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The d issolu t ion  of a sy s t em of CO 2 bubbles in wa te r  and aqueous solutions of dex t rose  has been studied 
exper imenta l ly .  The ~nterfacial  su r face  a r e a  is calcula ted,  and the m a s s - t r a n s f e r  coeff ic ient  fi is 
de te rmined .  A re la t ion  is found among fi, the bubble d i ame te r ,  the phys ica l  p rope r t i e s  of the l iquid,  and 
the ra te  at which the gas is bubbled through the liquid. A c r i t e r i a l  equation is proposed for  ft. 

The re  is no genera l ly  accepted theory  for  m a s s  t r a n s f e r  between a sys t em of gas bubbles and a l iquid [1]. Even 
for  a so l i t a ry  bubble in a liquid at Reynolds number s  NRe > 1, the f a m i l i a r  t heo re t i ca l  models  for  m a s s  t r a n s f e r  do not 
conform to expe r imen ta l  data,  as was shown in [2]. Fo r  the d issolut ion of a so l i t a ry  CO 2 bubble in wa te r ,  as an 
example ,  the fl va lue  calcula ted f r o m  the Levich  equation [3] is 11-12 t i m e s  as g rea t  as the expe r imen ta l  va lues  [2, 4]. 
For  this  reason ,  the m a s s - t r a n s f e r  dependence and the value of fl a re  de t e rmined  exper imenta l ly .  

The r e su l t s  of expe r imen ta l  s tudies of m a s s  t r a n s f e r  between a sys t em of bubbles in a liquid a re  usual ly  
exp re s sed  as a dependence of the quantity ~F or  i ts  analog on the p a r a m e t e r s  of the p r o c e s s  [5-7]. This  manne r  of 
exhibi t ing the expe r imen ta l  data  does not r e v e a l  the mechan i sm for  m a s s  t r a n s f e r  (i .e. ,  whether  it is r e l a t ed  to a 
l imi ta t ion  by the in te r fae ia l  a r e a  F or  by fi); it p r ec ludes  an evaluat ion of the effect  of the t r a n s f e r  condit ions on the 
t r a n s f e r  ra te ;  and it h inders  the use  of expe r imen ta l  data  to analyze m a s s  t r a n s f e r  under o ther  conditons. 

In this  paper ,  in format ion  repor t ed  p rev ious ly  [8] on the motion and deformat ion  of so l i t a ry  bubbles is used to 

ca lcula te  the in te r fac ia l  a r e a  F. 

1. The expe r imen t s  w e r e  c a r r i e d  out in a t r anspa ren t  column 2 m high having a t r a n s v e r s e  c ro s s  sec t ion  of 
S = 0.2 • 0.2 m 2. F igure  1 shows the expe r imen ta l  column 1, the l ine f r o m  tank 2, the i n t e rmed ia t e  r e s e r v o i r  3, the 
regula t ing  va lve  4, the gr id  5, the d iaphragm r h e o m e t e r  6, the m a n o m e t e r  7, the m e m b r a n e  8, the f i t t ing 9, and the 
t h e r m o m e t e r  10. Carbon dioxide of 99.8% puri ty  is fed f r o m  tank 2 through the i n t e rmed ia t e  r e s e r v o i r  3 with control  
valve  4 to a chamber  under  a copper  gr id  5 with 16 ape r tu re s  d = 0.15 �9 10 -2 m in d i a m e t e r  (useful c r o s s  sec t ion  of 
0.07%). The height H to which the column is f i l led  with l iquid was va r i ed  f r o m  0.7 to 2.0 m, and the l iquid vo lume V ~ in 
the column was va r i ed  f r o m  0.028 to 0.080 m ~. We a s sume  the speci f ic  gas flow ra te  to be 0 = Q J V  ~ (0.30-1.60) �9 10 -~ 
m3/m 3. sec ,  where  Q1 is the vo lume flow ra te  at the en t rance  to the column. 
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Disti l led water  (1) and aqueous solut ions of dext rose  of var ious densi t ies  (rows 2, 3, and 4 in the table) were  
used in the exper iments .  The solution densi ty  p(kg/m 3) was measured  with dens ime te r s  having a scale  divis ion of 
1 k g / m  3. The k inemat ic  v i scos i ty  u(mZ/sec) was de te rmined  on a VPZh-1 v i s c o s i m e t e r  with a capi l la ry  d iamete r  of 
0.86 ram. The CO 2 diffusion coefficients D (m2/sec) in the water  and the dextrose  solutions and the solubil i ty constants  
~0 (kmole/#N) were  de te rmined  f rom the data of [2] for  the corresponding solution densi t ies  p. The surface  tens ion  
a(N/m) of water  was taken f rom [9]. For  the dextrose  solut ions,  the value of cr was evaluated on the bas i s  of the 
pa rachor  value [10]. All the liquid p rope r t i e s  were  de te rmined  at the exper imenta l  t empera tu re  of 20 ~ C. 

Water 
Aqueous  
solut ions  of  
dext rose  

9 IO -a  ,~ iO~ D iO) ~olo T M  a I0~ 

0.998 
~.095 
t.150 
i.175 

0.009 
0.015 
0.035 
0.054 

t :9  
1.37 
i .07 
0.94 

3.50 
2.92 
2.45 
2.18 

72.75 
73.01 
74.89 
75.5i 

Most of the r e s i s t a n c e  to CO 2 dissolut ion in water  and in the aqueous dextrose  solutions is concentrated in the 
liquid phase [2, 4], and the m a s s - t r a n s f e r  coefficient fl is given by 

q - -  ( 1 . 1 )  
<~> = <F> (Co -- (C>) ' 

where q(kmole/sec) is the mass-transfer rate F(m z) is the interfacial area; C O (kmole/m ~) is the gas concentration in 

the liquid or the equilibrium concentration in the gas phase, and (C) (kmole/m ~) is the gas concentration in the liquid, 

averaged over the time during which the mass transfer takes place. 

The reaction CO z + H20 ~- HzCO 3 occurs very slowly (the rate constant is 0.025 liter/mole, sec at 25 ~ C [ii]) and 
has a negligibly small effect on the dissolution rate. The steady-state mass-transfer rate is defined as the difference 
between the molar gas flow rates at the entrance and exit of the system, QI, oCt and Qz, 0C2, respectively, reduced to 
293~ and a pressure of 101.325 kN/m2: 

q = QLoC~ - -  Q2 ,oC2,  (1.2) 

where  Q is the volume gas flow ra te  and C is  the mo l a r  concentra t ion of CO 2 in the gas. 

The gas which entered the column dur ing  the exper iments  was assumed dry,  and that which left it was assumed 
completely sa tura ted  with water  vapor. The gas flow ra tes  Q1 and Q2 at the en t rance  and exit of the column were 
measu red  by d iaphragm rheome te r s  6 to 2.5%, while the gas p r e s s u r e  before the d iaphragms was measured  by liquid 

manome te r s  7. 

For  re la t ive ly  insoluble  gases  the difference C O - (C) is governed p r i m a r i l y  by the value of Co, so the quanti ty 
(C) in Eq. (1.1) may with sufficient  accuracy  be t rea ted  as the a r i thmet ic  m e a n f o r  the CO 2 concentra t ions  in the liquid 
before  and af ter  the exper iment ,  C' and C ' ,  r e spec t ive ly :  

<r = 0.5 (c' + c"). (1.3) 

The quant i t ies  C' and C" were  found as the average r e su l t s  of a base  t i t ra t ion  of two liquid samples  drawn off into 
100-ml pycnomete r s  f rom different  column heights through the fit t ing 9. The re la t ive  e r r o r  of this analys is  was 6% 

The CO 2 solubi l i ty  in water  and in the aqueous dextrose  solutions obeys Henry ' s  law fa i r ly  well [2, 4]: 

Co = % <p), (1.4) 

where cp 0 (kmole/Nm) is the Henry constant ,  and (p) (N/m z) is the CO 2 par t ia l  p r e s s u r e ,  averaged over  the height of 
the liquid eolumn. For  a sys tem of la rge  bubbles d is t r ibuted  uniformly through the liquid, we have 

<p) = y (p + 0.5 argo), (1.5) 

where y is the mole f rac t ion  of CO 2 in the gas phase,  p is the absolute p r e s s u r e  above the l iquid,  p is the liquid 
densi ty ,  and g is the acce le ra t ion  due to gravity.  

F rom the exper imenta l ly  de te rmined  q and (C), the quantity (fiF} can be determined.  The a rea  (F) is  calculated 
to de t e rmine  (fl). In the genera l  case,  the total  surface  a rea  of the bubbles is 
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H 

<}'> = N! P(h) F (h) dh, 
o 

( 1 . 6 )  

where  N is the number  of bubbles ex is t ing  in the l iquid s imul taneous ly ,  F(h) is the su r face  a r e a  of a single.' bubble at 

height,  and P(h) is  the d i f fe ren t ia l  d i s t r ibu t ion  of bubbles with r e spec t  to height. 

In a p rev ious  study [8], it was found that when a bubble of d i a m e t e r  d = 0 .65 .10  -2 m r i s e s  to a height of 2 m,  its 
d i a m e t e r  i n c r e a s e s  to 0.78 ~ 10 -2 m,  while its ascent  ve loc i ty  d e c r e a s e s  f r o m  23.1 to 22.7 m / s e e .  Accordingly ,  we can 

use u ~ const ,  finding 

H 

N I P ( h ) - -  H ' < F > ~ -  F ( h ) d h .  (1.7) 
o 

The su r face  a r e a  of a bubble cons idered  to be an oblate spheroid  can be exp re s sed  in t e r m s  of the vo lume V: 

(m~ + t) ̀/2 
F (h) = (pV 2A (h), ~p = 3.42 rn, h rn = @ , (1.8) 

where  a is the f ronta l  bubble d i a m e t e r  and b is the bubble height. The p a r a m e t e r  m is a function of the ini t ial  bubble 
deformat ion  m* and the t ime  (sec) e lapsed s ince  the s ta r t  of the ascent  [8]. Fo r  wa te r ,  e .g . ,  we have 

m = ra* - -  0.0S~ (T < 7.5 see  ) (1.9) 

For the dextrose solutions, the numerical coefficient of T in this dependence was calculated to lie within the range 

0.12-0.43. 

For T < 15, (p does not change by more than 12% over the height H, so the arithmetic mean <@ of the (p values at 
the beginning and end of the bubble motion may be used in Eq. (1.8). The instantaneous bubble volume is 

B p (1 .1o)  v ( h ) = V * ( t - - K h ) B _ _  h ,  B = H @ - ~ ,  

where  V* is the vo lume of the detaching bubble, and K is a fac tor  which takes  into account the d e c r e a s e  in the bubble 
m a s s  during the ascent.  The value of K was calcula ted f r o m  the amount of gas absorbed dur ing the e x p e r i m e n t :  

K = - f f  l - -  Q1 - '" (1.11) 

Substitution of Eqs. (1.8) and (1.10) into (1.7) y ie lds  

H 

N <~>V,./.B./. I (~ -- Khh'/. <F> = ~ \ ~ , ]  dh; 

0 

This in tegra l  was calcula ted numer ica l ly .  The quant i t ies  N and V* a re  re la ted  by the obvious r e l a t ion  

(1.12) 

Q~T 
N = ~ - ,  ( 1 . 1 3 )  

where  T is  the t i m e  the bubble r e m a i n s  at height H. 

The number  of bubbles s imul taneous ly  in the column was counted on photographs of a longitudinal  c r o s s  sec t ion  
of the column, singled out along one s e r i e s  of ape r tu re s  by a thin opaque m e m b r a n e  7 (Fig. 1). 

At none of the gas flow ra t e s  was the re  any not iceable  motion of bubbles in the t r a n s v e r s e  c r o s s  sec t ion  of the 
column or  bubble c i rcu la t ion  in the volume.  

At low gas flow r a t e s ( i . e . ,  low in compar i son  with the vo lume gas content) 

= ( u ~ S  ~ 1 " 7 " 1 0  -3 m 3 / m  3 , 

the actual number  of bubbles is quite c lose  to that ca lcula ted  if the vo lume of the detaching bubbIe in Eq. (1.13) is  
found f r o m  the condition for  the equali ty of the buoyant f o r c e  and the su r f ace - t en s ion  f o r c e :  
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g(p _p,) ,  (1.14) 

where  pT is  the gas density.  As the gas flow ra te  i nc rea se s  (~b = 1 .7 .10 -3 -7 .7  �9 10 -3 m3/m3), the deviat ion between the 
calculated n u m b e r  of bubbles  (curve 1 in Fig. 2) and the actual number  of bubbles (points 2) inc reases .  This  is 
apparent ly  due to a change in the volume of the detaching bubble as the gas flow ra te  i nc rea se s  [12] and t o t h e  
coalescence  of bubbles in the liquid, which is evident f rom the photographs of different  bubble volumes at the same 
column c ross  section.  
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N ~Zo o ~ 
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go qo 

Fig. 2. 

Accordingly,  (F) was calculated f rom the nominal  bubble detachment  volume V, calculated f rom Eq. (1.13) for 
the exper imenta l  N. In this  m a n n e r ,  the pa t te rn  of bubble motion, which is actually quite complicated,  is reduced to an 
approx imate  model in which the separa te  bubbles do not coalesce;  and the i r  ascent  veloci ty,  shape, and surface  a rea  
can be calculated f rom the equations for a so l i t a ry  bubble. The use of this model is just i f ied by the very  weak 
dependence of the bubble ascent  veloci ty on the bubble d iameter .  The absolute values  of this  calculated "detachment" 
d i ame te r  d .  l ie  within the range  (0.5-1.0) �9 10 -2 m. 

The ins tan taneous  bubble ascent  veloci ty is [8] 

u ~ t2t.50v ~ m~176 
dr).06 �9 

(1.15) 

Using u = dh/dT in Eq. 
T the bubble r ema ins  in the wa te r :  

H T 

I 
~ l--Kh \0.02 t21.50V0.37 (, 

o g 0 

For  the exper imenta l  condit ions,  the following re la t ions  hold to within 2%: 

I (m. -- O.O8~:)~ d~ = T, I \ ~ }  dh = H. 
o 0 

We thus have 

Combining Eqs. 

(1.15), i n se r t ing  m and d f rom (1.9) and (1.10), and in tegrat ing,  we find an equation for the t ime  

(1.16) 

Hd* ~176176176 (1.17) T =  
t21.50,~ ~ 

(1.17) and (1.13), we find the approximation 

t .0t3HB ~176 Q'I ( 1 . 1 8 )  
V , =  12L5ovO.a: N 

F r o m  the value of d ,  found, m ,  and then (q~) are  determined.  The method for calculat ing m .  was d i scussed  
prev ious ly  [8]. The values  of T and V, for  the dextrose  solutions were calculated in an analogous manner .  
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The r e l a t i v e  e r r o r  in the/3 d e t e r m i n a t i o n  did not exceed 15%. 

2. A study of the COz-dissolut ion dynamics  in wa te r  at constant  gas  flow r a t e  Q1 showed that  the  quanti ty /3F 
r e m a i n e d  constant  ove r  a wide range  of e x p e r i m e n t a l  t i m e s  (45-300 sec) (this con f i rms  the  va l id i ty  of d e t e r m i n i n g  
/3F f rom the CO z concen t ra t ion  in the l iquid a v e r a g e d  ove r  the  e x p e r i m e n t a l  t i m e  [Eq. (1.3)]). 

It was found e x p e r i m e n t a l l y  that  [3 f a l l s  off sha rp ly  with i nc r e a s ing  d ,  fo r  d ,  < 0.7 - 10 -z m ,  and rem~dns 
e s s e n t i a l l y  constant  for  d .  > 0 . 7 . 1 0  -z m (Fig.  3). Here  and below, the l abe l s  on the points  in the  f igu res  c o r r e s p o n d  to 
the  rows in Table 1. This  dependence  of/3 on d ,  is  apparen t ly  r e l a t e d  to the na tu re  of the l iquid mot ion  n e a r  the  
bubble.  Accord ing  to Ba i rd  and Davidson [4], the d e c r e a s e  and gradua l  s t ab i l i za t i on  of/3 with i n c r e a s i n g  d is  due to the 
deve lopment  and s t ab i l i za t i on  of a tu rbu len t  wake  behind the bubble; the concen t ra t ions  a r e  l eve l ed  off in the  tu rbu len t  
wake ,  and the bubble  su r f ace  in th is  r eg ion  does  not t ake  pa r t  in the m a s s  t r a n s f e r .  

F o r  both w a t e r  and the aqueous so lu t ions  of d e x t r o s e ,  the e x p e r i m e n t a l  change in (/3F> is  e s s e n t i a l l y  l i n e a r l y  
p r opo r t i ona l  to the change in the gas  flow r a t e  Q1, b e c a u s e  the  r a t e  at which (F) i n c r e a s e s  i s  cons ide rab ly  g r e a t e r  
than the r a t e  at which p d e c r e a s e s  with i n c r e a s i n g  a ve ra ge  bubble d i a m e t e r .  

Fig.  4. 

F o r  the d i s so lu t ion  of CO 2 in wa t e r ,  the  n u m e r i c a l  va lues  of [3 (0.010-0.030 c m / s e c )  c o r r e s p o n d  wel l  to 
e x p e r i m e n t a l  da t a  for  s o l i t a r y  bubbles  [13]. F o r  the d e x t r o s e  so lu t ions ,  the fi va lues  (0 .20-0 .065  c m / s e c )  a r e  c lose  to 
the da ta  of [2]. 
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Fig. 5. 

Dimens iona l  ana lys i s  for  this  p r o c e s s  l e a d s  to the  following s y s t e m  of governing  c r i t e r i a :  

N - -  "vQ1 zd ,  z N W e =  ~ Nr H 
8 - -  gd,~S " N G a N p r - -  ~D ' gd, 2 ( p - p ' )  ' ~ d ,  " 

Here N 5 is the bubbling c r i t e r i o n ,  NGa is  the  Gal i l ean  c r i t e r i o n ,  N p r  is  the  P rand t l  dif fusion c r i t e r i o n ,  NWe is the 
Weber  c r i t e r i o n ,  and N F is  the g e o m e t r i c  s i m i l a r i t y  c r i t e r i on .  The/3  va lues  a r e  seen  to b e c o m e  e s s e n t i a l l y  s t ab le  at 
N 5 = (0.4-0.6)  �9 10 -~ and N G a N p r  = 2.0 x 10 s (F igs .  4 and 5). The independence of fi f rom N 5 and NGaNP r in th is  reg ion  
m a y  be  expla ined  in the fol lowing m a n n e r :  as  the bubbling r a t e  i n c r e a s e s ,  the vo lume p e r  bubble  i n c r e a s e s  b e c a u s e  of 
bubble  coa l e scence ,  whi le /3  d e c r e a s e s  (accord ing  to Fig.  3); th is  compensa t e s  fo r  the fl i n c r e a s e  b e c a u s e  of the 
deve lopment  of tu rbu lence  in the l iquid. 

The e x p e r i m e n t a l  r e s u l t s  conform wel l  to the c r i t e r i a l  equation 

f~d, 
D ~ 2.0256. i0 '-~ Ns~176176 (N~aNpr) -~ N ~  6 

for  N 6 = 0.03-2.10)  �9 10 -5, NGaNPr  = (0.27-4.30)  �9 I(Y 9 , N F = 96-260 ,  and NWe = 0 .065-0.226.  

(2. i) 
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Analys i s  of Eq. (2.1) shows that  as the gas  flow ra t e  Q1 i n c r e a s e s  (but the bubble d i a m e t e r  r e m a i n s  constant) ,  
the m a s s - t r a n s f e r  r a t e  q is  governed  p r i m a r i l y  by the growth of the in t e r f ac i a l  su r f ace  a r e a  (by the i n c r e a s e  of the 
n u m b e r  of bubbles  in the s y s t e m ) ,  and is only s l ight ly  in tens i f ied  by l iquid turbulence .  With a s ix - fo ld  i n c r e a s e  in the 
gas  flow r a t e ,  as an example  (or a 3 .3- fo ld  i n c r e a s e  in the in t e r f ac i a l  a r e a ( F ) )  by a f ac to r  of(fi) i n c r e a s e s  by only a 
f ac to r  of 1.18, and that  of (fiF) by a f ac to r  of 3.8. This  means  that  m a s s  t r a n s f e r  is  governed p r i m a r i l y  by the 
condi t ions fo r  l iquid flow n e a r  the bubble ,  and depends  s l igh t ly  on the d e g r e e  of tu rbu lence  in the l iquid volume.  

Changes in the bubble  d i a m e t e r  d .  have the g r e a t e s t  effect  on ft. When d ,  d e c r e a s e s  by a f ac to r  of 1.42 (or the 
s u r f ace  a r e a  i n c r e a s e s  by the s ame  fac tor )  at constant  Q1, the value  of fi i n c r e a s e s  by  a f ac to r  of 1.78, and that of fiF 
i n c r e a s e s  by a f ac to r  of 2.53. Accord ing ly ,  a g r e a t e r  d i s p e r s i o n  a c c e l e r a t e s  m a s s  t r a n s f e r  be c a use  of an i n c r e a s e  in 
the i n t e r r ac i a l  su r f ace  a r e a  and in the m a s s - t r a n s f e r  coeff ic ient  of ft. The ro l e  of the  l a t t e r  f a c to r  has not p r ev ious ly  
been taken into account fo r  such s y s t e m s .  

Brag insk i i  et  al. [14] ca lcu la t ed  an e x p r e s s i o n  for  the m a s s - t r a n s f e r  r a t e  q fo r  the  bubbling of a r e l a t i v e l y  
inso lub le  gas  through a l iquid on the b a s i s  of the Danquer ts  theory  of m a s s  t r a n s f e r  and the Levich model  for  bubble 
mot ion  : 

(2.2) 

whe re  Npe  is  the P e e l e t  d i f fus ion c r i t e r i o n ,  and ~ is the bubble  d r a g  coefficient .  

A c o m p a r i s o n  of the e x p e r i m e n t a l  (flF) d ivided by the l iquid volume V ~ with the  va lues  ca lcu la ted  f rom Eq. (2.2) 
shows that  the d i s c r e p a n c y  exceeds  the e x p e r i m e n t a l  e r r o r .  Fol lowing the ca lcula t ion  p r o c e d u r e  of [14] exac t ly  
(D = 1 . 9 . 1 0  -9 , ( r = 7 3 . 1 0  -3 , p  = 103 , # =  1.0, (d) = 3 . 6 - 1 0  -~ ,~  =0 .5 ,  a n d u  =0.34) ,  we find the ave rage  (of 20 
expe r imen t s )  r e l a t i v e  e r r o r  to be ((~) = 45%. 

Subst i tut ion into (2.2) of the  e x p e r i m e n t a l  va lues  (u) = 0.23 and ~ = 0.8 found in [8] for  d = 0.8-  10 -~ i n c r e a s e s  the 
a ve r age  r e l a t i v e  e r r o r  by a f ac to r  of f ive ((6) = 225%). Apparen t ly  only e xpe r ime n t a l  equat ions in c r i t e r i a l  f o r m ,  l ike 
(2.1), can be used  at p r e s e n t  to t r e a t  m a s s  t r a n s f e r  in a continuous bubble l ayer .  

F o r  the  r eac t i on  C + O ~ CO, which o c c u r s  on the su r f ace  of a CO bubble in l iquid s t ee l ,  the value  of fl 
ca l cu la t ed  f r o m  Eq. (2.1) and the in i t ia l  da ta  of [15] tu rned  out to be 0.043 c m / s e c .  Th is  is  1/22 the value  found in [15] 
and c o r r e s p o n d s  c lose ly  to Richardson~s evalua t ion  of th is  quanti ty (0.05 c m / s e c )  [16]. 
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