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A HEAT SFITCH USING L I Q U I D  CRYSTALS IN THE P R E S E N C E  OF 
E L E C T R I C  FIELDS* 

E . F .  C A R R  
Physics Department 
University of rlaine 
Orono, Maine 04469 USA 

The heat t r ans fe r  t h r o u n h  cer ta in  l iqu id  c rys t a l s  can 
be control led by apnlyinq an  external e l e c t r i c  f i e l d .  
Because of the e l e c t r i c a l  conductivity anisotropy, 
space charoe accumulates in ce r t a in  renions of the 
l iqu id  c rys ta l  when a n  e l e c t r i c  f i e l d  i s  aoplied.  The 
space charoe in t e rac t s  with the f i e l d  t o  produce 
hydrodynamic flow. I t  i s  the movement of f lu id  from 
one electrode t o  the other  t h a t  i s  responsible f o r  the 
chanqes in the heat t r a n s f e r .  Results show t h a t  the  
heat t r ans fe r  in a cer ta in  l iqu id  c rys ta l  can be 
chanqed by a fac tor  of approximately 40 or more when a 
very high e l e c t r i c  f i e l d  i s  applied.  

1 .  IIJTRODUCTION 

The heat t r ans fe r  throunh a f l u id  depends b o t h  on the  ther -  
mal Conductivity 2 n d  the motion of the f lu id .  Hhen the  
f lu id  i s  a cer ta in  type of l i qu id  c r y s t a l ,  the  motion can be 
control led by an e l e c t r i c  f i e l d . ’  
obtained which show t h a t  the  heat t r ans fe r  in N-[P-  

rnethoxybenzyl idenel-p-butylanil  ine ( I I B B A )  can be changed by 
a f ac to r  of approximately 40 or more when applying a very 
high e l e c t r i c  f i e l d .  

Results have been 
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162 E. F.  CARR 

Many l i q u i d  c r y s t a l s  o f  t h e  n e m a t i c  t y p e  e x h i b i t  f l u i d  

T h i s  can b e  e a s i l y  demons t ra ted  b y  p l a c i n g  t h e  

f l o w  i n  t h e  p resence  o f  dc o r  v e r y  l o w  f r e q u e n c y  e l e c t r i c  

f i e l d s .  

sample o f  l i q u i d  c r y s t a l  i n  a r e c t a n q u l a r  c o n t a i n e r  w i t h  

t h e  w i d e  s i d e s  o f  t h e  c o n t a i n e r  s e r v i n r l  as  c o n d u c t i n r l  e l e c -  

t r o d e s .  The s h o r t  s i d e s  and t h e  b o t t o m  o f  t h e  c o n t a i n e r  

a r e  made f r o m  e l e c t r i c a l l y  i n s u l a t i n g  m a t e r i a l  such as 

t e f l o n .  ldhen a h i a h  e l e c t r i c  f i e l d  i s  a p p l i e d  between t h e  

e l e c t r o d e s ,  hyd rodynamic  m o t i o n  can b e  obse rved .  T h i s  can 

b e  e a s i l y  seen b y  o b s e r v i n r l  t h e  movement o f  d u s t  p a r t i c l e s  

on t h e  f r e e  s u r f a c e  o f  t h e  sample w i t h  a m i c r o s c o p e .  

movement o f  t h e  p a r t i c l e s  shows t h a t  t h e r e  i s  f l u i d  f l o w  

f r o m  one e l e c t r o d e  t o  t h e  o t h e r  l e a d i n n  t o  r o t a t i o n a l  

( c e l l u l a r )  f l o w  as shown i n  F i q u r e  1 .  

The 

2 .  __ RESULTS AND D I S C U S S I O N  

2.1.  H e a t  T r a n s f e r  

The e f f e c t  o f  an  e l e c t r i c  f i e l d  on t h e  h e a t  t r a n s f e r  

t h r o u g h  a l i q u i d  c r y s t a l  was demons t ra ted  b v  compar ing  t h e  

h e a t  t r a n s f e r r e d  t h r o u g h  a l i q u i d  c r y s t a l  w i t h  t h e  h e a t  

t r a n s f e r r e d  t h r o u g h  m a t e r i a l s  w i t h  known t h e r m a l  conduc-  

t i v i t y .  A s c h e m a t i c  d i a a r a m  o f  t h e  e x p e r i m e n t a l  s e t u p  i s  

shown i n  F i q u r e  2.  

1 . 5  i n c h e s  i n  d i a m e t e r )  i s  p l a c e d  above and s e p a r a t e d  f r o m  

a l a r g e  a luminum b l o c k  b y  0.2 cm o f  c o r k  e x c e p t  f o r  an a r e a  

w h i c h  s e r v e d  as t h e  sample c e l l .  A t h i n  s h e e t  o f  t e f l o n  

was p l a c e d  between t h e  c o r k  and t h e  a luminum b l o c k  t o  p r e -  

v e n t  e l e c t r i c a l  breakdown. The a r e a  o f  t h e  sample c e l l  was 

a p p r o x i m a t e l y  4 square  cm. The c o p p e r  c y l i n d e r  was h e a t e d  

and i n s u l a t e d  w i t h  S ty ro foam.  Because o f  t h e  i n s u l a t i o n  

a r o u n d  t h e  c o p p e r  c y l i n d e r  much o f  t h e  h e a t  f r o m  t h e  

A copper  c y l i n d e r  ( 2  i n c h e s  h i a h  and 
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HEAT SWITCH USING LIQUID CRYSTALS 163 

. 
E L E C T R O D E  1 

I E L  E C T R O D E  J 
FIGURE 1 Flow pat tern for  a l iqu id  c rys ta l  in an e l e c t r i c  

f i e l d  a t  the f r ee  surface.  

FIGVRE 2 Schematic diagram f o r  heat t r ans fe r  experiment. 

cyl inder  passed throucrh the  sample and in to  the  l a r ae  alumi- 
n u m  block. The larcle aluminum block was n o t  insulated so 
i t  remained very close t o  room temperature. 
the copper cyl inder  a n d  the t o p  of the  aluminum block 
served as e lectrodes.  The temperature differences between 
the copper cyl inder  and the aluminum block were measured 
in the v i c in i ty  of the ce l l  as  a function of time. The 

The bo t tom of 
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164 E F CARR 

heat l o s t  by the copper cy l inder ,  which did n o t  pass 
t h r o u q h  the c e l l ,  was not c r i t i c a l  because i t  was the 
temperature difference as  a function o f  time tha t  was corn- 
pared fo r  the various mater ia l s .  The sample was cooled 
from the bot tom t o  prevent the creat ion of a Bernard- 
Rayleigh i n s t a b i l i t y .  

IJhen makinq the necessary measurements the copper 
cyl inder  was normally heated t o  3 or 10 degrees above room 
temperature and  cooled down t o  about 1 or  2 degrees above 
room temperature. The coolinq r a t e  fo r  MBBA with no e lec -  
t r i c  f i e l d  was slower t h a n  for  qlycer in  and as slow as  fo r  
cas to r  o i l .  This ind ica tes  t h a t  the thermal conductivity 
of VBBA i s  comparable t o  t h a t  of castor  o i l .  I n  a f i e l d  o f  

37 kV/crn the coolinq r a t e  fo r  'IBBA was comparable t o  t h a t  o f  

nure mercury. This indicates  t h a t  the  heat t r ans fe r  a t  t h i s  
f i e l d  s t renqth was comparable t o  the heat t ransferred in 
mercury. These r e s u l t s  show t h a t  the heat t ransfer  has been 
chanqed by a fac tor  of approximately A 3  when applyino the 
hiqh e l e c t r i c  f i e l d .  
ments qivinq a re la t ionship  between heat t ransfer  a n d  e lec-  

l'e do  n o t  have any r e l i a b l e  measure- 

t r i c  f i e l d  in t ens i ty ,  b u t  i t  appears t o  be more l i k e  a n  E' 
dependence t h a n  a n  E dependence. Even t h o u a h  we have used 
very high f i e l d s  the amount  of power consumed i s  very l o b !  

and the equipment needed to  produce these f i e l d s  i f  very 
inexpensive. 

2 . 2 .  Fluid llotion 

A model' i l l u s t r a t e d  in Fiaure 3 i s  used t o  exnlain the 
flow pat tern shown in Fiqure 1. This model depends on two 
unusual propert ies  exhibited by ce r t a in  l iqu id  c r y s t a l s :  
e l ec t r i ca l  conductivity anisotropy,  and the f a c t  t h a t  when 
these l iqu id  c r y s t a l s  a r e  sheared, the preferred d i rec t ion  
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HEAT SWITCH USING .IQUID CRYSTALS 165 

of the molecules ( d i r e c t o r )  i s  not random, b u t  ra ther  i s  a t  
a small angle3 with respect  t o  the d i rec t ion  of shear .  
Because of the  conductivity an stropy charge accumulates 
where there  i s  a change in d i rec t ion  of the d i r ec to r  when 
an e l e c t r i c  f i e l d  i s  applied.  I n  the  case of l iqu id  
c r y s t a l s  t h i s  charqe i s  due t o  ionic  impurity. 

Fiqure 3 i l l u s t r a t e s  a reasonably s t ab le  s i t ua t ion  
which appears t o  e x i s t  in l iqu id  c r y s t a l s  when a hiqh 
e l e c t r i c  f i e l d  i s  applied.  Halls ( d e f e c t s ) ,  which a re  
chanqes in the d i rec t ion  of the d i r e c t o r ,  a r e  formed 
perpendicular t o  the electrodes and the f r e e  surface.  The 
charqe uhich accumulates a t  these walls cannot move 
readi ly  t h r o u q h  the f lu id  when acted upon by the e l e c t r i c  
f i e l d ,  so the f lu id  i s  dragged alonq with the charqe. 
Since the charqes on adjacent walls a r e  opposite in s iqn ,  
the movement of the  walls produces a shear .  This shear 
maintains the aliqnment between the walls with the d i r ec to r  
a l iqning a t  a flow aliqnment anqle.’ The motion of the 
f lu id  i s  s imi la r  t o  t h a t  shown in Figure 1.  

Since the motion of the f lu id  a t  the  f r ee  surface has 
to  be para l le l  t o  the sur face ,  the walls must be perpen- 
d icu lar  t o  the surface.  Uuch below the surface the motion 
i s  n o t  necessar i ly  para l le l  t o  the f r ee  surface.  However, 
i f  a maqnetic f i e ld  of a given s t renqth i s  applied para l le l  
t o  the e lec t rodes ,  i t  can keep the d i r ec to r  in a nlane 
para l le l  t o  the f r e e  surface without preventing the f lu id  
flow. The photoaraph in Figure 4a shows the e f f e c t  of a n  
8009 Gauss maqnetic f i e ld  when a 5000 V/cm e l e c t r i c  f i e l d  
i s  appl ied.  The e l e c t r i c  f i e l d  i s  a 50 Hz f i e l d  b u t  i t  has 
the same e f f e c t  as  a dc f i e l d .  This p h o t o q r a p h  was taken 
a t  the  electrode-to- l iquid c rys ta l  in te r face  and a b o u t  one 
cm below the f r ee  surface.  The electrodes were made of 
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I66 E. F.  CARR 

F i q u r e  3 .  Model f o r  m o l e c u l a r  a l i q n m e n t  and m a t e r i a l  f l o w  
due t o  an e x t e r n a l  e l e c t r i c  f i e l d .  Charqes 
accumu la te  a t  t h e  w a l l s  ( d e f e c t s )  w h i c h  a r e  
p e r D e n d i c u l a r  t o  t h e  e l e c t r o d e s  and t h e  o l a n e  of 
t h e  p a p e r .  F o r c e s  due t o  t h e  i n t e r a c t i o n  o f  t h e  
e l e c t r i c  f i e l d  w i t h  t h e  space c h a r q e  a t  t h e  
w a l l s  ( d e f e c t s )  t e n d  t o  shear  t h e  sample. 
Because o f  shear  f l o w ,  t h e  d i r e c t o r  a s s o c i a t e d  
w i t h  t h e  sample between t h e  w a l l s  i s  t u r n e d  
t o w a r d  t h e  e l e c t r i c  f i e l d  q i v i n g  r i s e  t o  t h e  
" f l o w  a1 i q n m e n t - a n q l e "  8. A1 though t h e  via1 1 s 
s h o u l d  appear  t o  be s t a t i o n a r y ,  t h e  m a t e r i a l  
mak inq  u p  t h e  w a l l s  i s  c o n s t a n t l y  c h a n g i n q .  F o r  
f u r t h e r  d i s c u s s i o n  see r e f e r e n c e  2 .  

t r a n s p a r e n t  c o n d u c t i v e  c o a t e d  q l a s s .  !le b e l i e v e  t h a t  t h e  

d a r k e r  l i n e s  i n  t h i s  p h o t o q r a p h  r e p r e s e n t  w a l l s  t h a t  e x t e n d  

o u t  f r o m  t h e  n e a r  e l e c t r o d e .  Between t h e  w i d e  d a r k  l i n e s  

t h e r e  a r e  n a r r o w  d a r k  l i n e s .  These l i n e s  r e p r e s e n t  w a l l s  

t h a t  e x t e n d  o u t  f r o m  t h e  f a r  e l e c t r o d e  t o  a r e q i o n  v e r y  

c l o s e  t o  t h e  n e a r  e l e c t r o d e .  A d j u s t i n q  t h e  f o c u s  o f  t h e  

m i c r o s c o p e  i n d i c a t e d  t h e  w a l l s  f r o m  t h e  f a r  e l e c t r o d e  d i d  

n o t  e x t e n d  t o  t h e  o p p o s i t e  e l e c t r o d e .  These o b s e r v a t i o n s  

a r e  c o n s i s t e n t  w i t h  e a r l i e r  d b s e r v a t i o n s  a t  t h e  f r e e  s u r -  

f a c e .  

a 

T h i s  p r e v i o u s  work showed t h a t  t h e  w a l l s  a t  t h e  f r e e  
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HEAT SWITCH USING LIQUID CRYSTALS 167 

F I G U R E  4 ( a )  Photoqraph of the electrode-to- l iquid c rys ta l  
in te r face  u i th  a 5 kV/cm e l e c t r i c  f i e l d  DerrIen- 
d icu lar  and an 8kG maqnetic f i e l d  para l le l  t o  the 
e lec t rodes .  ( b )  Same as ( a )  except no maqnetic 
f i e l d .  The material  was MBBA. 

surface extended out  from an electrode t o  more than one- 
lialf the dis tance to  the ooposite e lec t rode .  The model in 
Fiqure 3 explains the  r e s u l t s  shown in Figure !a with the 
walls extendinq t o  the  bottom o f  the  sample. 

small amount  of dye (much l e s s  t h a n  174 o f  indenhenol blue) 
was added to  the PIBEA. Previous work h a d  shown t h a t  t h i s  
dye could be added without destroyinq the nematic proper- 
t i e s  of FIBBA. Ilith the dye the  movement o f  the f lu id  alonq 
the electrode-to-1 iquid c rys ta l  in te r face  could be observed. 
The flow pat tern f o r  the  r e s u l t s  in  Firlure &a a t  the  
electrode-to-1 iquid c rys ta l  in te r face  looked 1 i ke ro t a t ina  
cy l inders .  The cyl inders  were para l le l  a n d  ver t ica l  a n d  
every other  cyl inder  was ro ta t inq  in the opposite direct ion.  
The ro ta t ions  showed t h a t  the f lu id  was movinq away from 
the near e lectrode a t  the wide d a r k  l i nes  a n d  toward the 
near e lectrode a t  the  narrow dark l i n e s .  This provides 
exce l len t  evidence in support of the  model 

I n  order t o  make the observations shown in Fiqure 4,  a 

5 

The explanation of the r e s u l t  shown in Fiqure 4a 
involves only two dimensions, b u t  when the  maqnetic f i e ld  
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I68 E F CARR 

i s  removed t h e  f l o w  p a t t e r n  much be low t h e  f r e e  s u r f a c e  

becomes a t h r e e - d i m e n s i o n a l  p rob lem.  A p h o t o g r a p h  t a k e n  a t  

t h e  e l e c t r o d e - t o - l i q u i d  c r y s t a l  i n t e r f a c e  and a b o u t  one cm 

be low t h e  f r e e  s u r f a c e  i s  shown i n  F i q u r e  4b b j i t h  no maqne- 

t i c  f i e l d  a p p l i e d .  The e l e c t r i c  f i e l d  s t r e n q t h  was 5000 
Vicm. I!e do n o t  have a c l e a r  e x p l a n a t i o n  o f  t h e  f l o w  

p a t t e r n s  i n  F i q u r e  4b b u t  a few  comments can be made. 

O b s e r v a t i o n s  w i t h  a m i c r o s c o p e  i n d i c a t e d  t h a t  t h e  f l u i d  was 

mov inq  away from t h e  n e a r  e l e c t r o d e  a t  t h e  w i d e  d a r k  l i n e s .  

T h i s  i m p l i e s  t h a t  t h e  d a r k  l i n e s  r e p r e s e n t  w a l l s .  These 

w a l l s  a r e  p e r p e n d i c u l a r  t o  t h e  e l e c t r o d e s  b u t  a r e  a t  any 

a n q l e  r e l a t i v e  t o  t h e  f r e e  s u r f a c e .  

v a r y  a l o t  and how f a r  t h e y  e x t e n d  t h r o u a h  t h e  sample i s  

n o t  known. The r e s u l t s  shown i n  F i q u r e  4a s h o u l d  e x h i b i t  

a r e a s o n a b l y  d e f i n e d  f l o w  a l i q n m e n t  a n o l e  0 ,  whereas t h e  

f l o v  a l i q n m e n t  a n q l e  may n o t  be as  w e l l  d e f i n e d  f o r  t h e  

r e s u l t s  i n  F i g u r e  4 b .  The f l o w  a l i q n m e n t  a n q l e  f o r  F i g u r e  

4a i s  p r o b a b l y  l a r g e r  t h a n  t h a t  measured f r o m  p u r e  shear  

f l o w  because o f  t h e  t o r q u e  due t o  t h e  m a q n e t i c  f i e l d .  

A l t h o u q h  F i q u r e  4b does n o t  appear  t o  r e p r e s e n t  a system 

as w e l l  o r d e r e d  as  F i q u r e  4a,  p r e v i o u s  r e s u l t s  i n d i c a t e d  

t h a t  t h e  a v e r a q e  f l o w  a l i q n m e n t  a n q l e  f o r  t h e  r e s u l t s  

r e p r e s e n t e d  i n  F i q u r e  4h i s  l e s s  t h a n  t h e  a n q l e  f o r  t h o s e  

i n  F i g u r e  4a.  

The s i z e s  o f  t h e  w a l l s  

6 .  

A l t h o u q h  we have d e m o n s t r a t e d  t h a t  t h e  h e a t  t r a n s f e r  can  be 

chancled b y  a f a c t o r  o f  a p p r o x i m a t e l y  40 or rrlore i n  a s a v p l e  

o f  t h i c k n e s s  0.2 cm, i t  s h o u l d  b e  p o i n t e d  o u t  t h a t  measure-  

ments a t  o t h e r  t h i c k n e s s e s  have n o t  y e t  been c a r r i e d  o u t .  

!&!hen h e a t i n q  a l i q u i d  f r o m  t h e  t o p  s u r f a c e ,  as  \/as done i n  

t h e  e x p e r i m e n t s  r e p o r t e d  h e r e ,  we do n o t  e x p e c t  much m o t i o n  
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o f  t h e  f l u i d  due t o  t e m p e r a t u r e  q r a d i e n t s .  I le  have n o t  

shown t h a t  t h e r e  i s  no m o t i o n ,  b u t  some e ~ i d e n c e ” ~  i s  

a v a i l a b l e  w h i c h  i n d i c a t e s  t h a t  any m o t i o n  t h a t  may e x i s t  due 

t o  t e m p e r a t u r e  q r a d i e n t s  p r o b a b l y  has a v e r y  m a l l  e f f e c t .  

L i q u i d  c r y s t a l s  s h o u l d  be qood m a t e r i a l s  f o r  t h e  d e t e c t i o n  

o f  f l u i d  m o t i o n  due t o  t e m p e r a t u r e  q r a d i e n t s  because o f  

t h e i r  a n i s o t r o p i c  p r o p e r t i e s .  

The model i n  F i q u r e  3 appears  t o  be an e x c e l l e n t  

e x p l a n a t i o n  o f  t h e  f l u i d  f l o w  when a 5900 \I/cm e l e c t r i c  and 

a n  8 kG m a g n e t i c  f i e l d  a c t  s i m u l t a n e o u s l y  ( F i q .  & a ) .  

t h e  m a q n e t i c  f i e l d  i s  removed ( F i q .  4 b ) ,  and a two-  

d i m e n s i o n a l  p rob lem has become a t h r e e - d i m e n s i o n a l  p rob lem,  

we b e l i e v e  t h a t  t h e  i d e a s  a s s o c i a t e d  w i t h  t h e  model s t i l l  

a p p l y .  W R  exper iments ‘  have shown t h e  e x i s t a n c e  o f  a f l o w  
a l i g n m e n t  a n g l e  when a h i g h  e l e c t r i c  f i e l d  i s  a p p l i e d  as 

p r e d i c t e d  by  t h e  mode l .  Because o f  t h e  p resence  o f  t h e  

m a q n e t i c  f i e l d  f o r  t h e s e  measurements we a r e  n o t  c e r t a i n  

whe the r  t h e  N? r e s u l t s  c o r r e s p o n d  t o  t h e  f l o w  p a t t e r n s  

a s s o c i a t e d  w i t h  F i q u r e  aa o r  4b.  

\!hen 

A1 t h o u q h  we do n o t  have measurements sho\c!ino_ t h e  e f f e c t  

o f  e l e c t r i c  f i e l d s  on t h e  h e a t  t r a n s f e r  i n  t h i n  samples 

( lC)- lqO m i c r o n s )  t h e r e  i s  r e a s o n  t o  b e l i e v e  t h a t  t h e r e  

s h o u l d  be an a p n r e c i a b l e  e f f e c t .  O b s e r v a t i o n s  a t  t h e  f r e e  

s i i r f a c e  have q i v e n  some i n d i c a t i o n  t h a t  t h e  model ( F i q .  3 )  

a n n l i e s  t o  t h i n  samples, b u t  t h e  b e s t  e v i d e n c e  i n d i c a t i n q  

t h a t  t h i s  model may be i n v o l v e d  i n  t h i n  samples i s  p r e s e n t e d  

hv I q n e r  and F r i e d .  

9 
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