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Ponderomotive forces ,  which a re  responsible for electroconvection,  were investigated in 
relation to the proper t ies  of the liquid and the strength of the e lectr ic  field of an infinite 
charged plate. The obtained solutions were used to obtain a pa rame te r  of the relative in- 
tensification of heat t ransfer  in various dielectr ics  in an external e lect ros ta t ic  field. 

It is a known fact that an electr ic  field intensifies heat t r ans fe r  to liquids and gases .  The necessa ry  
conditions for the occurrence  of electroconvection are  gradients of the field strength and polarizat ion co-  
efficient of the medium close to the heat- t ransmit t ing surface,  but it has been discovered experimental ly 
[1] that a uniform electrosta t ic  field also affects the free convection of a dielectr ic  [1]. In the given case 
edge effects can be neglected and the field can be regarded as uniform everywhere,  except for  the region 
nea r  the capaci tor  plates.  Here the field is reduced owing to polarization of the medium resulting f rom 
orientation of molecules  with permanent  and (or) induced dipole moments,  and also to separation of charges  
in the e lectr ic  field of the surface.  The liquid dielectr ics  used have a low, but nonzero,  conductivity ((7= 
10-4_10-12 ~-1 .  re_l) and in this sense can be regarded as very  weak electrolyte solutions. The pronounced 
effect of insignificant t r aces  of impurit ies in the dielectr ics  on heat t ransfer ,  as observed by Senftleben [2], 
conf i rms this view. The charac te r i s t ic  length of the space-charge  region on the surface l ies in the range 
1/~ = 10-8-10 -4 m, which is usually much smal le r  than the region of variat ion of the e lectrosta t ic  potential. 
It is in the shielding region, however, that the ponderomotive forces responsible for the additional con- 
vective flow of liquid are  located. 

The e lect ros ta t ic  field strength in a semiinfinite liquid with a p rescr ibed  potential on the plane boundary 
and a boundary charge screened by ions of opposite sign is calculated below as a model. The solutions ob- 
tained give the distribution of e lec t ros t r ic t ive  forces in the nonuniform tempera ture  field of the liquid and 
their  behavior in relation to the thermal  change in gravitational forces  and the s imilar i ty  cr i ter ia ,  which 
charac te r i zes  the intensification of heat t r ans fe r  in an e lectrosta t ic  field. Since only the mechanism of po- 
lar izat ion of the medium is considered,  the resul ts  obtained can be extended to the case of a cylinder with 
radius g rea t e r  than the shielding length and a heated liquid in an external e lectr ic  field. 

1. Let a plane charged surface y = 0 form the boundary of a semiinfinite volume of a weak solution of 
binary electrolyte .  We regard  the mean concentrat ion n~o of ions of each sign in unit volume as so small  
that the Debye shielding length 1/~4 great ly  exceeds the length of averaging of the e lectr ic  field. 

We find the dimensionless values of the total ion concentration, the space-charge  density, and the 
strength and potential of the e lectrosta t ic  field 

n§ @ n_ n. -- n eE e~ 
n =  2n~ ' q - -  2n ' e =  ~-K~' ~ = ~  ( 1 . 1 )  

as functions of the dimensionless coordinate along a normal  to the surface 

0 = ~g, ~ = (8~dn~ / eakT)V2 (1.2) 

Here E, �9 are  dimensional values of the field strength and potential, n+ and n are  the concentrat ions 
of positive and negative ions, e is the absolute ion charge,  kT is the tempera ture  (in energy units), and e d 
is the dielectr ic  constant. 
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F o r  s impl ic i ty  we will a s s u m e  the e l ec t ro ly t e  s y m m e t r i c  (the modul i  of the cha rge  n u m b e r s  I z+l = 
I z_ I = 1) and the diffusion coef f ic ien ts  D i = D = c o n s t ,  which is a p p r o x i m a t e l y  t rue  fo r  the c o m m o n e s t  d i s -  
soc ia t ing  impur i t i e s  at low concen t ra t ion .  Cons ide r ing  l iquids and gas  which e i the r  have high d ie l ec t r i c  
s t r eng th ,  o r  a r e  indi f ferent  to the c ha rge d  s u r f a c e ,  we neg lec t  the c u r r e n t  due to su r f ace  cha rge  leakage  

/ i  = eD (zien~E / kt  --  vni) = 0 

This  condi t ion in conjunct ion with the Maxwell  equat ions  leads  to the fol lowing s y s t e m  of equat ions:  

q s = n e ,  n ~ = q e ,  e~--=q, % - - - - e  (1.3) 

Whence,  e l imina t ing  q and n, we obtain an equat ion fo r  the f ield in the l iquid 

e e000 --  eoe~ --  e3es = 0 (1.4) 

The s u b s c r i p t s  he re  denote the va r i ab l e  and o r d e r  of the de r iva t ives .  If  the m e d i u m  is e l e c t r i c a l l y  
neu t r a l  f a r  f r o m  the su r f a c e  

q, e-->O, n--)lwhen 0-.oo 

and fo r  a p r e s c r i b e d  e l e c t r o s t a t i c  potent ia l  on the su r f ace  ( regarded  as pos i t ive ly  c h a r g e d  fo r  def in i te-  
ness)  re la t ive  to infinity 

(0) = ~0 > 0, ~ (oo) = 0 

we obtain 

(p = 2 lncth 0 +2 00 , 8 ~ "sh (02§ 00) (00 = lncth ~ )  (1.5) 

This  solut ion can be obtained not only f r o m  the condit ion fo r  z e r o  amb ipo l a r -d i f fu s ion  ion flux, but 
a l so  by the  s e l f - c o n s i s t e n t  f ield method.  In fact ,  if, in a c c o r d a n c e  with the Debye-Htickel  t heo ry  [3], we 
take the s t a t i s t i ca l  ion d is t r ibu t ion  in the e l e c t r o s t a t i c  f ield as  

n+ = n| (-- q)), n_ = n~exp~0 (1.6) 

then the P o i s s o n  equat ion takes  the f o r m  

%0 -~ sh(p, (p (oo) ---- % (oo) = 0 (1.7) 

and g ives  the s a m e  re la t ionsh ip  between f ield s t r eng th  and potent ia l  as  is g iven by equat ion (1.5) 

e = 2 sh qD/2 (1.8) 

In the i m m e d i a t e  v ic in i ty  of  the plate ,  however ,  these  solut ions  have no phys ica l  s ense  in the c a s e  of 
a high deg ree  of  ionizat ion of the l iquid o r  in the c a s e  of  a s t rong ly  c h a r g e d  su r f ace .  In the reg ion  of  app l ic -  
abi l i ty  of  the obtained solut ions  the fol lowing two c r i t e r i a  m u s t  be  sa t i s f ied .  

F i r s t l y ,  the mean  d is tance  between coun te r ions  m u s t  be not l e s s  than the d i s t ance  spec i f ied  by the 
condi t ion for  weaknes s  of  the Coulomb in te rac t ion  of negat ive  ions in c o m p a r i s o n  with the i r  mean  kinet ic  
e n e r g y  

nl'l, ~ 6 = e~ [ sakT  

Secondly,  the m e a n  d is tance  be tween pos i t ive  ions m u s t  not  be g r e a t e r  than the d i s tance  to the su r f ace  

n+'l, ~ g 

Using solut ions  (1.5), (1.6) we wr i t e  the two c r i t e r i a  in the f o r m  

th ~ ~ max 
~8 

o~ / ~ (1.9) 

We f i r s t  inves t iga te  the f i r s t  p a r t  of the inequal i ty .  It is va l id  in the reg ion  

\ V8~ -- • i 

and, in pa r t i cu l a r ,  w h e r e v e r  0 -> O, if the su r f ace  potent ia l  does not exceed  the c r i t i c a l  va lue  

[~o] ----- In (8n /• (1.10) 
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We write this express ion in another form, using the kinet ic- theory relationship between the electr ical  

conductivity a and the ion mobility w [4] 

~- 2 n ~ e w ,  w = eD / s  

Then 

= (4an / D)'/,, [%] = In (2D / a6 ~) (1.11) 

and the values of the shielding lengths and cr i t ical  potential can easily be est imated f rom tabulated pa r ame-  
ters  (the Schmidt number  S = v / D  for most  low-viscos i ty  liquids with impurity conductivity is of the o rder  
of 103, and for  gases is close to unity). For  instance, for dry air ,  regarded as a weakly ionized gas, the 
cr i t ical  surface potential [r ~ 30, whereas for chemically pure, distilled, and sea (salinity 0.035) water  
[r ~20, 10, and 1, respect ively.  The last ,  however, cannot be regarded as a weak electrolyte  solution, 
since in this case the Debye length and the diameter  of the water  molecule are  commensurable .  

Cases where r are  of pract ica l  interest ,  since the dimensionless e lectrosta t ic  potential is re -  
fe r red  to kT/e  = 0.03 V (T = 300~ and the obtained values of [r a re  less than the technical c r i t e r i a  for 
s trong surface charge.  Investigating inequality (1.9) further ,  we find that in the region 0 < 1 of surface 
charge shielding the last  par t  of the inequality is decisive for liquids with mean ion concentration n~o << ( 5-3, 
i.e., for pract ical ly  all liquid dielectr ics .  Hence, the region of applicability of the solutions of (1.5) and 
(1.8) is uniquely defined and its dimensionless l imit 0,  is a weak function of the degree of ionization of the 
medium 

0 ~ O, = 2 (~5)  '/''~-' O.i (1.12) 

and the potential q~, at the limit is much less  than the surface potential 

(D, = 21ncth (u• % 

We write the field potential in the immediate vicinity of the surface in the form of three t e rms  of a 
Mc Laurin ser ies  

(D = (Do -~ (D0 (0) 0 -~ 1/2 (Ds, (0) 0 2 when 0 ~ l 

and, combining the solutions for the potentialand its derivative at the limit 0 , ,  we determine the field 
strength and space-charge  density 

2 ( c t h ~  -- sh--20,) (1.13) = - -  %(0) = ~ % - - 2 1 n  80 

qo = __ %, (0) = 2 j  (% __ 21ncth~ 20. 
sh O, ') 

containing hyperbolic functions can be neglected, since with the r e s t r i c -  We note that the last  t e rms  
tions adopted ea r l i e r ,  

~ ~ % (~• ~ (2~) -~ % ~ 1 

and we can regard  the potential distribution in the shielding region as parabol ic ,  

(D = % (t - -0  /0 , )  ~ (1.14) 

This general ly  adopted operation o f  "sewing together" the solutions is less accura te  than the method 
of asymptot ic  combination [5], but requires  less information aboutthe physicochemical  effects on the charged 
surface.  The indicated method, however, can be used in a par t icu lar  case for determination of the mean 
strength (e> of the field within the l imits  of the surface charge shielding length. The internal solution for 
the potential can be written in dimensional form ~= ~0-yE ( 0 -< 1) which does not contain either 6 or 1/% as 
a charac te r i s t ic  length, and the external solution is a one - t e rm expansion r = e of Eq. (1.14) in the region 
0 ->1. Combining their  l imits when 6--* 1 and 0- -0 ,  respectively,  we obtain (e )  = ~0, which follows, in pa r -  
t icular ,  also f rom Eq. (1.13). 

2. When the medium is in mechanical  and thermal  equilibrium the molecules are  acted on not only 
by gravitat ional  forces  fg= pg, but also by ponderomotive forces  directed towards the Charged surface,  i r -  
respect ive of the sign of the charge and with space density 

8a--i pN( a_ P~ 
f, = -- ~ V E~, ~t = ~ = ~- ~ -- 3-~] (2.1) 
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Here ~t  and fl are  the polarization coefficients of the medium and an individual molecule, p and M 
are  the density and molecular  weight, P0 is the constant component of the dipole moment of the molecules,  
and N is the Avogadro number.  Outside the shielding region the ponderomotive forces  are  small  

/e = r:ul E~cth (0 q- 00), O ~ O .  

Hence, we can regard  them with reasonable accuracy  as localized in the layer  0 --< 0,  with mean 
density 

(re> = I /~uuiEoS (2.2) 

When the thermal  equilibrium of the medium is distributed, the increment  of these forces  is 

A J .  = - -  L ' - - ~ j T = T ,  ~0 t -[- i + 3~kr0p0 -2 AT (2.3) 

In differentiating expression (2.2) we take account not only of the variat ion of the Debye length 1 /n  
and the polarization coefficient n 1 with the liquid tempera ture  T, but also the thermal  expansion 

_ L P = p0(i - sAT), ~ = p0 Lar]p' AT = T O - -  T <  T o 

Here P0 and T o are  the pa rame te r s  of the liquid on the body surface (at y = 0). 

The field strength on the surface is constant owing to the absence of tempera ture  fluctuations on the 
wall and is 

F~ (8n~e)21 ~h 
eo = r [ (2.4) 

In the usual method of experimental  investigation of electroconvect ion the heated body is in an ex- 
ternal e lect r ic  field and, hence, the field strength E 0 can be calculated in the usual way if the charac te r i s t i c  
length of the body is much g rea te r  than the shielding length. 

The thermal  increment  of the ponderomotive forces  (2.3) is independent of the charge polari ty and, 
as distinct f rom the change in gravitational forces  Afg = p0gCeAT, is always directed against the tempera ture  
gradient in the medium and crea tes  an additional convective flow. The degree of intensification of heat 
t r ans fe r  in an electrostat ic  field is charac te r ized  by the ratio of these forces  

2 
V = Af  e = VEo 2, v =  

The expression in the square brackets  is 1 + 1 /~T 0 on the average,  since for dipoleless molecules it 
is 1 + 1/2~T0, and for molecules with p re fe r r ed  orientational polar izat ion it is 1 +3 /2~T 0. Using Eq. (1.11) 
we can write the pa r ame te r  v, which unifies the proper t ies  of the liquid, in a form convenient for  approxi-  
mate calculations 

Hence, we obtain the following resul ts .  The intensification of heat t r ans fe r  in an e lectr ic  field in- 
c reases  with increase  in the polari ty of the molecules and dielectr ic constant and with reduction of the 
viscosi ty,  molecular  weight, and compress ibi l i ty  of the medium, other conditions being equal. 

Heating of nonpolar liquids leads to an increase  in the pa rame te r  v due to reduction of the viscosi ty  
and electr ic  res is tance,  whereas polar  liquids show an opposite tendency due to disturbance of orientational 
order .  Finally, the effect of electroconvect ion is more  pronounced in liquids than in gases,  in view of the 
considerable difference in the values of the Schmidt number and bulk expansion coefficient. 

Multiplying the ratio of the thermal  increment  of the ponderomotive forces  to the Stokes res is tance  
to motion of the liquid mole by the Reynolds and Prandtl numbers we obtain the electroconvection analogs 
of the Grashofand Rayleigh numbers  

Ge = GV, Re = R V  

The usual power relationship between the Nusselt number and the Rayleigh number in f ree-convect ion 
theory 

Nu = const R n (n = 0 A 2  - -  0 . 3 3 )  
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can be ex tended  to the case  of e l e c t r o c o n v e c t i o n .  We a s s u m e  the add i t iv i ty  of the convec t ive  f luxes  due to 
v o l u m e  f o r c e s  of g r a v i t a t i o n a l  and e l e c t r o c o n s t r i c t i v e  o r ig in .  We obta in  the equat ion  for  heat  t r a n s f e r  in 
an e l e c t r o s t a t i c  f ie ld  

Nu~ = const (R + B~) ~ = Nu (i + V) ~ (2.7) 

The r e l a t i o n s h i p  be tween  the r e l a t i v e  i n c r e a s e  in  the heat  t r a n s f e r  coef f ic ien t  and the s t r eng th  of the 
e l e c t r o s t a t i c  f ie ld  as  the l a t t e r  i n c r e a s e s  v a r i e s  f r o m  qua d r a t i c  

Nut / Nu --  1 --> nvEo 2 when E 0 --> 0 

to a w e a k e r  r e l a t i o n s h i p  

Nue/Nu - -  l --> (rE02)" when E o --+ 

which i l l u s t r a t e s  the s a t u r a t i o n  of e l e c t r o c o n v e c t i o n  o b s e r v e d  by Senf t leben.  Equat ion  (2.7) can  be u sed  to 
e s t i m a t e  the " th resho ld"  va lue  of the e l e c t r o s t a t i c  f ield at  which i n t e ns i f i c a t i on  of hea t  t r a n s f e r  b e c o m e s  
a p p r e c i a b l e .  In  fact,  where  E0=v -1/2 and in  the ind ica ted  range  of va lues  of n we can  expect  an i n c r e a s e  
in  the heat  t r a n s f e r  coef f ic ien t  in  an  e l e c t r o s t a t i c  f ie ld  by 10-25%, which is  c lose  to the e r r o r  of the c o r -  
r e spond ing  e x p e r i m e n t s .  
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