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An a t t empt  is  made  to ver i fy  a hypothesis  about the effect  of a double e l ec t r i ca l  l ayer  at a me ta l - -  
po la r - f lu id  boundary on the boiling p r o c e s s  in the fluid. 

The boiling point T* of a fluid was de te rmined  exper imenta l ly  [6] by rapid heating of a plat inum wire 
(0.02 m m  in d iameter )  submerged  in the fluid with a powerful  cu r r en t  pulse .  

The d ivergence  between the theory  of homogeneous nucleation [1-5] and exper iment  does not exceed 1-1.5 ~ 
fo r  n-pentane ,  n -hexane ,  diethyl  e the r ,  and n-heptane  (about 20 t e s t  fluids in all) ,  i . e . ,  is within the l imi ts  of 
expected e r r o r  and often is  even a f rac t ion  of a degree .  However ,  quite significant d ivergence  between theory 
and expe r imen t  was obse rved  fo r  wa te r  (more than 10 ~ and a lso  fo r  methyl  and ethyl alcohols (3-5~ If the 
ent i re  d ivergence  between expe r imen t  and theory  is  a sc r ibed  to su r face  tension a alone,  then ~ mus t  be reduced 
by Aott20 = 0.0029 N / m  for  wa te r ,  by AcrCH.O H = 0.0008 N / m  for  methyl  a lcohol ,  and by AaC2H5OH : 0.0006 
N / m  for  ethyl  alcohol  in o r d e r  to ma tch  the ~heoret ical  and exper imen ta l  boiling points ,  with the re la t ive  
changes being 

(-~-)H=O = 0"26' ( -~)CHaO~ --= 0"17' (--~)a=H~OH = 0"15 [6]" 

A common  p rope r t y  of these  fluids is  the pronounced polar i ty  of the molecu les  and the cor respondingly  
high d ie lec t r ic  constant  (an o r d e r  of magnitude g r e a t e r  than fo r  o ther  fluids studied).  The fact  that  a d i v e r -  
gence between theory  and expe r imen t  was only obse rved  for  po la r  fluids with the m a x i m u m  divergence  in fluids 
with the l a r g e s t  d ie lec t r ic  constant  sugges ts  that  the cause  of th is  d ivergence  is  not accidental .  

F igure  1 shows a c o m p a r i s o n  between the co r r ec t i on  A~ to the coeff icient  of su r face  tension for  the fluids 
and the re la t ive  d ie lec t r ic  constant  D. The points in the f igure  fal l  nicely on a s t ra igh t  line drawn f rom the 
or igin .  

I t  is  well  known that  a s o - c a l l e d  double e l ec t r i ca l  l aye r  appea r s  at a me ta l - -po la r - f l u id  boundary.  Be-  
cause  of the d i f ference  in adsorp t ive  fo r ce s  act ing on posi t ive  and negative ions ,  ions of a s ingle s ign a r e  con-  
cen t ra ted  at the m e t a l  su r f ace .  The m e t a l  has a cha rge  of the opposite sign. An ion cannot approach the bound- 
a ry  of t he  me ta l  to a d is tance  l e s s  than the radius 1 /~  of i ts  ion a tmosphe re .  T h e r m a l  motion of fluid mole -  
cules  sp reads  out the charged  l aye r  at the me ta l  su r face  and f o r m s  a diffuse por t ion of the double e l ec t r i ca l  
l aye r .  The pa t t e rn  c r ea t ed  r e s e m b l e s  a condense r  where  the meta l  acts  as one plate and the l aye r  of solution 
with ~ high ion concentra t ion ac ts  as  the o the r . '  The capaci ty  C of such a condenser  depends on the d ie lec t r ic  
constant  e0D of the fluid and on the radius  1 / ~  of the ion a tmosphe re  of an e l emen ta ry  charge  [3]: 

C = ~oD• (1) 

Charge  c a r r i e r s  in the fluid a r e  a t t r ac ted  to the meta l - - f lu id  in te r face  by e lec t r ic  in te rac t ion  fo r ce s .  
Because  the range  of these  fo rces  exceeds  molecu la r  d imens ions ,  the f i r s t  l aye r  of fluid molecules  border ing  
on the su r f ace  of the me ta l  exper iences  a sepa ra t ing  act ion f r o m  the molecu les  of the second l aye r  which leads 
to a reduct ion in the value of the su r face  tension by Aa in the double e l ec t r i c a l  l aye r .  

F renke l '  [3] gives a fo rmula  for  A~: 

1 A~ =-~C~ 2 
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Fig. 1. Correct ions  Aa (N/m) to the coefficient 
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Fig. 2 
of surface ten-  

sion for  a fluid which matched the experimental  boiling point to 
the theoret ical  value of Zeldovich--Kagan as a function of the r e l -  
ative dielectr ic  constant D: 1) H20; 2) CH3OH; 3) C2H5OH. 

Fig. 2. Dependence of superheat  ATib (~ required for  initiation 
of boiling on the absolute value of the potential drop I ~ I (V) in a 
copper- -water  boundary layer  during a decrease  in p r e s su re  (Vp = 
10 b a r / s e c ,  zo = 2.2 mm,  initial t empera ture  Tf  =443.17~ 

or ,  considering Eq. (1), 

1 
Aa = ~-e0D• 2, (2) 

where q~ is the potential drop between the metal  and the fluid. 

Methods have not yet been developed for the direct  or  indirect  measurement  of ga. 

In physical  chemis t ry ,  one makes extensive use of the concept of standard electrode potential,  which is 
the potential difference between a test  element and a normal  hydrogen electrode submerged in the appropriate 
fluid. 

The standard electrode potential includes two boundary- layer  potential drops:  at the tes t -metal- - f luid  
boundary and at the boundary between the fluid and the hydrogen-sa tura ted  platinum electrode.  Therefore ,  
any sor t  of conclusions about the potential drop at a metal--l iquid boundary f rom the value of the standard 
electrode potential can only be made under ra ther  crude assumptions about the stability of the potential drop 
at the surface of a normal  hydrogen electrode.  Never theless ,  we note that Pleskov [7] gave standard e lec-  
t rode potentials for  a number of metals  in water ,  methyl alcohol, and ethyl alcohol which differ f rom one 
another by an amount of the o rde r  of 10% 

Several  authors (including Frenkel ' )  consider  that the potential jump at a metal--fluid boundary is gener -  
ally independent of the proper t ies  of the fluid and is determined by the nature of the metal .  An o r d e r - o f - m a g -  
nitude est imate can be obtained f rom the formula given in [3]: 

9 z8 
q) ~" �9 (3) 

10 -~ r M 

For  monovalent copper  z = 1, and the distance between atoms in a face-centered  cubic lattice with an 
edge length of 3.597/~ is r M = 2.544 .~; the potential r = 5.67 V. If r M is assumed equal to the edge length 
of the c rys ta l  lat t ice,  r M = 3.597 A and r = 4.02 V. 

Thus if one assumes  for  water ,  methyl alcohol,  and ethyl alcohol equality of contact potentials at a 
boundary with platinum and identical radii for  the ion a tmosphere ,  Eq. (2) gives a di rect  proport ionali ty be- 
tween the dielectr ic  constant and the change in the coefficient of surface tension in the wall layer  of a fluid. 

Taking the mater ia l  presented above into considerat ion,  we solve the associated problem of the boiling 
of a thin layer  (zo _< 2.2 ram) of water on a thick horizontal  metal  plate during a p r e s su re  drop (in the Ze l ' -  
dovich--Kagan formulation [5]) and for  nonstat ionary thermal  conductivity in the wall including the tempera ture  
dependence of the thermophysica l  proper t ies  of the metal .  
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Fig.  3. Dependence of the concentration Cma x (%) cor respond-  
ing to the minimum of the sur face  tension of the solution in a 
wall layer  on the constant portion of the potential drop at the 
metal--solut ion boundary 90 (V): 1) NaC1; 2) NaOH. 

Fig. 4. Dependence of hea t - t r ans fe r  coefficient  a (W/m 2. deg) for  
quench cooling on solution concentration c (%): a) NaC1; b) NaOH. 
Dependence of the quantity Dn~ 2 (V2/m), which is proport ional  to 
the decrease  in the coefficient of surface tension, on solution con-  
centrat ion c (%): 1) NaC1; 2) NaOH. 

The number  of ions of one sign per  unit volume was assumed to be equal to the square root of the ion 
production in water  at the corresponding tempera ture  [9]. The initial thickness of the water layer  was zo = 
2.2 mm,  the initial t empera ture  was Tf  = 443.17~K, and the rate of p r e s su re  drop was vp = 10 b a r / s e c .  

The p re s su re  range was the following, initial p r e s s u r e ,  7.92 bar;  final p r e s su re ,  1.013 bar.  (The the r -  
modynamical ly  possible superheat  of water  at a p re s su re  of 1.013 bar  is 212.5~ [6].) The wall mater ia l  was 
copper .  By assigning var ious  values of I ~o I, the superheat  ATib required for  initiation of boiling was calculated 
with Eq. (2) taken into considerat ion.  It turned out that a r a the r rmrrow range of I ~ I --  1.422-1.335 V (Fig. 2) 
- -  corresponded to the range of possible superheat  for  the fluid (ATib = 0-212.5~ It must be pointed out that 
the potential values obtained were determined under the assumption that the dielectr ic constant of the fluid in 
a l ayer  next to the wall was equal to the dielectr ic  constant within the volume. In fact,  D is considerably less 
in the wall layer  because of polar izat ion of the water .  Frumkin [10] sets the value at D ~ 3. Then, in o rde r  
to obtain Aa for  D = 3 the same as for  D within the volume in accordance  with Eq. (2), the range of i ~ I must  
be 5.188-4.86 9 V, which is close to the est imate f rom Eq. (3). 

Weakening of surface tension in the wall layer  of a fluid, which is significant in polar  fluids (with large 
dielectr ic  constants}, may be one of the reasons  for  the spread in the experimental  data for  the magnitude of 
the hea t - t r ans fe r  coefficient as a function of the mater ia l  compris ing the heating surface.  It should be noted 
that the g rea tes t  d iscrepancy is observed for  those metals  where the differences in electrode potentials are  
a maximum. On pu re -me ta l  sur faces  [11], the maximum discrepancy of a was obtained for s i lver  and chro-  
mium, where  the difference of the standard electrode potentials was a maximum, A~ = + 0.799 -- (--0.913) = 
1.712 V. 

We analyze the behavior of the quantity Aa determined f rom Eq. (2) as a function of the electrolyte con- 
centrat ion c in water .  The inverse  radius n of the ion a tmosphere  is direct ly  proport ional  to the square root 
of the number  N of dissociat ing molecules ,  i . e . ,  it  inc reases  with increase  in concentrat ion [15]: 

l/ 4~e~v 

where 

i n  accordance  with [12]. The change in potential between metal  and solution is proport ional  to the logarithm 
of the ion activity. For  a binary mono-monovalent  e lectrolyte  [15] 

= % ~ In ('i'm). (6) 
/ , ,  
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The activity coefficient T and the Bje r rum osmotic coefficient g are  monotonically increas ing functions 
of m in the region of molar  concentrat ions f rom one to the maximum for the major i ty  of e lectrolytes  studied. 

The dielectr ic  constant D of the solution dec reases  with increas ing concentration [8]: 

D = D H ~ o  - -  25c. (7) 

Thus a maximum change in surface tension n a m a  x is possible at some concentration Cma x- 

We analyze the effect of inaccuracy in the determination of the value of the potential drop ~ at the 
metal--f luid boundary on the determination of the electrolyte  concentrat ion Cma x. The mola r  concentration 
m and its monotonic function y (within the limits m = 1-6) appear in the logari thm in Eq. (6) for  the potential 
drop. Since the logari thm is a "slowly" increas ing function, one should expect that the relat ive change in ~g 
with change in concentrat ion will be smal l  when the value of g0 is sufficiently large.  Figure 3 shows values of 
the (weight) concentrat ion Cma x corresponding to a maximum Ao as a function of various values of ~0 for  
aqueous solutions of NaC1 (curves 1) and NaOH (curves 2). If J ~g0 [ > 0.8 V, the e r r o r  in Cmax, outside the fact 
that ~g is determined except for  sign, does not exceed 1.5% for NaC1 and 0.5% for  NaOH. If one assumes  that 
I~01 for  distilled water  falls within the limits 1.422-1.335 V, that the activity of water  is one, and that the con-  
centrat ion of ions of one sign is equal to the square root of the ion production in water at the corresponding 
t empera tu re ,  the minimum absolute value of ~g0 will be 0.88 V. 

Thus one can find the maximum of Aa as a function of the concentration c with comparat ively  smal l  e r r o r  
by considering that the change in potential at the boundary has little effect on the position of the maximum. 

The work involved in the formation of a viable vapor bubble in a superheated fluid is proPortional to the 
cube of the coefficient of surface tension . . . . .  

A decrease  in the work, which is associated with a reduction in e, leads to an exponential r i se  in the 
probabili ty of fluctuational formation of vapor nuclei. In addition, the minimum radius of potentially possible 
vaporization sites on a hea t - t r ans fe r  surface also falls as ~ decreases  with a consequent increase  in the den- 
sity of active s i tes .  

It is then c lea r  that the hea t - t rans fe r  coefficient for  boiling of a solution after  coming in contact with a 
heated metal  surface must  have an extremum corresponding to the extremum in Aa. 

Figure  4 shows experimental  data for  hea t - t r ans fe r  coefficients during quench cooling in NaOH (b) [13] 
and NaC1 (a) [14] solutions.  The maxima in curves  for  Ao calculated f rom Eq. (2) with Eqs.  (4)-(7) taken into 
considerat ion agree  sa t is factor i ly  with the maxima for  the experimental  values of a .  

N O T A T I O N  

C, e lec t r ica l  capacitance;  c,  mola r  concentration; C max, weight concentration corresponding to maximum 
Ae; D, relat ive dielectr ic  constant; F, Faraday number; g, osmotic Bjer rum coefficient; k, Boltzmann con-  
stant; m,  solution molality; N, specific number of charges  of one sign; NA, Avogadro number ; R, gas constant; 
rM, distance between adjacent atoms in a c rys ta l  lattice; T*, boiling point of fluid; Tf, fluid temperature ;  ATib 
fluid superheat  required for initiation of boiling; z,  valence of atoms in metal  wall; zo, initial thickness of 
fluid layer;  ~ ,  hea t - t r ans fe r  coefficient; 7, activity coefficient; 6, coefficient for  variat ion of dielectr ic  con- 
stant with concentrat ion;  e, electronic charge;  ~0, e lectr ic  constant for a vacuum; x ,  inverse  radius of ion 
a tmosphere;  ~, drop in e lectr ic  potential; g0, drop in e lectr ic  potential at metal--solut ion boundary whenact iv-  
ity is 1; u, number  of monovalent ions formed by dissociat ion of e lectrolyte  molecule;  ~, Aa, coefficient of 
surface tension and its variation; vp, rate of p r e s su re  drop. 
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E X P E R I M E N T A L  S T U D Y  O F  T H E  P R O C E S S  O F  F I L M  

C O N D E N S A T I O N  O F  N I T R O G E N  V A P O R  F R O M  A 

M I X T U R E  W I T H  H E L I U M  

V.  K .  O r l o v ,  A .  I .  S m o r o d i n ,  
a n d  L .  D .  M a r c h e n k o  

UDC 536.423.4 

On the bas i s  of an expe r imen ta l  study of the p roce s s  of f i lm condensation of ni trogen vapor  
f r o m  a mix tu re  with hel ium and of the hydrodynamics  of the fi lm, data a r e  obtained which 
make  it  poss ib le  to ca lcula te  counterf low condensers  for  cryogenic  ins ta l la t ions .  

In appa ra tuses  for  the obtainment  and enr ichment  of a neon--hel ium mix ture  through the f ract ionat ion 
of a i r ,  fo r  the purif icat ion of hel ium f r o m  admix tu res  of neon, hydrogen,  n i t rogen,  and oxygen,  and for  the 
l o w - t e m p e r a t u r e  f rac t ionat ion of hydrocarbons ,  the p r o c e s s  of vapor  condensation is  compl ica ted  by the p r e s -  
ence of a component  with a s m a l l  mo lecu l a r  m a s s ,  this p r e sence  having an impor tan t  effect on the intensi ty 
of heat  and m a s s  exchange.  The heat and m a s s  exchanges in these  appa ra tuses  take p lace ,  as a ru le ,  at in-  
c r e a s e d  p r e s s u r e s  and low t e m p e r a t u r e s ,  which p reven ts  the re l iab le  use  of expe r imen ta l  data on heat and 
m a s s  exchange during the condensat ion of wa te r  vapor  f rom mix tu r e s  with different  gases  [1-2]. Under the 
conditions of i n c r e a s e d  p r e s s u r e s ,  vapo r - -ga s  mix tu res  display the p rope r t i e s  of phys icochemica l  solut ions,  
and the i r  t he rmophys i ca l  p r o p e r t i e s  do not obey laws of additivity.  

The r e su l t s  of an expe r imen ta l  study of the p roce s s  of condensation of ni trogen vapor  f rom a n i t rogen--  
hel ium mix tu re  moving inside ve r t i c a l  pipes a r e  p resen ted  in the r epo r t .  The t e s t s  were  pe r fo rmed  on a stand 
which was c rea ted  with al lowance fo r  the spec ia l  f ea tu res  of the p r o c e s s  of condensation of cryogenic  sub-  
s t ances .  A shield cooled by liquid ni t rogen was placed between the exper imen ta l  model  and the t he rma l  c h a m -  
be r  to reduce  the heat  influxes (Fig. 1). The t h e r m a l  chambe r  had powder -vacuum insulation. A vacuum 
(1.33 Pa) was mainta ined in the space  between the shield and the exper imen ta l  model .  The gas mix ture  of the 
requi red  composi t ion was m a d e  up in a gas holder;  the p r e s s u r e  was produced with a m e m b r a n e  c o m p r e s s o r .  
The p r e l i m i n a r y  cooling of the mix tu re  was accompl i shed  in a coil  placed in a v e s s e l  containing boiling nitrogen.  
The pipeline f r o m  the heat  exchanger  to the expe r imen ta l  model  had vacuum-sh ie ld  insulat ion,  which made it 
poss ib le  to obtain a vapo r - -ga s  mix tu re  with a t e m p e r a t u r e  exceeding the sa tura t ion  t e m p e r a t u r e  by 2-3 ~ 
Under  these  conditions the vapo r - -ga s  mix tu re  was in the sa tu ra ted  s ta te  along a lmos t  the en t i re  length of the 
zone of m a s s  exchange.  

The expe r imen ta l  model  (Fig. 1) cons is ted  of five copper  pipes with an inner  d i ame te r  of 8 m m ,  a wall 
th ickness  of 2 m m ,  and a length of 3000 ram,  so ldered  to pipe g r ids .  The height var ia t ion  in the composi t ion 
of the moving v a p o r - - g a s  mix tu re  was de te rmined  by sampl ing the mix ture  f r o m  the cen te r s  of the pipes through 
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