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A HEAT SWITCH USING LIOUID CRYSTALS IN THE PRESENCE OF
ELECTRIC FIELDS™

E.F. CARR

Physics Department
University of Maine
Orono, Maine 04469 USA

The heat transfer throuah certain liquid crvstals can
be controlled by apnlying an external electric field.
Because of the electrical conductivity anisotropy,
space charae accumulates in certain reaions of the
liquid crystal when an electric field is anplied. The
space charae interacts with the field to produce
hydrodynamic flow. It is the movement of fluid from
one electrode to the other that is responsible for the
changes in the heat transfer. Results show that the
heat transfer in a certain liquid crystal can be
chanaed by a factor of approximately 40 or more when a
very high electric field is applied.

1. INTRODUCTION

The heat transfer throuah a fluid depends both on the ther-
mal conductivity and the motion of the fluid. \hen the
fluid is a certain type of liquid crystal, the motion can be
controlled by an electric field.] Results have been
obtained which show that the heat transfer in N-[P-
methoxybenzylidene]-p-butylaniline (MBBA) can be changed by
a factor of approximately 40 or more when applying a very
high electric field.
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Many liquid crystals of the nematic type exhibit fluid
flow in the presence of dc or very low frequency electric
fields. This can be easily demonstrated by placing the
sample of Tiquid crystal in a rectangular container with
the wide sjdes of the container servina as conducting elec-
trodes. The short sides and the bottom of the container
are made from electrically insulating material such as
teflon. then a hiah electric field is applied between the
electrodes, hydrodvnamic motion can be observed. This can
be easily seen by observina the movement of dust particles
on the free surface of the sample with a microscope. The
movement of the particles shows that there is fluid flow
from one electrode to the other leadina to rotational
(cellular) flow as shown in Fiqure 1.

2. RESULTS AND DISCUSSICN

2.1. Heat Transfer

The effect of an electric field on the heat transfer
through a 1iquid crystal was demonstrated by comparing the
heat transferred through a liquid crystal with the heat
transferred through materials with known thermal conduc-
tivity. A schematic diaaram of the experimental setup is
shown in Fiqure 2. A copper cylinder (2 inches hiah and
1.5 inches in diameter) is placed above and separated from
a large aluminum block by 0.2 cm of cork except for an area
which served as the sample cell. A thin sheet of teflon
was placed between the cork and the aluminum block to pre-
vent electrical breakdown. The area of the sample cell was
approximately 4 square cm. The copper cylinder was heated
and insulated with styrofoam. Because of the insulation
around the copper cylinder much of the heat from the
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ELECTRODE
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FIGURE 1 Flow pattern for a 1iquid crystal in an electric
field at the free surface.
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FIGURE 2 Schematic diagram for heat transfer experiment.

cylinder passed throuah the sample and into the larae alumi-
num block. The larae aluminum block was not insulated so

it remained very close to room temperature. The bottom of
the copper cylinder and the top of the aluminum block

served as electrodes. The temperature differences between
the copper cylinder and the aluminum block were measured

in the viCinity of the cell as a function of time. The
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heat Tost by the copper cylinder, which did not pass
through the cell, was not critical because it was the
temperature difference as a function of time that was com-
pared for the various materials. The sample was cooled
from the bottom to prevent the creation of a Bernard-
Rayleigh instability.

When making the necessary measurements the copper
cylinder was normally heated to 8 or 10 degrees above room
temperature and cooled down to about 1 or 2 degrees ahove
room temperature. The cooling rate for MBBA with no elec-
tric field was slower than for glycerin and as slow as for
castor oil. This indicates that the thermal conductivity
of MBBA is comparable to that of castor oil. In a field of
37 kV/cm the cooling rate for MBBA was comparable to that of
pure mercury. This indicates that the heat transfer at this
field strenqth was comparable to the heat transferred in
mercury. These results show that the heat transfer has been
changed by a factor of approximately 49 when applyina the
high electric field. e do not have any reliable measure-
ments giving a relationship between heat transfer and elec-
tric field intensity, but it appears to be more 1like an E2
dependence than an E dependence. Even thouoh we have used
very high fields the amount of power consumed is very low
and the equipment needed to produce these fields if very
inexpensive.

2.2. Fluid Motion

A mode]2 illustrated in Fiaure 3 is used to exnlain the
flow pattern shown in Fiqure 1. This model depends on two
unusua1 properties exhibited by certain liquid crystals:
electrical conductivity anisotropy, and the fact that when
these Tiquid crystals are sheared, the preferred direction
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of the molecules (director) is not random, but rather is at
a small ang]e3 with respect to the direction of shear.
Because of the conductivity anistropy charge accumulates
where there is a change in direction of the director when
an electric field is applied. In the case of liquid
crystals this charge is due to ionic impurity.

Fiqure 3 illustrates a reasonably stable situation
which appears to exist in liquid crystals when a high
electric field is applied. Walls (defects), which are
changes in the direction of the director, are formed
perpendicular to the electrodes and the free surface. The
charge vhich accumulates at these walls cannot move
readily through the fluid when acted upon by the electric
field, so the fluid is dragged along with the charge.

Since the charges on adjacent walls are opposite in sign,
the movement of the walls produces a shear. This shear
maintains the alignment between the walls with the director
aligning at a flow alignment anq1e.3 The motion of the
fluid is similar to that shown in Figqure 1.

Since the motion of the fluid at the free surface has
to be parallel to the surface, the walls must be perpen-
dicular to the surface. Much below the surface the motion
is not necessarily parallel to the free surface. However,
if a magnetic field of a given strength is applied parallel
to the electrodes, it can keep the director in a nlane
parallel to the free surface without preventing the fluid
flow. The photograph in Figure 4a shows the effect of an
8000 Gauss magnetic field when a 5000 V/cm electric field
is applied. The electric field is a 50 Hz field but it has
the same effect as a dc field. This photograph was taken

at the electrode-to-1iquid crystal interface and about one
cm below the free surface. The electrodes were made of
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Fiqure 3. Model for molecular alignment and material flow
due to an external electric field. Charges
accumulate at the walls (defects) which are
perpendicular to the electrodes and the nlane of
the paper. Forces due to the interaction of the
electric field with the space charge at the
walls (defects) tend to shear the sample.
Because of shear flow, the director associated
with the sample between the walls is turned
toward the electric field giving rise to the
"flow alignment-angle" 6. Although the walls
should appear to be stationary, the material
making up the walls 1is constantly changing. For
further discussion see reference 2.

transparent conductive coated glass. lle believe that the
darker lines 1in this photograph represent walls that extend
out from the near electrode. Between the wide dark lines
there are narrow dark lines. These lines represent walls
that extend out from the far electrode to a reqion very
close to the near electrode. Adjusting the focus of the
microscope indicated the walls from the far electrode did
not extend to the opposite electrode. These observations
are consistent with earlier dbservations4 at the free sur-
face. This previous work showed that the walls at the free



Downloaded by [Tomsk State University of Control Systems and Radio] at 13:20 20 February 2013

HEAT SWITCH USING LIQUID CRYSTALS 167

0.10 CM

FIGURE 4 (a) Photograph of the electrode-to-liquid crystal
interface with a 5 kV/cm electric field perpen-
dicular and an 8kG magnetic field parallel to the
electrodes. (b) Same as (a) except no magnetic
field. The material was MBBA.

surface extended out from an electrode to more than one-
half the distance to the onposite electrode. The model in
Figure 3 explains the results shown in Figure 4a with the
walls extending to the bottom of the sampie.

In order to make the observations shown in Fiqure 4, a
small amount of dye (much less than 1% of indephenol blue)
was added to the MBBA. Previous work5 had shown that this
dye could be added without destroying the nematic proper-
ties of MBBA. With the dye the movement of the fluid along
the electrode-to-liquid crystal interface could be observed.
The flow pattern for the results in Fiqure 4a at the
electrode-to-1iquid crystal interface looked Tike rotatina
cylinders. The cylinders were parallel and vertical and
every other cylinder was rotating in the opposite direction.
The vrotations showed that the fluid was moving away from
the near electrode at the wide dark Tines and toward the
near electrode at the narrow dark lines. This provides
excellent evidence in support of the model.

The explanation of the result shown in Figure 4a
involves only two dimensions, but when the magnetic field
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is removed the flow pattern much below the free surface
becomes a three-dimensional problem. A photograph taken at
the electrode-to-1iquid crystal interface and about one cm
below the free surface is shown in Figure 4b with no magne-
tic field applied. The electric field strength was 5000
¥/cm. e do not have a clear explanation of the flow
patterns in Fiqure 4b but a few comments can be made.
Observations with a microscope indicated that the fluid was
moving away from the near electrode at the wide dark lines.
This implies that the dark lines represent walls. These
vwalls are perpendicular to the electrodes but are at any
angle relative to the free surface. The sizes of the walls
vary a lot and how far they extend through the sample is
not known. The results shown in Fiqure 4a should exhibit

a reasonably defined flow alignment anale o, whereas the
flow alignment angle may not be as well defined for the
results in Figure 4b. The flow alignment angle for Figure
4a is prohably larger than that measured from pure shear
flow because of the torque due to the magnetic field.
Although Figure 4b does not appear to represent a system

as well ordered as Figure 4a, previous resu]ts6 indicated
that the average flow alignment angle for the results
represented in Fiqure 4b is less than the angle for those
in Figure 4a.

3. CONCLUSION

Although we have demonstrated that the heat transfer can be
chanaed by a factor of approximately 40 or more in a sample
of thickness 0.2 cm, it should be pointed out that measure-
ments at other thicknesses have not yet been carried out.
When heating a liquid from the top surface, as was done in

the experiments reported here, we do not expect much motion
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of the fluid due to temperature gradients. Ue have not
1,7

shown that there is no motion, but some evidence is
available which indicates that any motion that may exist due
to temperature gradients probably has a very small effect.
Liquid crystals should be good materials for the detection
of fluid motion due to temperature gradients because of
their anisotropic pronerties.

The model in Figure 3 appears to be an excellent
explanation of the fluid flow when a 5000 V/cm electric and
an 8 k45 magnetic field act simultaneocusly (Fig. da). ‘then
the magnetic field is removed (Fig. 4b), and a two-
dimensional problem has become a three-dimensional problem,
we believe that the ideas associated with the model still
apply. NMR expem’ments8 have shown the existance of a flow
alignment angle when a high electric field is applied as
predicted by the model. Because of the presence of the
magnetic field for these measurements we are not certain
vihether the NMR results correspond to the flow patterns
associated with Fiqure 4a or 4b.

Although we do not have measurements showing the effect
of electric fields on the heat transfer in thin samples
(10-100 microns) there is reason to believe that there
should be an apnreciable effect. Observations9 at the free
surface have given some indication that the model (Fig. 3)
apnlies to thin samples, but the best evidence indicating
that this model may be involved in thin samples is presented

by Igner and Fried.1O
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