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An e l ec t rochemica l  method is used to invest igate  the ave rage  m a s s  t r a n s f e r  coeff icients  and 
it is shown that  the exper imenta l  data a r e  co r r e l a t ed  ve ry  sa t i s fac to r i ly  by a re la t ionship 
[4, 5] obtained on the assumpt ion  of no evaporat ion at the sur face  of the liquid fi lm. 

H e a t - t r a n s f e r  p r o c e s s e s  in a dynamic two-phase  bed a r e  usual ly invest igated on the rma l  models  con- 
s is t ing of h e a t - t r a n s f e r  sur face  e lements  in the fo rm of c a l o r i m e t e r s  heated by an e lec t r ic  cur ren t ,  a liquid 
heat  t r a n s f e r  medium,  or  condensing vapor .  The conduction of the exper imen t s  in this case  involves 
s eve ra l  difficult ies - averag ing  of the t e m p e r a t u r e  ove r  the heat  t r a n s f e r  sur face ,  the effect  of heat loss  
through the ends of the c a l o r i m e t e r  and the response  t ime  of the la t t e r ,  the re la t ive  difficulty of construct ing 
a c a l o r i m e t e r s ,  and so on. 

The mos t  impor tan t  fea ture ,  however ,  is that  with this method of investigation it is imposs ib le  to 
dist inguish the s lowest  s tage in the o v e r - a l l  heat  t r a n s f e r  p roce s s  and, hence,  to de te rmine  the role  of 
evapora t ion .  In view of th is ,  some additional method of separa t ing  the convective and evapora t ive  c o m -  
ponents of the heat  t r a n s f e r  mus t  be avai lable .  In tegra l  invest igat ions on t h e r m a l  models  a r e  then used to 
de t e rmine  the effect  of evaporat ion and, ul t imately,  to de te rmine  the s lowest  s tage of heat  t r ans f e r .  

The e l ec t rochemica l  method has definite advantages  in this r e spec t ,  s ince it al lows the determinat ion 
of the convective m a s s - t r a n s f e r  re la t ionships  with the hydrodynamic  fac tors  isolated f rom the ove r - a l l  
p r o c e s s .  The e l ec t rochemica l  method was used in [1] to invest igate  convective m a s s  t r a n s f e r  in the case 
of a flow of homogeneous liquid, and in [2] to invest igate  unsteady p r o c e s s e s  in a homogeneous liquid. 

This  method was f i r s t  used and developed in 1967 by S. S. Kutateladze and his col leagues for  the 
invest igat ion of two-phase  s y s t e m s  in the L a b o r a t o r y  of Phys ica l  Hydrodynamics ,  Inst i tute of T h e r m o -  
phys ics ,  Siberian Division of the Academy of Sciences of the USSR [3]. 

In the p r e sen t  work,  proceeding f rom the p r e m i s e s  and re su l t s  of invest igat ions conducted on the rma l  
models  [4, 5, 7], we used the e l ec t rochemica l  method to invest igate  convect ive m a s s  t r a n s f e r  in the case  of 
cyl indr ical  su r faces  and tubebundles  inn dynamic bed. The ave rage  m a s s - t r a n s f e r  coeff icient  was m e a -  
sured  on the exper imen ta l  appara tus  shown d i ag rammat i ca l l y  in Fig. l a .  

In the f i r s t  s e r i e s  of expe r imen t s  the exper imenta l  e l ement  3, in the fo rm of a c l ea r  p las t ic  cyl inder  
with d = 4 m m ,  was mounted in a 300 m m  high column of square  section (100 x 100mm 2) made of a lkal i -  
r e s i s t a n t  c l ea r  p las t ic  and fit ted with a gas -d i s t r ibu t ing  gr id  at the bottom. A n icke lp robe  4, 26.5 mm long 
(335 mm ~) was mounted flush with the cyl inder  sur face .  The exper imenta l  cyl inder  was worked on a lathe 
and then the p robe  su r face  was ground and polished.  The cyl inder  3 was posi t ioned a t  a dis tance of 150 m m  
f rom the d ie lec t r ic  gas -d i s t r ibu t ing  gr id  with a f r ee  c ro s s  sect ion of 2.4%. A constant  foam level  (for a 
given gas  flow rate) was maintained by r ep l acemen t  of the e lec t ro ly te  entrained by the gas  f rom the col lec t -  
ing takk 5 by means  of pump 6. 

Since the e lec t ro ly te  was oxidized in the p r e sence  of oxygen and the decomposi t ion potent ials  for  oxy-  
gen and fe r r i cyan ide  ions a r e  the s ame ,  we used pure  ni t rogen as  the l ight  phase.  The nitrogen was sup- 
plied f rom cyl inder  8 through the r o t a m e t e r  7 into chambe r  9. 
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Fig. 1: D iagram of exper imenta l  appara tus  (a) and appara tus  for  
high veloci t ies  (b). 

The e l ec t rochemica l  cell  consis ted of the p robe-ca thode  4 and an anode 10 mounted d i rec t ly  in the 
column. The exper imen t s  were  c a r r i e d  out in the following sequence.  With a p r e s c r i b e d  ni trogen flow 
ra te  (i. e . ,  for  a given reduced veloci ty  w~') we r eco rded  the v o l t - a m p e r e  curve by means  of a var iable  
r e s i s t o r  and a 6 V ba t t e ry  and es tabl ished max imum cu r ren t  operat ion.  The signal f rom the probe  was 
applied to a dc ampl i f i e r  and then to a m i l l i a m m e t e r .  

F o r  work  at  high veloci t ies  (w~ > 0.2 m / s e e )  some modificat ions were  made to the appara tus  (Fig. lb) 
to prevent  apprec iab le  en t ra inment  of the e lec t ro ly te .  An expansion chamber  2 with a sp r ay  baffle  3 was 
at tached to column 1; the entrained e lec t ro ly te  was re turned  through a heat  exchanger  4. I t  was conf i rmed 
during the conduction of the exper iments  that  the e lec t ro ly te  t e m p e r a t u r e  t s ignif icantly affected its physical  
constants  u and D and, hence,  the mass  flow. With t e m p e r a t u r e  fluctuations in the range  20 �9 5~ the m a s s  
flow var ied  by 2.5% p e r  degree .  The exper iments  w e r e  conducted at  t = 25~ and the t e m p e r a t u r e  was 
measu red  to an accu racy  of 0.1~ by a thermocouple .  The f e r r i cyan tde  ion concentrat ion in the solution 
was de te rmined  by vo lumet r ic  chemical  t i t ra t ion before  and a f t e r  each s e r i e s  of expe r imen t s ,  

To c o r r e l a t e  the exper imenta l  data we used the formula  obtained in [5] f rom exper imen t s  on t h e rma l  
models  in the f o r m  of cyl indrical  su r faces  and also f rom the data of o ther  authors  on the assumpt ion  of no 
evaporat ion on the sur face  of the liquid f i lm cover ing the hea t -exchange  element .  The fo rmula  has  the 
fo rm 

St* = 0.15 (Re*) -~ (Fr") -~ (Pr') -~ (1) 

The dif ference in the constant  c and the indices of the powers  of the groups  in compar i son  with the 
formula  given in [5] can be a t t r ibuted to the fact  that  fo rmula  (1) was  obtained f rom the cor re la t ion  of ex-  
pe r imenta l  data for  cyl inders  and sphe res  alone. 

In the case  of the e l ec t rochemica l  method the exper imenta l  m a s s  t r a n s f e r  r esu l t s  we re  co r re l a t ed  
by a s i m i l a r  re la t ionship  

I 2 

Sip = f [(Re*Fr") 5- PrD~-], (2) 

where  

~D ~/r~o;  Pro ~ v'/D. 

Figure  2a com pa re s  the exper imenta l  r e su l t s  with re la t ionship  (1), which is shown by a continuous 
line. Figure  2 a lso  shows the region of the exper imenta l  data obtained on the rma l  models .  

Since a probe  with d = 4 m m  was used in the descr ibed  exper imen t s ,  and the NETI  exper imen t s  
showed that  St* ~ d -~ , the effect  of the probe  d i a m e t e r  on m a s s  t r a n s f e r  was examined.  The expe r i -  
ments  we re  conducted with single cyl indrical  p robes  of d i ame te r  d = 2.5, 8, 12, 16, and 20 ram; the resu l t s  
a r e  shown in Fig. 2a, which r evea l s  that  all  the exper imenta l  resu l t s  a r e  predic ted  fa i r ly  accura te ly  by 
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Fig. 2. Relationship S-t D = f[(Re*Fr")l/3 �9 PrD2/3]: a, 1) d = 4 ram; 
2) 2.5; 3) 8; 4) 12; 5) 16; 6) 20; h 0 = 0.48 m. b, normal i ty  of NaOH 
(N =va r )  solution: 1) 6 N ; 2 ) 4 b I ;  3) 2 N ; 4 J 0 . 5 N .  c) 1) h 0=0 .23  m; 
2) 0.36; 3) 0.60; 4) 1.00; 5) 1.44; 6) 0.54. 

relat ionship (2) up to d = 8-10 mm. A fur ther  increase  in d iameter  leads to some stratif ication of the ex- 
per imental  data, and it can be assumed that St D ~ d -0~ Thus, we have confirmed that the reduction of-~ 
with increase  in the d iameter  of the probe is due to the conditions of flow of the g a s - l i q u i d  mixture.  The 
velocity w~' in these experiments  var ied from 0.15.10 .2 to ~2.0 m / s e c .  

In the region in which we are  interested St* differs f rom St D by 10-15% on the average.  This can be 
attr ibuted to the effect of evaporation in the experiments  on thermal  models.  

In the second ser ies  of experiments  we investigated the mass t rans fe r  coefficient for individual tubes 
in a s taggered tube bundle (seven horizontal  rows and 14 vertical)  with s /d  = 3.5 (d = 4 ram) and found that 
calculations could be made f rom formula (2). The investigation was conducted on one tube bundle, since 
experiments  on thermal  models of bundles showed that when s /d  > 3.5 the liquid film at the wall is respon-  
sible for  most  of the thermal  res is tance .  It was neces sa ry  to confirm this resul t .  The tube bundle was 
composed of glass  cyl inders  and was mounted at a distance of 150 mm from the gas-dis t r ibut ing grid.  The 
effect of the hydrodynamic conditions of flow of the g a s - l i q u i d  mixture past  the bundle was investigated by 
putting the experimental  cyl inder  in different positions in the tube bundle. The experiments  were  conducted 
with the electrolyte  at room tempera ture  (t = 16-18~ As a charac te r i s t ic  velocity we used the reduced 
velocity w~ in the narrow c ross  section of the bundle (up to ~0.2 m/sec ) .  We found that for a single cylin-  
der  and individual tubes in a bundle with s /d  = 3.5 the convective mass t r ans fe r  varied in the same way, 
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i r r e s p e c t i v e  of the posit ion of the exper imenta l  cyl inder ,  i . e . ,  the hydrodynamic  conditions in the two cases  
we re  the same. 

In the th i rd  s e r i e s  of expe r imen t s  we used the s ame  tube bundle with veloci t ies  in the nar row section 
of the bundle up to 0.2-3.35 m / s e c .  In these  expe r imen t s  the exper imenta l  cyl inder  was  in a fixed position; 
the exper imenta l  r e su l t s  a r e  shown in Fig. 2a. 

We can conclude that  heat  t r a n s f e r  in a dynamic two-phase  bed depends on the ra te  of heat  t r a n s f e r  
between the h e a t - t r a n s f e r  sur face  and the liquid f i lm. The in terphase  sur face  in the g a s - l i q u i d  bed is so 
extensive and evaporat ion is so rapid that  it has  p rac t i ca l ly  no effect  on the ove r - a l l  r a te  of heat  t r a n s f e r .  

In the main expe r imen t s  in [4, 5, 7] P r '  = 4-60,  and to der ive  the cor re la t ion  (1) we  a lso  used the 
expe r imen t s  of o the r  authors  for  P r '  = 104. Since the diffusion c r i t e r i a  P r  D in the case  of the e l e c t r o -  
chemical  method and the heat  c r i t e r i a  P r '  in the main h e a t - t r a n s f e r  exper imen t s  di f fer  cons iderably  we 
invest igated the effect  of P r  D on the m a s s - t r a n s f e r  r a te .  In these  exper imen t s  we used a probe  with d = 8 
m m  and an e lec t ro ly te  in which P r  D var ied  f r o m  1.9. l0  S to 2.52" 104. 

This  var ia t ion was  achieved by using an e lec t ro ly te  (NaOH solution) of s eve ra l  no rmal i t i e s  (0.5, 2, 4, 
and 6 N) at  var ious  t e m p e r a t u r e s .  The v i scos i ty  of the e lec t ro ly te  was de te rmined  exper imenta l ly  on a 
cap i l l a ry  v i s e o s i m e t e r  kept a t  constant  t e m p e r a t u r e  by a TS-16 the rmos ta t .  We de te rmined  D f rom the 
formula  used in [6], which has  been tes ted  in a wide range of t e m p e r a t u r e s  and concentrat ions:  

D~t' _-- 2.5.10 -11. (3) 
T 

The values  of D ag reed  sa t i s fac to r i ly  with the data of o ther  authors  who have de te rmined  D e x p e r i -  
mental ly .  F igure  2b indicates  that  for  P r  D up to ~5.103 the exper imenta l  r e su l t s  a r e  co r r e l a t ed  s a t i s f ac -  
to r i ly  by re la t ionship  (2). At higher  values  of P r  D the s t ra t i f ica t ion of the exper imenta l  data is apprec iab le .  
Since all  the m a s s - t r a n s f e r  expe r imen t s  were  ca r r i ed  out at  re la t ive ly  low PrD (values of a few thousand) 
we can a s s u m e  that  the m a s s - t r a n s f e r  p r o c e s s e s  by the e l ec t rochemica l  method and the h e a t - t r a n s f e r  ex-  
pe r imen t s  a r e  p rac t i ca l ly  s imi l a r .  

An investigation of the effect  of the height h 0 of the initial liquid l aye r  on the m a s s - t r a n s f e r  ra te  for  
different  veloci t ies  w~ is of definite in te res t ,  s ince the exper imen t s  were  c a r r i e d  out with p rac t i ca l ly  the 
same  height h 0. The effect  of 1% is p robab ly  due to the onset  at  a pa r t i cu l a r  veloci ty  w~ of different  hydro -  
dynamic conditions due to the change in gas  content of the two-phase  bed. To a s c e r t a i n  the effect  of h 0 we 
conducted exper iments  with a probe  with d = 8 m m  mounted at  a dis tance of 0.215 m f rom the g a s - d i s t r i b u t -  
ing gr id  and with the height of the initial liquid l a y e r  varying f r o m  0.23 to 1.44 m. As an e lec t ro ly te  we 
used 0 .5Nand  2 NNaOH solutions.  An examinat ion of Fig. 2c shows that  h 0 has p rac t i ca l ly  no effect  on m a s s  
t r a n s f e r .  

Thus,  we have es tab l i shed  that  the change in ~ with change in 1% in a dynamic two-phase  bed mus t  be 
due to a change in the in terphase  sur face  [7]. 

v Re* =- w O d/v 
Fr' =- w~2/gd 
Pr' -~ v'/a' 
a t *  = 
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NOTATION 

Reynolds number  r e f e r r e d  to k inemat ic  v i scos i ty  of liquid phase;  
Froude number ;  
Prandt l  number;  
Stanton number  r e f e r r e d  to veloci ty  of l ight  phase; 
Prandt l  diffusion number;  
Stanton diffusion number;  
reduced veloci ty  of l ight phase ,  m / s e c ;  
k inemat ic  v i scos i ty  of phase ,  m2/sec;  
dynamic v i scos i ty  of phase ,  N-  see/m2;  
molecu la r  diffusivity,  m2/sec;  
p robe  d i ame te r ,  m; 
pitch between tubes of s taggered  bundle, m; 
initial  height of liquid l aye r ,  m; 
normal i ty  of NaOH solution; 
t e m p e r a t u r e ,  ~ 
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I n d i c e s  

and " denote the liquid and gas phases, respectively. 
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