV(B)1 — CV(B)2 —» (DSM1, DSM2)
for the high purity specimen: in this region we call the P*-point the
CV(B)-point,
5) P < P¥ (f > [*%):

no-stationary pattern — DSM.

The abbreviations used are as follows: WD; the Williams domain, FWD;
the fluctnating Williams domain, GP; the grid pattern, DSM; the dynamic
scattering mode, PWD; the propagating Williams domain, CV; the chevron
texture, WP; the wavy pattern, PWP; the propagating wavy pattern. Here
f.. {* and f** are the critical frequencies at which the PWD {or CV), the
WP and no-stationary pattern, respectively, appear. Figures 1(a) and 1(b)
show the newly obtained phase diagrams for the low and the high purity
specimens, respectively.

1 P>

In the lower frequency region, as the applied voltage is increased, the roll
pattern WD begins to fluctuate: we call this the FWD. If the voltage is now
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FIGURE 1(a) Phase diagram in electrohydrodynamic instabilities. For low purity specimen.
Conductivity ¢ = 2.5 x 107'° Q7! em™! (dc 6 volt), thickness d = 30 um, f. = 380 Hz,

f* = 490 Hz.

held constant, adjacent lying rolls begin to stick and break up each other
and the GP, a three-dimensional steady flow, is finally formed at the GP-
point k* The time spent in forming the GP depends on the voltage: the
time decreases with increase of voltage. When the voltage is further in-
creased, the source and the sink of flow in a grid oscillate in time; the quasi-
GP is observed at k,,. In this region, a three-dimensional time-dependent
flow appears to be formed, that is a limit cycle is formed. As the voltage
approaches to the k’-point, a DSM-like flow is observed. In this region the
flow seems to be a turbulent one, but a large (characteristic to flow) scale
pattern is still preserved in space. At k, the flow becomes very complicated,
and then is non-periodic. Here the spatial correlation behavior is not clear
at present, but a turbulent flow region would exist above k,: this is sup-
ported by our other experimental results.®-!2 Therefore it is concluded that
after the first appearance of the limit cycle four bifurcations exist before
the fiow becomes turbulent.
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FIGURE 1(b) Phase diagram in electrohydrodynamic instabilities. For high purity specimen.
Conductivity ¢ = 2.0 x 107" Q™! cm™!, thickness d = 30 um, f, = 56 Hz. Figures 1(a) and
1(b) are very similar to each other except for the applied frequencies. These differences of the
critical frequency are caused by difference of electric conductivities. The symbols are described
in detail in the text.

a) The Williams domain When a dc voltage is applied, the WD is formed
at a lower critical voltage than in the case of ac voltage. An irregularly
arranged mesh pattern is frequently observed. However, when the elec-
trodes are made very homogenous, a roll pattern is formed with increase of
voltage. One of the reasons that the length of a roll is short is probably the
disturbance of the ordering of rolis due to the injected charge from the
electrodes under the dc-field. As a result the forthcoming GP is formed at
lower voltage in the dc-case, but the position where the physical quantities
show anomalies lies at k ~ 1.6 in both dc and ac-cases.?
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FIGURE 2 Photographs of the WD. (a) Plane figure. (b) Transverse figure. (¢) Schematic
figure of flow and director arrangement in liquid crystal thin cell.
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On the other hand, when an ac voltage is applied the critical voltage
V. (7 ~ 8 volt) at which the WD appears is higher than that in the case of dc.
In the case of ac, the rolls align regularly as shown in Figure 2(a). The
transverse figure is shown in Figure 2(b). The value of ¥, depends generally
on the purity of the specimen; V, is higher in a lower conductivity specimen.
The flow and the order of the liquid crystal in the cell are shown in Figure
2(c). Regions of the crystal form lenses because of the anisotropic refractive
index, thus we can see an alternative alignment of bright and dark lines.
In visual observations, a nematic liquid crystal has a very advantageous
point that it is not necessary to mix in other materials such as fine particles
of aluminium or smoke as in the case of other fluids.

The formation time T, of the WD is related to k asd/T, x (k — 1)100*02¢
where d is the thickness of the cell. Since d/T, has a dimension of velocity,
it is considered that within the formation time the direction of the director
becomes stable during one period of convection in the cell. In other words,
it shows the voltage dependence of growth rate in the velocity fluctuation
with some wave number. The same tendency is seen in the fluctuation period
of the FWD and the formation time of the GP.

b) The fluctuating WD When the voltage is further increased in the WD
region, where only one definite wave number grows fastest among many
wave numbers, the expansion of the wave number space results in a depres-
sing of the probability of selection of that wave number, Therefore, the
growth of other wave numbers increases to be comparable with that which
characterizes the WD region; the rolls begin to fluctuate. We call this the
fluctuating Williams domain FWD; the plane figure is schematically shown
in Figure 3.

The adjacent lying rolls stick, but after a definite time, the fluctuation
time, they separate and the initial rolls are recovered: this change in time
occurs over the whole range of the cell. At those intersecting points, ex-
tremely large viscous dissipation should exist. At this point, very sharp and
large fluctuations of velocity occur temporarily through the combination
of two vortices. Following the increase of voltage, an amount of injected
energy overwhelms the energy possibly dissipated by the structuralization
of WD, then an instability occurs. In order to resist this instability, the
system would form fluctuations with counterwise convections through the
fluctuation of rolls. Therefore, it is considered that the region of the FWD
is the transition region from the WD to the forthcoming GP. In this region
the fluctuation (the oscillating mode) seems to propagate along the roll
axis.

The fluctuation is caused by growth of the twisted mode related to the
elastic constant K,,.!> The fluctuation time Ty is related with k as
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(B)
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FIGURE 3 The schematic figure of the FWD. This figure shows intersecting points. With
increase of time, the pattern changes as (A) — (B) — (C) — (B) — (A).
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Ty oc (k — 1)7 0952007 712 Gince the fluctuation of the WD does not decay
but continues in stationary form in a wide region of k, it is supposed that
this is a new phase. When the cell thickness is less, the FWD appears at a
lower voltage. In this case, a stationary WD is difficult to observe and the
GP is not easily formed even if k is increased. This shows that the thickness
affects strongly the formation of the WD and the GP. The GP is formed
especially easily in the cells with thickness ranging 20 um ~ 50 um. In the
thinner or thicker cell the GP is easily not observed. In the cell about 6 um-
thick, no GP is formed. On the other hand, the appearance of an oscillating
domain is not affected by the thickness: in the thin cell it is rather easily
formed. In the FWD region, the system can not dissipate the energy, so that
the transition to a new state should occur. This new state is three-dimen-
sional flow and the pattern has been named the grid pattern by the authors.®
In other words, this pattern is completely formed after the growth of the
twisted mode has stopped.

¢) The grid pattern  This pattern, which was first discovered by the authors,
occurs in a considerably lower dissipation process. When this pattern ap-
pears, the width of a grid is a little wider than that of a roll of the FWD just
before the pattern appears. This suggests the possible existence of hysteresis
at this transition point. This pattern is formed in the regions dc < f < f,
and k ~ 1.5 ~ 1.7. The nearly square form of the pattern deforms gradually
with increase of frequency and becomes indistinguishable from the chevron
texture in the region P < 1. However, the GP is rather stationary and is
formed in a short time at higher frequency for the same value of k. The
pattern seen in this region is shown in Figure 4. In this region k > k*, the
critical value at which the GP appears, the formation time of the GP, TSP,
becomes shorter with increase of voltage; TFF oc (k — 1)7%63*0-13 This
dependence on k differs a little from that of the WD.®

It is noted in the GP region that the form of the GP is affected strongly
by the property of oscillation before the GP is formed. For example, in the
higher frequency region where the PWD appears, the form of the GP is
extremely distorted. As is seen in Figure 4, it is clearly observed that an
extremely regulated GP is formed when a dc and an ac voltage are applied in
superposition.® One of the reasons is the regulation due to the electronic
charge injected by applying the dc voltage. The GP is formed in cells of
thickness about 20 um ~ 200 um. In the case of thin layers, it is considered
that the amount of charges effectively increases. On the other hand, in the
case of a thick cell the wave number space expands to form a wider range and
the GP is difficult to form. However, various anomalies of physical quantities
are observed® at k ~ 1.6 in all specimens, thick and thin cells, so it is con-
sidered that the three-dimensional steady flow occurs at this point.
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FIGURE 4 The GP (d = 30 um) as a dc and an ac voltage are applied in superposition.

d) The quasi-GP With further increase of voltage, where 7,°° becomes
independent of k, the GP begins to oscillate again (oscillating mode) and
no stationary GP is formed. We call this the quasi-GP. The pattern in this
region is shown in Figure 5. This pattern is apparently not greatly different
from the FWD, but there is an intersection between cells: in the FWD the
intersection is between rolls. Therefore, the number of oscillating points
{intersecting points) is much larger than that in the FWD, and the oscillation
is fast. Here a sink and a source of flow which form a cell in the GP alternate
in time those of nearest neighboring GP cells. The wave number of the GP

FIGURE 5 The quasi-GP. This pattern appears apparently irregular in space, as it oscillates
in time.
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becomes twice that of the WD ; g ~ 2/d, where d is the roll width (or thickness
of cell) of the WD. Therefore, the quasi-GP can also be called a double
periodic flow. The transition point lies at k,,, where a limit cycle is formed:
this is three-dimensional time-dependent flow.

¢) The DSM-like, DSM 1 and DSM2 The patterns and flows in these regions
are very complicated, so that it is difficult to describe clearly the difference
between these features. The DSM-like pattern which is apparently non-
periodic in time seems to have some periodicity but is periodic in a con-
siderably wide region of space. Here the periodicity in space means that the
complicated flow is restricted in a macroscopic region as shown in Figure 6.

FIGURE 6 (a) The DSM-like pattern. This pattern is more complex, but may have space
order. (b) The DSM1. This flow is non-periodic.
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In this region, a three-dimensional time-dependent flow and a complicated
limit cycle would be realized. Therefore, we observe an apparently non-
periodic flow. In the DSM region, it is seen that extremely small scale flow
alternates with the DSM-like flow. The flow is perfectly non-periodic in
time but remains unknown in space. The difference between DSM1 and the
forthcoming DSM2 is not clear in visual observation. However, the physical
quantities show large anomalies at the DSM1 and DSM2 points.®712 At
present we consider that the DSM2 point is the transition point to turbulent
flow. No clear description can be given but the detailed behavior of patterns
and flows can be observed in a movie prepared by the authors: unfortunately
a description is not shown in this paper because of restriction of space.

2 P~1

When a higher frequency voltage (f ~ f,) is applied, a propagation of rolls
is first observed. We named this the propagating Williams domain, PWD.
The direction of propagation is perpendicular to the roll axis. The groups
of rolls propagate in opposite directions to each other, depending on the
initial condition of the static state. This propagating aspect agrees with
Busse’s theory.!* When the groups moving against each other coincide,
they are missed or an opposite group is gradually overwhelmed. The same
typical example is seen in open system chemical oscillations: there exists a
limit cycle. The flow is probably a two-dimensional time-dependent one.
When the voltage is increased at a fixed frequency, the PWD shows a similar
pattern to the FWD. We may assume from the facts described above that
the FWD has a limit cycle.

When k is increased further, the period of oscillation of the FWD and the
number of oscillating points increase, then the rolls are torn off into pieces
with the same length as the roll width; the GP-like structure is formed. In
this case the form of a grid is not a square but a lozenge, where flow is con-
sidered to be three-dimensional. This change is extremely characteristic of
all the cells.

The subsequently appearing pattern is the DSM-like pattern, where the
GP oscillates. A distinctive feature is that the sink and the source of flow
which form the GP move from place to place but the flow is not so complicat-
ed as DSM1. There exist two types of flow in the DSM-like region; one of
which is the flow described just above and this pattern is called quasi-GP
in the present study. The other type of flow which appears at higher voltage
is more complicated. The pattern is not so regular but has some spatial
order similar to the quasi-GP. The forthcoming DSM1 has a very long
evolutional time and a very complicated pattern. The change into this region
occurs very sharply at the instability point.
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a) The propagating WD The behavior of the PWD is very interesting
because of a close resemblance to the oscillating pattern of ion concentration
in a chemical reaction. We can observe that an extremely slow flow occurs
on a macroscopic scale already before the PWD is formed. The PWD is
always observed at P ~ 1, independent of the purity of the specimen. The
rolls form groups which propagate in an arbitrary direction, but alternate
groups move in opposite directions to each other; the plane and the trans-
verse figures seen in this region are shown in Figure 7. In Figure 7(a), some
groups go upward and the other groups downward. When two groups
collide, patterns disappear, forming a sink. When the groups moving in
opposite directions do not collide, no roll pattern is formed in the region
among them.

The propagation velocity of the PWD depends on the applied voltage,
but after a little increase in voltage the PWD becomes locked in phase: the
propagation of rolls comes to a halt and the FWD appears. This fact sug-
gests that the PWD is a two-dimensional, time-dependent flow with a limit
cycle. Therefore it is considered that the FWD is also a two-dimensional,
time-dependent flow but with a very deformed limit cycle.

—

o, 4

¥ s T
) (i) (iii)

la)

(i) (ii) (iii)
th)

FIGURE 7 The PWD. (a) Plane figures. The propagating aspect is shown schematically for
the PWD-group. (b) Transverse figures. The arrow is to show a propagating aspect. The domain
is moving towards the left of the figure: (i} ¢ = 0, (ii) 7+ = 3, (i) 1 = 6 sec.
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b) The CV-like pattern When the voltage is increased further, the FWD
becomes the CV-like pattern in which an oscillating pattern resembling the
CV is seen. The CV-like pattern is clearly distinguished from the pure CV
by the fact that the pattern width of CV-like is not very different from that
of the WD and that there is not a discrete change from the FWD to the
CV-like pattern. The CV-like pattern is shown in Figure 8.

R L SR S b - 3 s ‘o

FIGURE 9 The GP-like pattern. This deformed-square pattern is stationary.
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¢) The GP-like pattern Holding the voltage constant for some time at a
value larger than the voltage where the CV-like pattern appears, the CV-
like pattern ceases to move and becomes GP-like as shown in Figure 9.
This GP-like pattern has a distorted lozenge type of form but is possibly es-
sentially no different from the GP.

d) The DSM-like pattern, DSM1 and DSM2 The forthcoming DSM-like
patterns, DSM1 and DSM2 are the same as those in the region P < 1. The
only distinct point is that in the region of the transition from DSM-like to
DSM1, before the flow develops into DSM, an extremely complicated flow
appears in the main mode of WD, the roll. This feature is very distinctly
seen for the case P < 1, as shown in Figure 10.

3 pPr<P<]

In this region, the oscillating pattern called the chevron texture appears at
first: a limit cycle is formed. This pattern is generally divided into two classes:
one is the chevron texture, CV(A), which appears in a low purity specimen
or the CV-like pattern which appears in a high purity specimen for f < f.
(P = 1). The latter pattern resembles the CV but a fairly distinguishable
point is that the roll width is of the same order as that in the WD, A, ; about
Ap/2 ~ Ap/4. Therefore this pattern apparently resembles the FWD. With
increase of the voltage, the very rapidly oscillating FWD ceases to oscillate
and the CV(A) is formed (Figure 11). With further increase of the voltage,
the CV(A) begins to oscillate again and the DSM-like pattern is observed.
However, in this region the CV(A) is hardly distinguishable from the DSM-
like pattern. The appearance of the WD mode is observed during the transi-
tion from the DSM1 point to the DSM2 region.

The other class is the chevron texture CV(B) in a high purity specimen at
P < 1. The roll width is very small; about 4,/10 ~ 1,/20. The flow has
essentially the same property as that of the PWP in a low purity specimen.
The pattern is divided into two classes besides the PWP following increase
of voltage; CV(B)1 and CV(B)2. In the CV(B) region a cycad-leaf-like pattern
is formed from the rolls; this pattern always oscillates and progressively
propagates along that leaf axis. A detailed description will be given in
Section 4-b, but a distinguishable point with respect to PWP is that there
exists a propagation characteristic of a non-linear wave. A distinct feature
in this region is that even though the PWD appears at first, as soon as the
CV(B) appears the PWD completely disappears and is replaced by the
CV(B); this change occurs very drastically.

As was described above, a high purity specimen has an extremely low
f. (56 Hz) and no evidence of the existence of f* can be obtained. However,
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{b)

[4]

FIGURE 10 The development of DSM1. With progress of times ((a) — (b) — (¢)), the
DSM1 develops to fill the whole of the observed region: (i) + = 3, (it) 1 = 6. (iii) 1 = 9 sec.
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FIGURE Il The CV(A).

from comparison with the result in the low purity specimen, it is concluded
that no essential difference between PWP and CV(B) exists at f* < f.. The
CV(B)2 and DSM-like patterns seen in the high purity specimen closely
resemble the PWP2: the group of PWP patterns will be described in Section
4-b. We will see in a more detailed observation that the CV(B) exists in the
PWP region.

4 P < P< P

In this region two types of flow are observed, depending on the purity or
condition of the cell. One is the wavy roll {the wavy pattern: WP} and the
other is a successive transition characterized by the appearance of the
CV(B); the CV(B)I and CV(B)2. However, the difference between them
cannot be distinctly recognized. The macroscopically formed spatial struc-
ture of the CV region is easily changed into the WP pattern by external
disturbance. In the CV(B) region, it is considered that the forming of the
wavy-roll pattern realizes a stable pattern, but requires crossing over a con-
siderably higher potential barrier. Which type of flow is realized is probably
determined from a position in phase space which is specified by the initial
condition.

Here the pattern is the dissipative structure like those in an open chemical
reaction and in a low Prandtl number fluid. When a voltage is applied an
instantaneous starting of flow (a very large scale flow or fluctuation of
director) is seen and the wavy rolls (WP) are formed after some time. This
pattern consists of sinuscidal wave-like rolls and has a double-periodic
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property in space but does not move. When the voltage is increased, the
sinusoidal wave-like pattern begins to propagate into a center of vortex.
The velocity of the propagation increases with increase of voltage and the
wavelength becomes short: we call this the PWPI.

With further increase of voltage, the width of a roll rapidly becomes small
and the velocity of sinusoidal wave increases with the simultaneous decrease
in wavelength, we call this the PWP2. This change in velocity has the same
character as that in the transition from CV(B)I to CV(B)2 in a high purity
specimen. The voltage dependence of velocity coincides also with the cases
CV(B)1 and CV(B)2. When the voltage is further increased, the flow changes
into DSM, but the DSM-like pattern is difficult to observe. Therefore,
probably, the flow changes directly into a non-periodic flow DSM1.

a) The WP In a low purity specimen, a wavy roll, WP, is formed. The
appearance of WP at P* is very strongly affected by the contact effect be-
tween liquid crystal and cell plate; thus this pattern does not always appear
every type of cell. However, it appears more frequently in a thinner cell. In
this region, the dissipative structure appears in a state with a very high
degree of dissipation in energy. When a voltage is applied, a flow occurs
firstly on a macroscopic scale which disturbs the system over the whole
range of the cell, and rolls appear gradually with increase of voltage. The
rolls have only a slightly different form to the WD. With further increase of
voltage, the wavy mode appears in a roll, with the propagation velocity of
the wave nearly zero: we call this the wavy pattern. This pattern is shown in
Figure 12(a). Here we consider that no limit cycle exists.

b) The PWPI, PWP2 and DSM When the voltage approaches the PWPI
point, the wave in a roll begins to propagate along the roll axis (Figure 12(b}).
At this stage one can observe that very small rolls flow out from the wave;
this corresponds probably to the CV(B)! shown in Figure 13. The pattern
next observed is the PWP2 (Figure 12(c)), corresponding probably to the
CV(B)2. Here the width of the roll forming a wave decreases abruptly by
about half, then the flow becomes double periodic. The propagation be-
comes increasingly faster with increase of voltage.'? The next pattern ap-
pearing is a DSM-like one (Figure 12(d)), where the periodic pattern de-
scribed above disappears. It is considered that the PWP1 is presumably
constructed from a superposition of a small number of modes, and cor-
responds to the quasi-GP in the region P > 1.

¢) The CV(B) and DSM 1In a high purity specimen, as the voltage ap-
proaches some value, especially in the neighborhood of f*, the WD mode
is observed but suddenly disappears, and the CV(B) with very narrow roll
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FIGURE 13 The detailed flow figure of the PWP. Along the wavy roll, the CV(B) is observed
as shown in this schematic figure. The arrow shows the direction of the propagation of the wave.

width appears. When the WD is not observed (this case occurs frequently),
a large scale macroscopic flow occurs before the CV(B) appears. It is of
interest that an oscillating mode appears after the appearance of such an
inhomogeneity. The characteristic patterns are shown in Figure 14. The
CV(B), which is named CV(B)], is an oscillating mode with extremely large
wave number and becomes a distinct chevron texture with an increase of
voltage. The transition from WD to CV(B) occurs sharply. In this CV-
region, the characteristic propagation of a non-linear wave is recognized.
In spite of the occurence of collisions among roll waves with opposite mo-
tion which comprises the CV(B), they pass through each other without
stopping and mixing.

With further increase of voltage, the roll width of the chevron texture
becomes half that of CV(B)1 and the chevron texture is seen in the WD-like
pattern. The feature is noticeable in the case of applying a rectangular wave.
This behavior closely resembles that in the double frequency region of an
isotropic fluid. In the present study, this pattern is named the CV(B)2. The
WD-like mode eddies with increase of voltage and bears a resemblance to
PWP2. This mode is rotating and the pattern grows. However, as the voltage
approaches the DSM-like point the flow with a moving closed-waist thread
appears, then the CV pattern is destroyed. The flow of the CV(B) is shown
in Figure 15. Here the WD mode and the chevron pattern propagate along
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FIGURE 14 The CV(B). f = 200 Hz (/. = 56 Hz). This pattern occurs in the phase diagram
Fig. 1(b).

the WD-axis as shown by the arrows. In transverse observation, the propaga-
tion resembles that of the PWD but is small scale. In the WD mode, as
shown in the figure by short arrows, adjacent lying CV(B) modes move in
opposite directions to each other. Their points of contact are not seen
clearly in a visual observation but very quickly a matching of flows should
be achieved.

The schematic figure of the PWP is shown in Figure 13, which is formed
in a low purity specimen. The existence of CV(B) patterns around the wavy

IR

-

FIGURE 15  Schematic figure of the CV(B). The directions of motion of the pattern are shown
by the arrows.
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roll, shown in Figure 13, cannot be shown by photograph because of their
high speed motion. In the PWP region, this propagation of a wavy pattern
corresponds with the propagation along the WD-mode axis in the CV(B)
pattern. Therefore, the propagation velocity of the wavy roll should show
the same velocity as in the CV(B). The CV(B)1 and CV(B)2 correspond
respectively to PWP1 and PWP2. The propagation of rolis is also shown
by arrows in the figure.

5 P < P**

In this region, no distinct spatial pattern is formed. Irregularly formed
islands and a considerably large scale flow are seen at first. In the plane
figure, it is seen that the moving closed-waist threads spring out: these
threads could be formed by flow of the liquid crystal but the details are not
clarified at present. When the voltage is increased, these threads grow in the
space to become completely deformed, closed-waist ones and the system
develops into a turbulent flow without forming a distinctly stationary
pattern in the process. On the other hand, in the transverse figure the slowly

(a)

" PACYRORIOANIN

FIGURE 16 The walking line pattern. (a) Plane figure. (b) Transverse figure: this pattern
propagates and is clearly different from the WD and the disclination.
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trembling, fine threads propagate along the direction parallel to the elec-
trodes. The threads extend between electrodes, nearly perpendicular to
them. In the course of an increase of voltage, new threads appear from one
electrode and contact with the nearest neighboring threads, forming U-
typed threads or bending threads. The former diminishes frequently into
the electrode. This feature is distinctly different from the transverse figures
of the PWD and a disclination in the WD. These aspects are shown in Figure
16; we call this the walking line.

The position of P** is well defined as a transition point. The thicker the
cell, the more easily the observation of this region is made. On the other
hand, in the thinner cell this region is not frequently observed because of
the wide region of the CV(B). In this region a very high frequency is required
and provided the cell is not broken, the phenomena can be generally ob-
served even at a high voltage. A very highly dissipative structure would be
realized as well as the vortex patterns in the WP and PWP. It is of great
interest why a time-dependent flow without any stationary pattern occurs
from the beginning as the limit of a electric Prandtl number. Here pre-
sumably a number of modes becomes unstable simultaneously. The turbulent
flow exhibits a very large scale.

4 CONCLUSIONS

In the present study, we have reported the dissipative structures caused
by convection in the nematic liquid crystal MBBA. It has been demonstrated
that the phenomena caused by electrohydrodynamic effect bear a close
resemblance to the Benard-Rayleigh problem in an isotropic fluid. At
present, in the case of the isotropic fluid the following questions are not well
clarified.

1) The property of the first appearing dissipative structure and bifurca-
tion in a low Prandtl number fluid. A recent experiment by Krishnamurti
for mercury shows that a time-dependent flow occurs from the beginning.'
In this sort of experiment, it is difficult to clarify the phenomenon because
direct observation of flow cannot be made.

2) The origin and the property of time-dependent flow,

3) The number of bifurcations to turbulent flow after a limit cycle first
appears.

In the present study, the answers to some of these questions are obtained.

1) The first appearing visual pattern in a low Prandtl number fluid is the
oscillating mode called the chevron texture. However, before this pattern
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appears, an extremely large scale flow occurs. Therefore an instability
occurs at finite amplitude of flow.,

2) It is considered that several instabilities (more than two) occur simulta-
neously at the bifurcation point of the CV(B), where the CV(B) corresponds
to the GP or the quasi-GP in the high region of P.

3) Two or three limit cycles appear during the approach to non-periodic
flow. This result supports the Ruelle-Takens’ theory.

Although the results obtained in the present study are less than quantita-
tive, the transitions are distinctly caused by well-defined applied stress and
various flow patterns have been obtained by changing the external param-
eters. However, by employing the discussion made in the present study, one
can interprete the phenomena in isotropic fluids by appropriate comparison
of parameters. Details will be reported elsewhere in the near future.'”
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