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ELECTROCONVECTIVE INSTABILITY WITH A 

STABILIZING TEMPERATURE GRADIENT 11. EXPERIMENTAL RESULTS 

Abstract  

A uniform v e r t i c a l  e l e c t r i c  f i e l d  produces an  i n s t a b i l i t y  

i n  a poorly-conducting f l u i d  sub jec t  t o  a v e r t i c a l  temperature 

grad ien t .  A previous paper p re sen t s  t h e  theory  f o r  t h i s  in -  

s t a b i l i t y .  H e r e  measurements a r e  made of t h e  vol tage  a t  t h e  

th re sho ld  f o r  i n s t a b i l i t y .  Since t h e  i n s t a b i l i t y  occurs as an 

o v e r s t a b i l i t y ,  t h e  frequency a t  t h e  threshold  was a l s o  measured. 

These r e s u l t s  are i n  agreement wi th  those  pred ic ted  by t h e  

theory.  Heat t r a n s f e r  experiments show a s i g n i f i c a n t  increase 

i n  heat f law under t h e  inf luence  of t h e  e l e c t r i c  f i e l d .  
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I .  I NTRODUCTI ON 

Reference 1 con ta ins  a t h e o r e t i c a l  d e r i v a t i o n  of t h e  cond i t ion  f o r  

t h e  e lec t r ic  f i e l d  i n s t a b i l i t y  of a f l u i d  w i t h  a s t a b i l i z i n g  temperature 

g rad ien t .  This  paper p re sen t s  t h e  r e s u l t s  of experiments performed t o  

test  t h a t  theory.  Three d i f f e r e n t  sets of experiments were performed. 

F i r s t  measurements of t h e  vo l t age  and frequency f o r  i n s t a b i l i t y  were 

made. Next t h e  uns t ab le  modes w e r e  e x c i t e d  e l e c t r i c a l l y .  F i n a l l y  t h e  

inc rease  i n  hea t  t r a n s f e r  due t o  t h e  e l e c t r i c  f i e l d  was measured. 

The inc rease  i n  hea t  t r a n s f e r  which i s  observed when e l ec t r i c  

f i e l d s  a r e  app l i ed  t o  a f l u i d  has been i n v e s t i g a t e d  by s e v e r a l  re- 

sea rche r s .  Using c y l i n d r i c a l  geometry t h e  i n c r e a s e  w a s  measured i n  

p o l a r  gases  by Senft leben and co-workers. Kronig and Schwarz 

introduced a s i m i l a r i t y  theo ry  which allowed a q u a n t i t a t i v e  i n t e r p r e -  

t a t i o n  of Senf t l eben ' s  d a t a .  Th i s  s i m i l a r i t y  theory provided co r re -  

l a t i o n  for da ta  from l i q u i d s  us ing  both a.c. and d.c. 

There has  been some controversy over  t h e  r e l a t i v e  merits of a . c .  and 

d.c.  f i e l d s  w i t h  comparison made by Allen13 and Coulson and P o r t e r .  

Allen13 obtained an i n h i b i t i o n  of heat  t r a n s f e r  u s ing  d.c. f i e l d s ,  but 

offers no v a l i d  explanat ion.  Coulson and P o r t e r  had enhancement.of heat  

t r a n s f e r  w i t h  bo th  a.c.  and d.c. f i e l d s ,  but the d.c. f i e l d s  produced a 

s t r o n g e r  e f f e c t .  They concluded t h a t  f r e e  charge e f f e c t s  must be impor- 

2-6 '9 

f i e l d s .  8 ,9 ,10  

14 

t a n t .  Gross and Porter ,"  performing experiments s i m i l a r  t o  t h o s e  of 

t h i s  paper,  observed e l ec t roconvec t ion  w i t h  d.c. f i e l d s  but none w i t h  

t h e  same s t r e n g t h  a.c. f i e l d .  

c o n s i s t e n t  w i t h  those  presented here .  

These l a s t  two papers 14,15 give  r e s u l t s  
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11. MEASUREMENT OF THE THRESHOLD VOLTAGE AND FREQUENCY 

A. Experimental Apparatus 

The bas i c  experimental  appara tus  is shown i n  F igure  1. I t  con- 

sists of a r ec t angu la r  test  tank  made of g l a s s  walls w i t h  aluminum 

t o p  and bottom which se rve  a s  e l e c t r o d e s .  I n  contac t  w i t h  t h e  upper 

e l e c t r o d e  is a con ta ine r  wi th  a metal  bottom. This  con ta ine r  is 

f i l l e d  wi th  o i l  which i s  maintained a t  a cons tan t  h igh  temperature .  

The lower e l e c t r o d e  rests on a l a r g e  aluminum p l a t e  which is p a r t i a l l y  

immersed i n  water  a t  room temperature .  I n  t h i s  manner, a cons tan t  

temperature  g rad ien t  i s  maintained a c r o s s  t h e  experiment.  The test  

tank  i s  completely f i l l e d  wi th  f l u i d  so  t h a t  no f r e e  s u r f a c e s  e x i s t .  

A high-voltage d.c. power supply i s  used t o  provide t h e  v e r t i c a l  

e l e c t r i c  f i e l d  which produces t h e  i n s t a b i l i t y .  The o n s e t  of motion is 

de tec t ed  v i s u a l l y  by means of a Sch l i e ren  or a shadowgraph appara tus .  

B. Descr ip t ion  of t h e  I n s t a b i l i t y  

When no e l e c t r i c  f i e l d  i s  app l i ed  t o  t h e  f l u i d ,  t h e  image c a s t  

by t h e  Sch l i e ren  system wi th  a h o r i z o n t a l  k n i f e  edge i s  l i g h t  on t h e  

t o p  and dark on t h e  bottom, wi th  a sharp  t r a n s i t i o n  l i n e  i n  between. 

Th i s  i s  shown i n  Figure 2a. The f l u i d  and image a r e ,  of course,  

s t a t i o n a r y .  I n  t h i s  case  t h e  image should be uniformly lit according 

t o  t h e  p r i n c i p l e s  of ope ra t ion  of t h e  Schl ie ren  appa ra tus ,  but t h e  

imperfec t ions  of our  appara tus  g ive  t h e  image shown. This  is  not  

s e r i o u s ,  s i n c e  t h e  o p t i c a l  system is used only  t o  d e t e c t  t h e  f l u i d  
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motions, and not  t o  measure t h e  temperature  g rad ien t .  

When an e l e c t r i c  f i e l d  of less than  t h e  th re sho ld  va lue  f o r  

convection i s  appl ied ,  t h e  t r a n s i t i o n  from l i g h t  t o  dark occurs  a long 

a c r ink led  su r face ,  as i n  F igure  2b. Also,  dark s p o t s  sometimes appear  

i n  t h e  l i g h t  reg ion .  The e n t i r e  f l u i d  i s  motionless  except for 

occas iona l  l o c a l  movement around t h e  dark s p o t s .  A poss ib l e  expla- 

na t ion  f o r  t h i s  motion i s  t h a t  it i s  caused by t h e  non-uniformity of 

t h e  f l u i d .  

f o r  e i t h e r  t h e  c r i n k l e s  or t h e  l o c a l  motion. 

There i s  nothing i n  t h e  t h e o r e t i c a l  model’ which accounts  

As t h e  vo l t age  i s  r a i s e d ,  a t h re sho ld  i s  reached a t  which t h e  

f l u i d  begins  t o  move, a t  f i r s t  very slowly and then  f a s t e r .  Th i s  i s  

t h e  th re sho ld  f o r  i n s t a b i l i t y  pred ic ted  by t h e  theory .  The images 

c a s t  by t h e  o p t i c a l  systems show t h a t  t h e  waves i n  t h e  tank a r e  moving 

downward. The theory  p r e d i c t s  t h a t  a l l  t h e  uns t ab le  modes w i l l  have 

phases which t r a v e l  downward. I f  t h e  vo l t age  is  maintained a non- 

l i n e a r  s t a t e  is  reached which has a r e g u l a r  p a t t e r n .  The Sch l i e ren  

image of t h e  nonl inear  s t a t e ,  F igure  2c,  shows l i g h t  and dark s t r i p e s  

a t  an angle  wi th  t h e  v e r t i c a l  t r a v e l i n g  i n  a d i r e c t i o n  perpendicular  t o  

themselves from hot t o  co ld .  Again, t h i s  is  cons i s t en t  w i th  t h e  theory .  

There seems t o  be a tendency f o r  t h e s e  s t r i p e s  t o  s t a r t  a t  t h e  w a l l s  of 

t h e  tank ,  move toward t h e  c e n t e r ,  and then break up when they  c o l l i d e  

wi th  those  moving i n  from t h e  oppos i te  w a l l .  I n  a shadowgraph image 

t h e  s t r i p e s  a r e  rep laced  by narrow b r i g h t  l i n e s .  A sequence of shadow- 

graph p i c t u r e s  taken f i v e  seconds a p a r t  is shown i n  F igure  3, where 
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(4) NO VOLTAGE. (C) VOLTAGE AT THRESHOLD. 

( h) VOLTAGE BELOW THRESHOLD. 

Fig. 2 

ICE THRESHOLD VALUE. 

Schlieren 
P i c t u r e s  of 

t h e  I n s t a b i l i t y  



( 2 )  ( 4 )  

down and t o  t h e  r i g h t  and then  
breaks up i n  p i c t u r e  ( 3 ) .  P i c t u r e  
( 4 )  i s  very  similar to  p i c t u r e  (1) 
showing t h a t  t h e  waves have a 
pe r iod  o f  about 15 sec .  

Fig. 3 Shadowgraph p i c t u r e s  showing t h e  
moving phases.  The p i c t u r e s  were 
taken f i v e  seconds a p a r t .  The 
b r i g h t  l i n e  i n  t h e  upper lef t  
hand corner  of p i c t u r e  (1) moves 
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t h e  movement of t h e s e  l i n e s  can be seen. These l i n e s  tend  t o  have a 

p e r i o d i c i t y  i n  both  space and t i m e  over a l o c a l  r eg ion  of t h e  tank .  

The shadowgraph image shows t h a t ,  i n s t e a d  of varying s i n u s o i d a l l y  i n  

space, a s  was assumed in Reference 1, t h e  p e r t u r b a t i o n s  form sharp  

d i s c o n t i n u i t i e s  ( t h e  b r i g h t  l i n e s ) .  

I n  o rde r  t o  view t h e  motion of t h e  f l u i d ,  sawdust p a r t i c l e s  w e r e  

i n s e r t e d  i n t o  t h e  flow. The f l u i d  moves p a r a l l e l  t o  t h e  l i n e s  of con- 

s t a n t  phase. The shadowgraph image shows t h a t  t h e  d i r e c t i o n  of t h e  

v e l o c i t y  r eve r ses  whenever one of t h e  b r i g h t  l i n e s  pass .  Th i s  is shown 

i n  Figure 4 which c o n s i s t s  of a sequence of p i c t u r e s  taken t w o  seconds 

a p a r t .  The p a r t i c l e  i n d i c a t e d  by t h e  arrow r i s e s  i n  a d i r e c t i o n  t an -  

g e n t i a l  t o  t h e  b r i g h t  l i n e  u n t i l  it passes  and then  descends a f te rward .  

Rais ing  t h e  vo l t age  w e l l  above t h e  th re sho ld  causes  t h e  f l u i d  t o  

become very  t u r b u l e n t ,  a s  shown i n  Figure 2d. The Sch l i e ren  image soon 

becomes a l l  l i g h t ,  i n d i c a t i n g  t h a t  t h e  convection has des t royed  t h e  

temperature  g rad ien t .  A f t e r  t h e  temperature  g rad ien t  has  been destroyed 

t h e  motion decreases  i n  i n t e n s i t y ,  but t h e  system is st i l l  q u i t e  turbu-  

l e n t .  

C. Voltage Data and Cor re l a t ion  wi th  Theory 

The appara tus  of F igure  1 was used t o  measure t h e  th re sho ld  vol tage .  

Two f l u i d s  w e r e  used: corn o i l  and c a s t o r  o i l ,  and da ta  was  taken  f o r  

two d i f f e r e n t  tank  sizes and s e v e r a l  temperature  g r a d i e n t s .  The exper i -  

mental da ta  is shown as d o t s  w i th  e r r o r  b racke t s  i n  F igures  5-8 along 
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I 
Fig. 4 F l u i d  motions i l l u s t r a t e d  by a p a r t i c l e  placed i n  

t h e  corn o i l .  The p a r t i c l e  i n d i c a t e d  by t h e  arrow 
rises between p i c t u r e s  (1) and ( 2 )  before  t h e  wave 
f r o n t  ( b r i g h t  l i n e )  passes .  
has passed,  t h e  p a r t i c l e  goes down ( p i c t u r e s  3 and 
4) .  

Afte r  t h e  wave f r o n t  

The p i c t u r e s  were taken two seconds a p a r t .  
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--- small temp. grad. approx. 
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Temperature difference ("C) 
bracke t s  experiment& data. The t h e o r e t i c a l  curves are c a l c u l a t e d  
us ing  t h e  equat ions  of r e fe rence  1. 

1 I I I I I 

5 10 15 20 
Temperature di f  f erenee (*C) 

Fig .  6 Voltage f o r  i n s t a b i l i t y  f o r  corn o i l  i n  a two-inch high t ank .  

The bottom i s  maintained at 2OoC. 
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Voltage for  instabi l i ty  f o r  c a s t o r  oil i n  a one-inch high tank. 

The bottom i s  maintained at 20° C. 
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Voltage f o r  i n s t ab i l i t y  for  castor o i l  i n  a two-inch high tnnk w i t h  

a bottom temperature of 20' C. 
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w i t h  t h e o r e t i c a l  curves .  The t h e o r e t i c a l  curves  a r e  drawn us ing  t h e  

da t a  i n  F igure  9 and Table 1. 

The f o u r  t h e o r e t i c a l  l i n e s  i n  F igures  5 and 6 r e s u l t  from c a l -  

c u l a t i o n s  both wi th  and without  t h e  s m a l l  temperature  g rad ien t  

approximation and wi th  v e r t i c a l  wavenumbers equal  t o  IS and 231. 1 6  

The small temperature  g rad ien t  approximation is  v a l i d  f o r  t h e s e  s i t u -  

a t i o n s  s i n c e  it produces r e s u l t s  s i m i l a r  t o  those  obta ined  without  t h e  

approximation. The experimental  r e s u l t s  c o r r e l a t e  w i th  t h e  curves f o r  

a v e r t i c a l  wavenumber of   IS i n d i c a t i n g  t h a t  t h i s  i s  approximately t h e  

wavenumber f o r  t h e  f i r s t  uns t ab le  mode. The da ta  for a temperature  

d i f f e r e n c e  of 5 C is u n r e l i a b l e ,  poss ib ly  because f o r  t h a t  case  t h e  

temperature  g rad ien t  e f f e c t s  may be of t h e  same o rde r  of magnitude as 

o t h e r  e f f e c t s  not considered.  (Electroconvect ion occurs  i n  f l u i d s  

w i t h  no temperature  g rad ien t  f o r  reasons which r e q u i r e  f u r t h e r  inves- 

t i  ga t  ion .  ) 

0 

Figures  7 and 8 show t h e  da t a  f o r  c a s t o r  o i l .  I n  t h e s e  f i g u r e s  

t h e r e  a r e  s i x  t h e o r e t i c a l  curves .  The added curves a r e  drawn from 

c a l c u l a t i o n s  us ing  t h e  small  temperature  g rad ien t  approximations but 

inc luding  VU . Here, t h e  small  temperature  g rad ien t  approximation is 

poor un le s s  t h e  g rad ien t  i n  v i s c o s i t y  i s  taken i n t o  account .  The 

c o r r e l a t i o n  is  not  a s  good a s  f o r  corn o i l .  Poss ib l e  reasons  f o r  t h i s  

a r e  : 

1) The "Boussinesq approximations" are not  a s  v a l i d  . 

because of t h e  g r e a t  v a r i a t i o n s  i n  t h e  v i s c o s i t y .  
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Fig .  9 Flu id  p r o p e r t i e s  as func t ions  of temperature:  e )  Conduct ivi ty  of corn o i l  
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Table 1 

Corn O i l  

3 e= .914 kg/m a t  30° C 

'' = .00066O C - l .  e, dT 

Castor O i l  

960.3 kg/m3 at 20' c 

= 4.67  E o 
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2) For a very  v iscous  f l u i d  t h e  growth r a t e  f o r  t h e  

i n s t a b i l i t y  i n c r e a s e s  very  s lowly w i t h  t h e  vol tage .  

Thus t h e  th re sho ld  could be passed before  motion was 

de tec t ed .  

D. Frequency Measurements 

I n  order  t o  measure t h e  frequency a t  t h e  th re sho ld ,  a p inhole  

was cut  i n  t h e  screen  on which t h e  Sch l i e ren  image was p ro jec t ed .  

Behind t h e  pinhole  was a phototube whose output  was connected t o  a 

s t r i p  r eco rde r .  The frequency was read  off  t h e  record ings .  The 

frequency da ta  is shown i n  F igure  10 along w i t h  t h e  t h e o r e t i c a l  predic-  

t i o n s  us ing  a v e r t i c a l  wavenumber of 231 and a h o r i z o n t a l  one of a t  

l e a s t  31. Since t h e  agreement between theo ry  and experiment i s  not  a s  

good a s  t h a t  f o r  t h e  vo l t age  experiments,  it was decided t o  check t h e  

frequency w i t h  another  experiment. I n  t h i s  experiment t h e  vo l t age  was 

set a t  a va lue  s l i g h t l y  below th re sho ld  and t h e  waves were e x c i t e d  by 

a s inuso ida l  source.  The resonant  frequency was then  measured. The 

e x c i t a t i o n  was accomplished by p lac ing  a small p e r f e c t l y  conducting 

p l a t e  j u s t  below and p a r a l l e l  t o  t h e  upper e l e c t r o d e .  The small  p l a t e  

was then  e x c i t e d  by a low frequency vo l t age  and t h e  r e s u l t a n t  f l u i d  

motion observed. 

If t h e  d,c .  vo l t age  was 1 kv or more below t h e  t h r e s h o l d  va lue ,  

t h e  d r i v i n g  s i g n a l  caused a small  response whose amplitude v a r i e d  

l i t t l e  wi th  frequency. When t h e  d.c. vo l t age  was j u s t  below t h e  
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t h re sho id  f o r  i n s t a b i l i t y ,  t h e  system had a d e f i n i t e  resonance w i t h  a 

l a r g e  response.  The resonance was f a i r l y  broad, w i th  a width about 

equal  t o  t h e  c e n t e r  frequency. When the system was being e x c i t e d  a t  

or near  resonance, the s inuso ida l  s t eady- s t a t e  response looked qua l i -  

t a t i v e l y  t h e  same a s  t h e  onse t  of i n s t a b i l i t y  observed without  the 

e x c i t a t i o n ,  except i n  the i m m e d i a t e  v i c i n i t y  of t h e  p l a t e .  The l i n e s  

of cons tan t  phase w e r e  a t  an ang le  t o  the  v e r t i c a l  and t h e  phases 

t r a v e l e d  from t o p  t o  bottom. Since d r i v i n g  the s y s t e m  a t  resonance 

probably meant e x c i t i n g  t h e  f i r s t  uns t ab le  mode, t h e s e  r e s u l t s  confirm 

t h a t  the uns t ab le  modes had phases t h a t  always t r a v e l e d  downward. 

The resonant  f requencies  were the same a s  the  f r equenc ie s  measured 

previous ly  us ing  t h e  phototube. Therefore,  t h e  discrepancy between 

theory  and experiment r e a l l y  exis ts .  The most p l a u s i b l e  explana t ion  

f o r  t h i s  discrepancy i s  t h a t  it occurs  because t h e  boundary cond i t ions  

were not  s a t i s f i e d  exac t ly .  The f requencies  depend very  s t r o n g l y  on t h e  

wavenumber and t h e r e f o r e  the boundaries p l ay  a very important r o l e  i n  

determining the f requencies .  Also, cons ider ing  t h e  approximations made 

i n  developing t h e  theo ry ,  it may be t h a t  agreement wi th in  a f a c t o r  of 2 

or 3 is a s  good a s  could be expected. 

111. HEAT TRANSFER USING ELECTRIC FIELDS 

A e Experiments 

Another method of d e t e c t i n g  t h e  onse t  of i n s t a b i l i t y  i s  t o  u s e ,  
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t h e  Schmidt-Milverton p r i n c i p l e .  The heat  t r a n s f e r  a c r o s s  a tank 

with a known temperature g rad ien t  is  measured and t h e  Nussel t  num- 

b e r  c a l c u l a t e d  

(1) 
Q 
(kbT/ d) Nu 

Q i s  t h e  a c t u a l  hea t  flow and kAT/d i s  the hea t  flow i n  t h e  absence 

of convection. I f  t h e  Nussel t  number is  g r e a t e r  t han  1, convection 

i s  p resen t .  The appa ra tus  used f o r  t h e  hea t  t r a n s f e r  experiments was 

t h a t  descr ibed i n  Sect ion 1 1 - A  except t h a t  a s h e e t  of p l a t e  g l a s s  was 

placed between t h e  bottom e l e c t r o d e  and t h e  l o w  temperature bath.  

d e s i r e d  temperature g r a d i e n t  was e s t a b l i s h e d  and t h e  vo l t age  app l i ed .  

A f t e r  a s t eady- s t a t e  temperature d i s t r i b u t i o n  was reached, t h e  t e m -  

p e r a t u r e  drop a c r o s s  t h e  test tank and t h e  p l a t e  g l a s s  was measured. 

The 

Since t h e  thermal r e s i s t a n c e  of the p l a t e  g l a s s  was known t h e  Nussel t  

number could be ca l cu la t ed .  

The experimental  da t a  is  shown i n  F igu res  11 and 12. I n  t h e s e  

F igu res  t h e  Nussel t  number i s  p l o t t e d  ve r sus  t h e  e l ec t r i c  f i e l d  num- 

b e r ,  H. Since the  i n s t a b i l i t y  depends on s e v e r a l  dimensionless num- 

b e r s ,  no one s i n g l e  curve of Nu vs.H i s  poss ib l e .  However f o r  a given 

f l u i d  and tank size t h e  t h r e s h o l d  value of H i s  a weak f u n c t i o n  of t h e  

temperature g r a d i e n t .  Therefore F igu res  11 and 1 2  a r e  p l o t t e d  f o r  a 

s i n g l e  f l u i d  and tes t  tank.  The data  then  f a l l s  c l o s e  t o  a s i n g l e  

curve. .The hea t  t r a n s f e r  data  f o r  corn o i l  shows a t h r e s h o l d  s l i g h t l y  

lower than  t h a t  measured by v i s u a l  d e t e c t i o n  i n d i c a t i n g  t h a t  t h e  

1 
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th re sho ld  i n  t h o s e  experiments may have been overshot .  For  corn 

o i l  i nc reas ing  H by a f a c t o r  of 50 above th re sho ld  gives a t e n f o l d  

inc rease  i n  the hea t  t r a n s f e r .  Cas tor  o i l  shows an inc rease  of 

500% w i t h  an  H t e n  t i m e s  the th re sho ld  value.  The da ta  used i n  

F igures  11 and 12  is given i n  r e fe rence  18. 

E .  Consequences f o r  Previous Work 

I n  some of the papers  on hea t  t r a n s f e r  i n  e lectr ic  f i e l d s  men- 

t i oned  i n  the in t roduc t ion  t h e  experimental  da t a  w a s  c o r r e l a t e d  

us ing  the  fo l lowing  theory. '  The Nussel t  number f o r  hea t  t r a n s f e r  

was assumed t o  have t h e  form 

Nu = f(Gr*Pr) + g(El-Pr) 

where 

i s  t h e  Grashof number, 

P r  3: 2- 
k 

i s  t h e  P rand t l  number, and 

pd *ATE 2s 
dT 

1-( 
2 El. = 

(4) 



b 

3.1 

i s  a dimensionless e lec t r ic  f i e l d  number introduced by Kronig and 

Schwarz. 7 

I n  t h e  p rev ious ly  mentioned papers,  r e s e a r c h e r s  were corre- 

l a t i n g  r e s u l t s  w i t h  bo th  a.c. and d.c.  f i e l d s  i n  both l i q u i d s  and 

gases  us ing  t h e  e lectr ic  f i e l d  number given i n  equat ion (5) .  Th i s  

was done i n  s p i t e  of t h e  f a c t  t h a t  the  f o r c e s  produced by d.c.  

f i e l d s  a r e  o f t e n  dominated by f r e e  charge e f f e c t s  wh i l e  t h e  s i m i -  

l a r i t y  theory con ta ins  the assumption t h a t  the  only e l e c t r i c a l  

f o r c e s  are  t h o s e  due t o  t h e  g rad ien t  i n  d i e l e c t r i c  cons t an t .  For 

problems where n a t u r a l  convection occurs ,  f r e e  charge e f f e c t s  a r e  

important whenever t h e  e l e c t r i c a l  r e l a x a t i o n  t i m e  i s  of t h e  same 

o r d e r  or less  than  t h e  t i m e  needed f o r  t h e  f l u i d  t o  t r a v e r s e  t h e  

space between t h e  e l e c t r o d e s .  

When the r e l a x a t i o n  t i m e  i s  small ,  f r e e  charge f o r c e s  w i l l  domi- 

n a t e  t h e  e l ec t r i c  f i e l d  e f f e c t s  and s i n c e  the f r a c t i o n a l  change i n  

conduc t iv i ty  i s  much g r e a t e r  than t h a t  of t h e  d i e l e c t r i c  cons t an t ,  VE 

may be neglected.  
1 Thus f o r  t h e s e  cases  - 1/2 E - E V E  has been re- 

O f E  p laced by 

s i o n l e s s  number 

But f o r  sma l l e r  

a s  t h e  dominant e lec t r ica l  f o r c e  t e r m .  The dimen- 

t o  r e p l a c e  E l  i s  found a s  fo l lows  

3. 

r e l a x a t i o n  t i m e s  



c 1 2  

E 
Therefore d.5 /dT should be r ep laced  i n  E l  by d o  /dT and t h e  new 

e lec t r ic  f i e l d  number is  

pd2VTEE2 $2 
1.I 

El' - _cc?r____ 

Examining E l '  shows why r e s e a r c h e r s  have been a b l e  t o  c o r r e l a t e  d.c. 

da t a  w i t h  E l .  I f  the d i e l e c t r i c  constant  and conduc t iv i ty  a r e  both 

assumed t o  be l i n e a r  f u n c t i o n s  of temperature ,  t h e  temperature  g rad ien t  

and e l ec t r i c  f i e l d  dependences of E l  and E l '  a r e  i d e n t i c a l .  Any d a t a  

t h a t  can be c o r r e l a t e d  us,ing one may be c o r r e l a t e d  us ing  t h e  o t h e r ,  a t  

l e a s t  f o r  a s i n g l e  f l u i d .  Also - -/- may not  vary much f o r  

d i f f e r e n t  l i q u i d s ,  and t h e r e f o r e  E l  and E l '  g i v e  t h e  same r e s u l t s .  The 

d i f f e r e n c e  between a.c. and d.c. r e s u l t s  i s  accounted f o r  by t h e  

d dE da 
E dT dT 

d i f f e r e n c e  between f r e e  charge and d i e l e c t r i c  f o r c e s .  

IV. CONCLUDING REMARKS 

The experimental  r e s u l t s  presented i n  t h i s  paper show t h a t  t h e  

theo ry  developed i n  Reference 1 c o r r e c t l y  p r e d i c t s  t h e  onset  of i n s t a -  

b i l i t y  f o r  t h e  c lass  of problems considered. For poorly conducting 

f l u i d s  w i t h  temperature g r a d i e n t s  the e l ec t roconvec t ive  i n s t a b i l i t y  

i s  caused by f r e e  charge r e s u l t i n g  from t h e  conduc t iv i ty  g r a d i e n t s  and 

d i e l e c t r i c  f o r c e s  may be neglected f o r  d.c. f i e l d s .  
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k. 

FIGURE CAPTIONS 

3) 

4) 

5) 

Experimental Apparatus 

Sch l i e ren  P i c t u r e s  of t h e  I n s t a b i l i t y  

a )  No vo l t age  

b) Voltage less than  t h e  th re sho ld  f o r  i n s t a b i l i t y  

c )  Voltage equal  t o  t h e  th re sho ld  va lue  

d)  Voltage t w i c e  the th re sho ld  va lue  

Shadowgraph p i c t u r e s  showing t h e  moving phases.  The p i c t u r e s  

w e r e  t aken  f i v e  seconds a p a r t .  The b r i g h t  l i n e  i n  the upper 

l e f t  hand corner  of p i c t u r e  1 moves down and t o  t h e  r i g h t  and 

then  breaks up i n  p i c t u r e  3. P i c t u r e  4 is  very  s i m i l a r  t o  

p i c t u r e  1 showing t h a t  t h e  waves have a pe r iod  of about 15 sec. 

F l u i d  motions i l l u s t r a t e d  by a p a r t i c l e  placed i n  t h e  corn o i l .  

The p a r t i c l e  i nd ica t ed  by t h e  arrow rises between p i c t u r e s  1 

and 2 before  t h e  wave f r o n t  (b r igh t  l i n e )  p a s s e s .  A f t e r  t he  

wave f r o n t  has  passed t h e  p a r t i c l e  goes down ( p i c t u r e s  3 and 

4 ) .  The p i c t u r e s  a r e  taken  two seconds a p a r t .  

Voltage f o r  i n s t a b i l i t y  f o r  Corn o i l  i n  a one inch  high t ank  

a s  a func t ion  of the temperature  d i f f e rence .  The bottom i s  

maintained a t  25 C. The l i n e s  a r e  t h e o r e t i c a l  curves  w i t h  

t h e  d o t s  and error b racke t s  experimental  d a t a .  The t h e o r e t -  

0 

i c a l  curves  a r e  c a l c u l a t e d  us ing  t h e  equat ions  of r e fe rence  1. 

Voltage for i n s t a b i l i t y  f o r  corn o i l  i n  a two inch  h igh  t ank .  

Same comments as  for Figure  5. 

Voltage f o r  i n s t a b i l i t y  f o r  c a s t o r  o i l  i n  a one inch  h igh  tank .  

The bottom i s  maintained a t  20 C. 
0 



Figure Ca,ptions (cont inued)  

. 
* 8) Voltage f o r  i n s t a b i l i t y  f o r  c a s t o r  o i l  i n  a two inch  high 

0 
t ank  wi th  a bottom temperature  of 20 C. 

9) F l u i d  p r o p e r t i e s  a s  func t ions  of temperature.  

a )  V i scos i ty  of corn o i l  

b) V i scos i ty  of c a s t o r  o i l  

c )  Conduct ivi ty  of corn o i l  

d) Conduct ivi ty  of c a s t o r  o i l  

10) Frequencies of t h e  f i r s t  uns tab le  mode. 

a )  Corn o i l  i n  3" x 4" x 1" tank wi th  a bottom temperature  

of 25 C. 
0 

b) Corn o i l  i n  3" x 4" x 2" t ank  w i t h  a bottom temperature  

of 25O C. 

c )  Castor  o i l  i n  a 3" x 4" x 1" tank  wi th  a bottom tempera- 

t u r e  of 20 C. 

Castor  o i l  i n  a 3" x 4" x 2'' tank w i t h  a bottom tempera- 

t u r e  of 20 6. ' 

0 

d) 

0 

11) Heat t r a n s f e r  data  f o r  corn o i l  i n  an e lectr ic  f i e l d .  The 

Nussel t  number i s  one (no convection) u n t i l  H (p ropor t iona l  

t o  t h e  vo l t age  squared) reaches the t h r e s h o l d  f o r  i n s t a b i l -  

i t y  and then  inc reases  up t o  about 10 when the vo l t age  

reaches  the breakdown s t r e n g t h  of a i r .  The test tank  has  

dimensions 3" x 4" x 1". 

12) Heat t r a n s f e r  da t a  f o r  c a s t o r  o i l  i n  an  e lectr ic  f i e l d .  Same 

comments a s  f o r  F igure  11. 


