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Abstracts The heat t ransfer through a f l u i d  depends 
both on the thermal conductivity and the motion o f  
the f l u id .  
l i q u i d  crystal ,  the motion o f  the f l u i d  can be 
control led by an e lec t r i c  f ie ld .  
here show that  the ra te  of heat t ransfer increased 
by a t  least  a factor o f  ten when a high f i e l d  was 
applied. Results are reported showing how a modef 
proposed ea r l i e r  can be used t o  explain the f l u i d  s 
motion which started a t  the instant the f i e l d  was 
applied. 

When the f l u i d  i s  a cer ta in  type of  

Results presented 

The a b i l i t y  o f  a sample of l i q u i d  c rys ta l  t o  
t ransfer heat depends both on the thermal conduci t iv i ty  
and the motion o f  the f lu id .  An e lec t r i c  f i e l d  can be 
used t o  contro l  the motion o f  certain l i q u i d  crystals, 
and i t  i s  reported here that  i n  the presence of  high 
f i e lds  the ra te  of  heat transfer i s  pr imar i ly  dependent 
on the f i e l d  in tens i ty .  
demonstrating the e f fec t  o f  an e lec t r i c  f i e l d  on the heat 
t ransfer i n  a l i q u i d  c rys ta l  i s  shown i n  F i  
copper block (cross-sectional area = 7.0 an and 6.5 an 
high) was heated t o  about 7OoC before placing i t  i n  the 
setup. As the copper block was cooled, the temperature 
difference between the copper and aluminum blocks i n  the 
v i c i n i t y  o f  the c e l l  were measured as a function o f  time. 
Because of  the low thermal conductivity o f  Styrofoam and 

The experimental setup fo r  

The 9. 
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166 E. F. CARR 

FIGURE 1. Schematic diagram for  heat transfer experiment 

Figure 2. (a) Schematic diagram f o r  material flow a t  the 
free surface o f  a l i q u i d  crystal i n  a 5 kV/cm 
electric field. (b) Photograph o f  the 
electrode-to-liquid crystal interface w i t h  a 5 
kV/cm electric field applied perpendicular t o  
the electrodes.(c) Same as (b) except an 8 kG 
magnetic field is applied parallel t o  the 
electrodes and the free surface. 
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HEAT TRANSFER IN LIQUID CRYSTALS 167 

cork much o f  the heat was transferred through the sample. 
The large aluminum block was maintained a t  a temperature 
o f  22°C and the copper blockowas cooled down t o  a tem- 
perature o f  approximately 30 C. The cool ing range or  the 
exact temperature o f  the aluminum block was not c r i t i c a l  
because i t  was the temperature di f ference as a funct ion 
o f  time which was compared f o r  the various materials. 
Although t h i s  method d i d  not provide a d i r e c t  measurement 
o f  the heat t ransfer,  comparisons could be made between 
the l i q u i d  c r y s t a l  and materials with known thermal con- 
duc t iv i t ies .  Even though there was heat l o s t  through the 
cork (thickness = 0.2 an) and Styrofoam (thickness = 1 
inch), comparisons were made i n  such a manner tha t  i t  d i d  
not a f f e c t  the resu l ts  appreciably. The co ld reservo i r  
was placed a t  the bottom o f  the cell t o  prevent the 
creat ion o f  a Benard-Rayleigh i n s t a b i l i t y .  The absence 
o f  t h i s  i n s t a b i l i t y  was checked by using another experi- 
mental setup with a piece o f  glass as the upper surface. 
Motion o f  the sample was not observed when cooled from 
below. 
voltage across the copper and aluminum blocks since the 
blocks served as electrodes f o r  the sample c e l l .  

Since the experimental setup d i d  not provide a 
d i r e c t  measurement o f  heat t ransfer,  i t  was necessary t o  
replace the l i q u i d  c r y s t a l  wi th  other l i q u i d s  so tha t  a 
comparison could be made. I n  the absence o f  any e l e c t r i c  
f i e l d ,  the cool ing rate using the l i q u i d  c r y s t a l  was 
s l i g h t l y  slower than that  o f  glycerin, ind ica t ing  a ther- 
mal conduct iv i ty less than glycerin. I n  the presence o f  
a 25 kV/cm (dc) e l e c t r i c  f i e l d  the cool ing r a t e  was a 
l i t t l e  lower t h a t  f o r  mercury. However, when the cross- 
sect ional  area o f  the sample c e l l  was reduced from 1.5 an2 
t o  0.75 an2 f o r  mercury, the cool ing r a t e  was comparable 
t o  tha t  o f  the l i q u i d  c r y s t a l  (E = 25 kV/cm) i n  a sample 
c e l l  o f  1.5 an2 cross-sectional area. This observation 
indicates tha t  the ra te  o f  heat t ransfer  a t  t h i s  f i e l d  
strength was approximately one-half tha t  o f  mercury. 
These observations imply tha t  an e l e c t r i c  f i e l d  can a l t e r  
the r a t e  o f  heat t ransfer by a t  least  a factor  o f  ten. 
I t  should also be emphasized that  the r a t e  o f  heat 
t ransfer  was very dependent on the strength o f  the 
applied f i e l d .  

The mater ia l  used fo r  the heat t ransfer  measurements 
was a nematic l i q u i d  c r y s t a l  (nematic range -5'C t o  75°C) 
wi th  a r e s i s t i v i t y  o f  about 109 ohm-an and was purchased 
from EM Chemicals (nematic mixture 5A). MBBA was used 
f o r  some o f  the o p t i c a l  observations because i t  repre- 
sented a continuation o f  work published e a r l i e r  i n  which 

The e l e c t r i c  f i e l d  was applied by applying a 
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168 E. F . C A R R  

i n  which M E W  was used. 
In  order t o  be t te r  understand the motion o f  the 

l i q u i d  c r y s t a l  we r e f e r  t o  a model, which was proposed 
e a r l i e r l ,  t o  explain molecular alignment and mater ia l  f low 
due t o  e l e c t r i c  f i e l d s  i n  nematic l i q u i d  crysta ls .  
Because o f  the conduct iv i ty  anisotropy, space charge 
accumulates a t  d i s t o r t i o n s  i n  the alignment when a dc 
e l e c t r i c  f i e l d  i s  applied. The i n t e r a c t i o n  o f  the 
e l e c t r i c  f i e l d  with the space charge causes movement o f  
the f l u i d  which leads t o  the formation o f  wal ls (defects)  
perpendicular t o  the electrodes (for fu r ther  discussion 
see reference 1). Photographs o f  the a i r - t o - l i q u i d  
c r y s t a l  in te r face  ( f ree surface) i n  the presence o f  a 5 
kV/crn dc e l e c t r i c  f i e l d  have been reported2 which show 
t h a t  the wal ls (defects) extend out from the electrodes 
t o  more than one-half the distance t o  the opposite 
electrode. These wal ls are i l l u s t r a t e d  i n  Fig. 2a where 
the broken l i n e s  ind ica te  the d i rec t ion  o f  f l u i d  flow. 
Although the l i f e  time o f  the wal ls may be several 
seconds the f l u i d  making up the wal ls i s  constantly 
changing. It i s  the accumulation o f  space charge a t  the 
wal ls t h a t  in te rac ts  with the e l e c t r i c  f i e l d  t o  keep the 
f l u i d  moving. 

A photograph of the electrode-to- l iquid c r y s t a l  
in te r face  i n  the presence o f  a 5 kV/m dc e l e c t r i c  f i e l d  
i s  shown i n  Fig. 2b. The c e l l  was constructed from two 
pieces of transparent conductive coated glass separated 
by a te f lon  spacer (0.15 cm thickness). The l i g h t  source 
was a laser  d i rected hor izon ta l l y  through the sample. A 
carefu l  observation (Fig. 2b) near the f ree surface (top 
o f  the photograph) reveals tha t  there i s  a tendency f o r  
wal ls t o  form perpendicular t o  the f ree surface, but a t  
greater depths, the wal ls appear t o  be broken up. The 
dark l i n e s  represent the walls. 

A photograph o f  the electrode-to- l iquid c r y s t a l  
interface, with a 5 kV/cm e l e c t r i c  f i e l d  appl ied perpen- 
d icu lar  t o  the electrodes and an 8 kG magnetic f i e l d  
appl ied p a r a l l e l  t o  both the electrodes and the free sur- 
face, i s  shown i n  Fig. 2c. I n  t h i s  case the wal ls tend 
t o  be perpendicular t o  both the f ree surface and the 
electrodes and they extend t o  the bottom o f  the sample 
c e l l .  
d i rec to r  i n  a plane p a r a l l e l  t o  both the e l e c t r i c  and 
magnetic f i e l d s  (or the f ree  surface). 

2b and 2c, i t  was necessary t o  add a small  amount o f  dye 
(much less than 1% o f  indephenol blue) t o  MBEIA. 
work3 has shown t h a t  t h i s  dye could be added t o  MBBA 

The funct ion o f  the magnetic f i e l d  i s  t o  keep the 

In  order t o  photograph the patterns shown i n  Figures 

Previous 
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HEAT TRANSFER IN LIQUID CRYSTALS 169 

without destroying i t s  nematic propert ies. 
the pat terns become much clearer but motion o f  the l i q u i d  
c r y s t a l  could be observed. 
e lect rode- to- l iqu id  c r y s t a l  i n te r face  was moving horizon- 
t a l l y  toward the dark v e r t i c a l  l i n e s  from both d i rec-  
t ions. From t h i s  observation we concluded t h a t  the dark 
l i n e s  represented walls, extending out from the e lect ro-  
des, with the f l u i d  moving away from the electrode a t  the 
wal ls  and toward the electrode i n  between the walls. By 
refocusing the microscope so one could observe further 
i n t o  the sample, evidence o f  wal ls was observed i n  which 
the f l u i d  was moving toward the electrode. 
were i n  between the wal ls shown i n  Fig. 2c. 
p o s i t i o n  o f  the microscope, the pat tern looked l i k e  a 
l i n e  o f  v e r t i c a l  cyl inders tha t  were a l l  r o t a t i n g  with 
every other cy l inder  r o t a t i n g  i n  the opposite d i rect ion.  
This ind icates tha t  the maximum f l u i d  v e l o c i t y  toward the 
electrode was a t  the wal ls which or ig inated a t  the oppo- 
s i t e  electrodes and terminated very close t o  the near 
electrode. 

The r e s u l t s  shown i n  Figure 2c imply t h a t  the flow 
pat tern i s  very s im i la r  t o  tha t  discussed e a r l i e r 1  and 
much o f  the sample would be al igned a t  the f low alignment 
angle. I n  the e a r l i e r  work e l e c t r i c  f i e l d s  o f  low inten- 
s i t y  were appl ied t o  samples tha t  were i n i t i a l l y  w e l l  
a l igned and the photographs were taken sho r t l y  a f t e r  the 
f i e l d  was applied. In the absence o f  a magnetic f i e l d  
the r e s u l t s  i n  Fig. 2b along with e a r l i e r  work2 i nd i ca te  
tha t  wal ls  a t  the f ree  surface extend t o  more than one- 
h a l f  the distance t o  the opposite electrode, but below 
the f ree  surface the wal ls are broken up and are or iented 
a t  any angle w i th  the f ree surface although they tend t o  
be perpendicular t o  the electrodes. A t  depths much below 
the f ree  surface the wal ls may only extend t o  the center 
o f  the sample. 

Observations s im i la r  t o  those shown i n  Figures 2b 
and 2c were seen using the nematic mixture 5A although 
they were not as c lear as those wi th  MBBA. These obser- 
vations were made f o r  both v e r t i c a l  and ho r i zon ta l  posi- 
t i ons  of the electrodes. 
which was suggested t o  explain the f low f o r  MBBA probably 
appl ies t o  the heat t ransfer  measurements using the nema- 
t i c  mixture 5A. 

Although the work reported here involves bulk 
samples i t  should be pointed out t ha t  there i s  a lso good 
evidence tha t  the ideas discussed here are involved i n  
t h i n  samples (10 - 100 microns) o f  l i q u i d  crysta ls .  Sme 
observation4 a t  a f ree  surface ind icated tha t  the modell 

Not only d i d  

I n  Fig. 2c the f l u i d  a t  the 

These wal ls  
A t  t h i s  

This impl ies tha t  the model 
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1-70 E . F . C A R R  

discussed here i s  involved i n  th in samples. The best 
observations i n  support o f  t h i s  model f o r  c e r t a i n  cases 
i n  t h i n  samples appear t o  be those o f  Igner and Freed5 
who viewed the sample i n  a d i r e c t i o n  perpendicular t o  the 
electrodes. 

The observation2 tha t  the wal ls do not  extend t o  the 
opposite electrodes i s  consistent with the observations 
o f  Igner and Freed5 using th in samples. They stated t h a t  
" there i s  a region close t o  one o f  the g la tes  i n  which 
the w a l l  does not penetrate or i s  broad . Photo 5 o f  
p l a t e  8 i n  t h e i r  work ind icates t h a t  adjacent wal ls are 
not exact ly  i n  focus f o r  the same pos i t ion  o f  the 
microscope. 
were extended out from opposite electrodes. 

H. 
f o r  use fu l  c r i t i c a l  discussions. 
the work by Br ian  Tibbetts i s  also appreciated. 
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