
Dispersion of Bubbles and Gas-Liquid 

in a Gas-stirred System*

Mass Transfer

By Shoji TANIGUCHI,** Atsushi KIKUCHI,** 

and Nagayasu BESSHO*

Hitoshi MA TSUZAKI***

Synopsis 

  Bubble dispersion and mass transfer between gas and liquid in a gas-

stirred system have been studied experimentally and theoretically. 

  Nitrogen gas was injected into water through a nozzle located at the 

bottom center of a cylindrical vessel. Local gas-holdup distributions were 

measured by an electrical resistivity probe . The volumetric coefficient in 

the bubble-dispersion zone for the absorption of C02-water system was 

measured. Experimental conditions were as follows: gas-flow rate (qG) 

=(16.7-167) X 10-6 m3/s, radius of vessel (r1)=O.055-.'0.50m, 

height of water (z1) = 0.1- 0.4 m and diameter of nozzle = 6 mm. 

  A mathematical model based on the boundary-layer theory is proposed. 

The model consists of equation of flow with uniform effective kinematic 

viscosity ve and equations of bubble and solute diffusion with uniform effec-

tive d fusivities, De,B and Dens, respectively. Equations were solved 
numerically assuming ve=De ,B=Dens, and the theoretical distribution of 
local gas holdup, axial velocity, and solute concentration were obtained. 

By comparing the theoretical distributions of local gas holdup with the 

measured ones, values of ye could be obtained for various qG, rl and z1. 

The values of ve were correlated with qG on the basis of dimensional analy-

sis. This correlation was consistent with related data available in the 

literature. Volumetric coefficients, calculated by the present model, were in 

agreement with the observed ones.

Key words: steel making; gas injection; gas holdup; fluid flow; mass 

transfer; turbulence; effective viscosity; volumetric coefficient.

I, Introduction 

  Gas injection into molten metal plays an important 
role in numerous steel-refining processes. Many de-

sirable effects, such as increase of gas-liquid contact 
area, acceleration of mass-transfer rate, and rapid 
mixing of molten metal, can be achieved by the gas 

injection. In order to estimate these effects as a func-

tion of the operating conditions, phenomena of bub-
ble dispersion and metal flow should be clearly under-

stood. In recent years, many studies have been 
carried out on this subject. 

  Measurements of the gas-holdup distribution have 
been made by Kawakami et al.,' Tacke et al.,2~ and 

Castillejos and Brimacombe.3~ In these studies, the 
radial distributions of gas holdup and axial velocity 
are represented by a Gaussian function. Ebneth and 

Pluschkell,4~ Tacke et a1.,2~ and Castillejos and Brima-

combe3~ have presented empirical correlations giving 
the contour of the bubble-dispersion zone on the basis 

of dimensional analysis. 
  On the other hand, two different approaches have

 been pursued in the theoretical analysis of the fluid 
 flow. One assumes a simplified physical model based 

 on the equation balancing the mass and momentum 
 in the cross section of the bubble-dispersion zone. In 

 this method, the contour of the bubble-dispersion zone 
 is assumed a priori,5) or the entrainment coefficient is 

 introduced.2's~ The other approach involves numeri-
 cal analysis of the flow field by using the Navier-

 Stokes equation. Deb Roy et al.,7~ Szekely et a1.,8~ 

 and Sahai and Guthrie9~ have predicted velocity dis-
 tribution in a gas injection system by assuming cylin-

 drical7'8> and conical9~ contours of the bubble-disper-
 sion zone. In these studies, several turbulence models 

 such as the ad hoc model,7~ the k-W model8~ and the 
 k-s model9~ were applied. 

   Recently, bubble-dispersion behavior as well as 

 metal flow have been estimated theoretically. The 

 present authors10~ have predicted flow patterns and 

 gas-holdup distributions using the ad hoc model and 
 assuming turbulent diffusion of bubbles. They have 

 also analyzed a gas-liquid mass transfer under the 

 gas injection." Johansen et a1.12~ have predicted the 
 trajectories of discrete bubbles in a time-averaged flow 

 field taking into account the random fluctuation of 
 velocity. They adopted the k-c model with some 

 modifications to take care of the turbulence produced 
 by bubbles. Sawada et a1.13~ have carried out nu-

 merical calculations on the flow of liquid and gas, 

 based on the continuum approximation of both liquid 

 and gas phases. In these recent studies,10-13) the ob-
served and calculated flow patterns and velocity dis-

tributions have been compared, but the comparison 
 has not been made for gas-holdup distributions. Fur-

 thermore, the characteristics of mass transfer in the 
 bubble-dispersion zone has not yet been cleared. 

   The purpose of the present study is to understand 
the characteristics of bubble dispersion and gas-liquid 

 mass transfer experimentally and theoretically. In 
 the experiment, gas-holdup distribution has been 

 measured for a nitrogen-water system, and then volu-

 metric coefficients in the bubble-dispersion zone have 
 been measured for a C02-water system. In the theo-

 retical study, bubble-dispersion behavior in the tur-
 bulent flow and gas-liquid mass transfer have been 

 analyzed on the basis of the boundary-layer theory.
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II, Experimentals and Results 

1. Local Gas Holdup 

  A schematic diagram of the experimental apparatus 

used for the measurements of local gas holdup is 
shown in Fig. 1. Transparent cylindrical vessels with 
internal radii of 0.055 ' 0.50 m were used. The height 

of the water column was 0.1 N0.4 m. A glass nozzle 

with an inner diameter of 6 mm was located at the 
bottom of the vessel. Gas was injected into water 

through the nozzle at gas-flow rates of (16.7N 167) X 
10-6 m3/s. Nitrogen and ordinary city water were 
used for the gas and the liquid, respectively. 

  Local gas holdup was measured by an electrical 

resistivity probe. A stainless-steel wire insulated by 
resin in a stainless-steel tube works as the probe. The 

tip of the wire was left uninsulated. Between the tip 

and the tube, a DC voltage (5 V) is applied. When 
a bubble touches the probe tip, the resistance of the 

probe increases resulting in a decrease of the IR-drop 
voltage. The period during which the voltage de-

pression is detected, is measured by an electrical count-
er which has a frequency of 104 Hz. Time-averaged 

gas holdup is obtained from the total count (time in 
0.1 ms) within a 5 min duration. The probe was 
moved vertically and horizontally with vernier gauges. 
  Figure 2 shows the radial distributions of the local 

gas holdup c at distance z from the nozzle. It is 
evident from the figure that each distribution has a 

maximum at r = 0, and the maximum value a de-
creases with increasing z. Also, the half-value radius 

rcl/2 is found to increase with increasing z. 

  Figures 3 and 4 show the z-dependence of s and 
rc1/2, respectively. From these figures it is found that 

a01 and (rcl/2)2 are proportional to z. Theoretical 
explanation of these simple relations is given later in 

this paper. 
  Figure 5 shows the axial distribution of average gas 

velocity VG,av which is calculated by Eq. (1).

Fig. 1. Schematic diagram of experimental apparatus.

Fig. 2. Radial distributions of local gas holdup.

Fig. 3. Relation between a
-1 

0
and z.

Fig. 4. Relation between (rCl/2)2 and z.

Fig. 5. Average gas velocity in the bubble- dispersion zone.
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                      va,av = qG/2ir f ardr ..................(1) 

0 It is found that VG,av decreases abruptly in the vicinity 
of the gas inlet and reaches a constant value which 

increases slightly with increasing qG. 

2. Volumetric Coefficient in the Bubble-dispersion Zone 

  In our previous study,") CO2 absorption in water 
was studied to obtain the over-all volumetric coeffi-

cient kLa as shown in Fig. 6(a). In the experiments 
mass transfer occurred both at the free surface and at 

the interface between liquid and rising bubbles. 
  In the present study, experiments were carried out 

to obtain the volumetric coefficient (kLa)B in the bub-

ble-dispersion zone. Figure 6(b) shows the schematic 
diagram of experimental apparatus used for the mea-

surements of (kLa)B. Carbon dioxide was injected 
into water, while nitrogen was introduced in the 

upper space of the vessel through a glass nozzle with 
the inner diameter of 10 mm. A paddle agitator 

was set in the upper space of the vessel to provide a 
uniform partial pressure of CO2. 

  A small amount of water was taken from the vessel 
through sampling tubes at suitable time intervals. 
The concentration of CO2 in water was measured by 

the same method as that adopted in the previous 

study." Experimental conditions were nearly simi-
lar to those of the measurements of local gas holdup. 
  Henceforth the experiments related to the mea-

surement of kLa and (kLa)B will be referred as Exps. 

(a) and (b), respectively. 
  An over-all volumetric coefficient kLa is definedl1~ 

by Eq. (2) for Exp. (a). 

             dG = kLa(Ge-G) 

              Ge = Hpco2 = HPa 

The kLa in Eq. (2) can be given by the sum of the 
volumetric coefficient (kLa)B in the bubble-dispersion 

zone and the volumetric coefficient (kLa)S at the free 
surface. 

                    kLa = (kLa)B+(kLa)s ..................(3) 

The corresponding equation to Eq. (2) for Exp. (b) 
is given by

    dG _ 
       dt kLa[fi(Ge--G)+(1-~)(C?--G)]..........(4) 

where Ge and /9 are given by Eqs. (5) and (6), respec-
tively. 

                     Mco2- V (dG/dt)      Ge 
= HPc02 = HPa Mco

2 +MN2- V(dGldt ) 

                                                                                   ........................... (5) 

              /3 = (kLa)B/kLa .......................................(6) 

Equations (4) and (5) are solved numerically by as-
suming various values of /3. The most suitable value 

of jl is determined by comparing the calculated con-

centration-time curves with the observed ones. Fig-
ure 7 shows an example of the determination of /3. 
In this figure, the results of Exps. (a) and (b) are 

compared. The result of Exp. (b) corresponds well 

with the calculated result for /3=0.55. From the 
value of /3 and kLa, (kLa)B can be calculated from Eq. 

(6). 
  Figure 8 shows the effect of qG on kLa and (kLa)B. 

Although (kLa)B is considerably smaller than kLa for 

smaller qG, the difference between (kLa)B and kLa 
reduces as qG increases. 
  Figures 9 and 10 show the effects of z, and r1 on 

kLa and (kLa)B at constant qG. From the figures, it 
is found that kLa decreases with increasing z1 and r1 

and that the difference between kLa and (kLa)B

Fig . 6. Schematic diagram of experimental apparatus.

Fig. 7. Determination of the value of j3.

Fig. 8. Values of kLa and (kLa)B as a function of qG.
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decreases with increasing zi and decreasing r1. 

III, Theoretical Analysis 

1. Formulation 

  To analyze mathematically the flow and the mass 
transfer in a gas-stirred system, the following sim-

plified assumptions are made. 
  (1) The system is axially symmetrical and is in 

steady state. 

  (2) The gas-liquid mixture in the bubble-disper-
sion zone is a fluid with constant density, which 
receives buoyant forces proportional to a. 

  (3) The diameter and the slip velocity of bubbles 
are uniform in the system. 

  (4) Bubbles disperse by flow and turbulent diffu-
sion. 

  (5) The effective kinematic viscosity ve and the 
effective diffusivity of bubbles De,B are uniform in the 

system. 

  (6) The velocity of recirculating flow in the bulk 
of the liquid phase is negligible compared with that of 

bubble-dispersion zone. 

  (7) Absorption of CO2 occurs at bubble-liquid in-
terfaces and is controlled by the liquid-phase mass 

transfer which is given by Higbie's penetration theory.

  (8) The effective diffusivity of solute in liquid 
De,S is uniform in the system and is identical to the 
effective kinematic viscosity ve. 

  (9) The concentration of solute is uniform in the 
bulk of the liquid phase. 

  The boundary-layer approximation which is often 
used in the analysis of free jets or thermal plumes,14,15~ 
is applied to derive the governing equations. The 

following fundamental equations, Eqs. (7) to (10), are 

obtained. 

   1 aru are         - + =0 .............................................(7) 
   r ar az 

   av a~ 1 a a~ + 
      u --+v - a

z r a~ ........................ (8)     ar - ve Y ar ar 

     as as 1 a as ---) .~ (v+w) 
az - e'B ar ..................(9)    u a

r - r r ar 

   ac ac _ 1 a aC 6   u 
ar +o az De'S r ar r ar + dB kBa(Ce--C,) 

                                                                                ........................ (10) 

The mass transfer coefficient kB in Eq. (10) is given 
by the following Higbie's penetration theory. 

                    kB = 2(DLw/7rdB)"2 ..................(11) 

The boundary conditions are shown in Eq. (12). 

     r = 0 : u = av/ar = 0, a = ao, aG/ar = 0 

      r=oo. 

                                                                                ........................ (12) 

  In order to obtain the similar solutions of Eqs. (7) 
to (10), the following similar transformation is intro-
duced. 

      =r/z, F = z), a = e(~)/z, C=1(),                                                                                                  ~

........................ (13) 

where ? is the stream function defined by Eq. (14). 

              1 a? l ?P 
                            u=--------, ...............(14) 

                     r azv- r ar 

Substitution of Eqs. (13) and (14) into Eqs. (7) to 

(10) leads to the ordinary differential equations, Eqs. 
(15) to (17). 

                                 e ~ + Bgg ................(15) 

         (OO)' + 1 w(~2e)' = -De'B(~a')' .................. (16) 

2 

      -r'- = De(" + r + kBO(Ge-r) 
         ~ ~ dB 

                                                                                  ........................ (17) 

Equation (16) can be integrated once by using the 
condition 0=0 at i=0, and Eq. (18) is obtained. 

                   e + 1 w~2e = -De,Bye' ............... (18) 

Equations (15), (17) and (18) are made dimension-
free by using the following dimensionless numbers.

Fig . 9. Values of kLa and (kLa)B as a function of z1.

Fig . 10. Values of kLa and (kLa)B as a function of r1.
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 = ~, ) = 1 o(ff) = a(~)~ 
       ye Ue ~PI2 

E ~) = r(~)-C~ , SB = De B/Ue, SS = De,/e, C
e-C, 

   6wkB 
a = d

B

(19)

Finally, the governing equations and the boundary 

conditions are expressed as follows. 

     M' ~Y' 1 :P' 

            C3 C - -"- +0 ..................(20) 

2 1           0~ -~- 2 X20 = -SB~O' .............................. (21) 

       -I'' =S's T"+ 
~ +a~U_T) ............(22) 

        =0: P =~' =0, 0 =0°, P' =0 
                                                                       .........(23) 

       = oo: cD' =0, 0= 0, P= 0 

Equations (24) to (26) can be obtained from the above 
theoretical considerations. 

         ~2 1 

               y 1/2       rc1/2 = ) C1/2z1/2 (b1/2 = const.) ......(25) 

      c°(= wo'/C I =o) = Who (Qo = const.) .........(26) 

where ~1/2 is the half value distance of 9. Relation-
ships between 6o and z-1, and between rc1/2 and z"2 

in above equations were confirmed experimentally as 

shown in Figs. 3 and 4. Equation (26), which shows 
that c° is independent of z, may be valid from the 
results of VG,av except near the inlet of gas, as shown 

in Fig. 5. 

2. Method of Calculation 

  Equations (20) to (23) are solved numerically by 

using the Runge-Kutta-Gill method. In the actual 
calculation, the integral range is restricted to =0'-' 10 

with a constant grid spacing d1=0.1. Equations (20) 

and (21) concerning the flow field are solved simul-
taneously. Equation (27) is used to ensure conver-

gence. 

      tP'/~qo (= o/V°) < 10_4 (at =10) .........(27) 

From the solutions of 0, ~1/2 is obtained and the effec-
tive kinematic viscosity ve is calculated from Eq. (25). 

The value of SB in Eq. (21) is taken to be unity (see 
Sec. IV. 2). Equation (22) concerning the mass trans-
fer is solved by using the numerical solutions of 'P 

and 9. The rate of mass transfer in the range of z= 

0'-.'z can be calculated from Eq. (28). 

  Mz = 
0 o(C-C~) 2~crdr = 2~zve(Ce-C~)                              z 0 

                                                                               ........................(28) 

Therefore, the volumetric coefficient (kLa)B is given 
by Eq. (29).

             kLa)B = Mz1                    ( ............... 
icrizi(Ce-C~) (29) 

From Eqs. (28) and (29), (kLa)B can be calculated by 
Eq. (30). 

                                  v °° 

                   (kLa)B = r e I'o'd~ ..................(30) 
                          1 0 

The values of dB and w are estimated by the empirical 
correlations proposed by Tadaki and Maeda.16,17) 

Iv. Discussion 

1. The Ad Hoc Model 

  In our previous study,10) numerical solutions on 

the local gas holdup and the velocity of liquid were 
obtained by solving the bubble-dispersion equation 

and the Navier-Stokes equation on the assumption of 
uniform kinematic viscosity and uniform bubble dif 

fusivity. The ad hoc model proposed by Pun and 
Spalding18) was applied to estimate the values of ki-

nematic viscosity and bubble diffusivity. The values 
of local gas holdup calculated in the previous study 

are compared with the observed ones in Fig. 11. 
There are significant differences between calculated 

and observed distributions. From this result, it is 

concluded that the ad hoc model can not be applied 
to describe the bubble-dispersion process. 

2. Determination of SB in Eq. (21) 

  For very small bubble diameters, bubbles may be 

transferred by the turbulent flow in a similar manner 
as in momentum transport. In this case, the value 

of SB can be taken as unity. However, it is yet to 

be verified whether the diameter of bubbles, estimated 
to be 0.5'- 1.2 cm in the experiment, is sufficiently 

small or not. In order to estimate the value of SB, 
the rising velocities of bubbles VGO are calculated by 
using v00 = w (1 +'o') for 5B°5 = ., 1 and 2, and com-

pared with the observed ones obtained with a 16 mm 
cinecamera. The results show that the observed 

values of vG° are consistent with the calculated ones

Fig. 11. Comparison of calculated values of local gas holdup 

        by the previous model with observed ones.
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in the case of SB=1, as shown in Fig. 12. This is the 

reason for choosing unity as the value of SB in the 

present calculation. 

3. Effective Kinematic Viscosity 

  Figure 13 shows the calculated distributions of 0, 
o'/~(=v/w) and P. The width of the distribution of 

e is smaller than that of o'/~ and P because of the 
slip velocity of bubbles. The half-value distance of 

e and cl'/~ represented by ~1/2 and X12, respectively, 

are correlated with 00, wherefrom Eqs. (31) and (32) 
are obtained in the range 00 =l.35'-'3.35. 

                             b1/2 = 1.22e 0.16 .....................(31) 

                           X12 1.76e0.21 .....................(32) 

The value of ~1/2/bl/2 is equal to ref/2/rv1/2, where 

rv1/2 is the half value radius of the velocity distribu-
tion, and it yields the values of 0.7 ~ 0.74 in the range 

for &o= l.35-.3.35. Tacke et a1.2> and Ebneth and 
Pluschke114~ assumed the value of ref/2/rv1/2 to be 0.7 

and 0.67, respectively. These values are close to the 

present result. 
  Figure 14 shows the comparison between the cal-
culated and the observed distribution of local gas 

holdup. There is a satisfactory agreement between 
calculated and observed results. However, there is a 
slight discrepancy between the two distributions in 

the region ~> 1 in close examination. On this prob-
lem, further investigation is required. 

  Relation between ve and qa obtained for two dif-
ferent vessel radii is shown in Fig. 15. It is found

that ve increases with increasing qG and that the values 

of ve for r1=0.145 m are greater than those for r1= 

0.30 m. Deb Roy et a1.7~ have numerically predicted 
the fluid flow in a gas-stirred reactor. They have 
calculated the effective viscosity Pe on the basis of the 

ad hoc viscosity hypothesis proposed by Pun and 
Spalding.18) The ad hoc viscosity equation, Eq. (33), 
is as follows.

        Pe = 0.012(2r1)2/3zi 1/3Pi 3(m0uG0)1/3 ....... 

  On the contrary, Sahai and Guthrie19~ have 
posed Eq. (34). 

       ,ue = 5.5 x 10-3PLz1 (1-o)gqG 1/3                                               2r
1 )...........

(33)

pro-

(34)

where a is the average gas holdup in the bubble-dis-

persion zone. In their study, they used 0.083 as the 
value of U for water-gas system. 

  The calculated values of ve(=pe/PL) from both 

equations are found to be considerably smaller than 
the results obtained in this study, as shown in Fig. 15. 

  Figure 16 shows the dependence of ve on the aspect 
ratio, z1/r1, for the four different values of r1. In the 

case of r1=0.095 and 0.145 m, ve is found to be in-
dependent of z1/r1 up to z1/r1=2, but it decreases in 
the range z1/r1>2. Also, in the case of r1=0.30 and

Fig. 12. Determination of the value of SB.

Fig. 13. Distributions of 0 , i'ii.: and P.

Fig. 14. Comparison between observed and calculated gas-

       holdup distribution.

Fig. 15. Relation between ve and qG.
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0.50 m, ve is independent of z1/r1, though it is not clear 
whether ve decreases or remains constant in the range 

z1/r1>2. 
  Figure 17 shows the dependence of ve on r1 for 

z1/ri S 2. Although the value of ve is constant for 
r1 >_ 0.30 m, it doubles for r1 < 0.145 m and then de-

creases at r1=0.055 m again. It is not clear why r1 
affects 2 e in such a complicated way. However, the 

recirculating flow seems to have no effect on ve for 
r1 > 0.145 ' 0.30 m. 

4. Dimensional Analysis 

  Ebneth and Pluschke114~ have derived empirical 

correlations relating to the characteristics of bubble 

plume with the dimensional analysis. They used the 
dimensionless number P given in Eq. (35), which is 
used for the thermal plume. 

                            P = g-i/5g2G 5z-1 .....................(35) 

The characteristic values of bubble plume such as ao, 

rv1/2 and others were correlated with P. Equations 

(36) and (37) are examples of their results. 

             Up~2 = 1.03P1.25 = O.58gG 5z-1.25 ............(36) 

         T1/2 O.45P0.375z = O.38gG 15zo.62 .........(37) 

where A=rc1/2/rv112 and 2=0.67 is used in their study. 
  In the present study, empirical correlations similar 

to Eqs. (36) and (37) are also examined by consider-
ing the results of Figs. 3 and 4 as well as the depen-

dence of 6o and rc1/2 upon qG (Figs. 18 and 19), whence 
Eqs. (38) and (39) are obtained. 

                   Q0 = aP = ag-i/5qG 5z-i .....................(38) 

               (rci/2)2 = bPz2 = bg-1/5q 5z ...............(39) 

where a and b are constant values. The theoretical 

relation between rc1/2 and Qo are previously obtained 
in Eq. (31), from which Eq. (40) can be obtained. 

            ye = 0.67Og6.32wo.36(rc1/2)2Q06.32z-o.68 .........(40) 

Substitution of Eqs. (38) and (39) obtained for r1= 

0.30 m (a=1.28, b=0.108) into Eq. (40) results in the 
semiempirical equation for ve, Eq. (41). 

                ve = 0.0783g0.o56w0.36gj 528 ...............(41) 

  As mentioned earlier, Tacke et al.2~ and Castillejos 

and Brimacombe3~ have measured local gas holdup

under the conditions shown in Table 1. They have 

summarized the experimental data of o and r,12 for 
various z. These results are used for calculation of 
the value of ve from Eq. (40). In the calculation, 

the slip velocity of bubbles w is approximated by 
0.25 m, as the values of w in water and mercury, 

estimated from the empirical correlation,17~ are found 
to be in the range, 0.2'.-0.26 m/s. The values of ve 

are calculated from the data for a0 0.5. The results 

are shown in Fig. 20. In the figure, the values of ve 
for an air-water system by Tacke et al.2~ are widely 

scattered (ve increases with increasing z). From 
Table 1 these data are obtained under the condition 

that the diameter of nozzle is small and the gas den-
sity to liquid density ratio is large. Therefore, the 

change of ve with z may be due to the transition from 

jet to plume with increasing z. In the other data, 
the variations of ve with z are small.

Fig. 16. Relation between ve and z1/r1.

Fig. 17. Relation between ve and r1.

Fig. 18. Relation between Qoz and qG.

Fig. 19. Relation between (rCi/2)2z-' and qG.
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  It is found from the figure that the values of ve 
calculated from 6o and ref/2 available in the literature 

including the present results can all be correlated by 

using Eq. (41) over a wide range of gas-flow rates. 
From this result, we can conclude that Eq. (41) may 

be successfully used to predict the characteristics of 

flow and bubble-dispersion process in a gas-stirred 
system. However, it should be noted that Eq. (41) 

is derived for the range over which the size of vessel, 
Ti and z1, have no effect on ve. 

5. Volumetric Coefficient 

  The values of (kLa)B calculated from Eq. (30) by 
using the observed values of ve and o are shown in 

Figs. 8 to 10. There is a reasonable agreement be-
tween the calculated and the observed values of 

(kLa)B. The characteristics of mass transfer at the 
free surface are not discussed theoretically in the pres-
ent paper and remains as the theme for future inves-

tigations. 

V, Conclusion 

  Characteristics of bubble dispersion and gas-liquid 

mass transfer are examined experimentally and theo-
retically. The results obtained are as follows. 

  (1) Local gas-holdup distributions for a nitrogen-
water system are measured with an electrical resis-

tivity probe. From the measured distributions, o 
and rc1/2 are obtained and their dependence upon z 

and qG is studied. 

  (2) The volumetric coefficient in the bubble-dis-
persion zone (kLa)B is obtained from the over-all volu-
metric coefficient kLa obtained in the previous study 

for a C02-water system. Effects of qG, zi and r1 on

(kLa)B and kLa are studied experimentally. 
  (3) A mathematical model concerning bubble 

diffusion, fluid flow and mass transfer in the bubble-
dispersion zone is proposed. The dependence of ao 

and reli2 upon z can be explained on the basis of 

present model. 
  (4) The effective kinematic viscosity ve is ob-

tained by applying the present model to the observed 

results on ao and rc1/2. The values of ve obtained are 
considerably greater than those obtained from the 
relevant equations available in the literature. Effects 

of qG, zi and r1 on ve are studied experimentally. 

  (5) Correlation between ve and qG is derived by 
using the dimensional analysis. This correlation is 
found to be consistent with the available experimental 

results. 

  (6) Volumetric coefficients in the bubble-disper-
sion zone (kLa)B are calculated from the present mod-
el. These values are found to agree fairly well with 

the observed ones.

Nomenclature 

   C: concentration of CO2 in water (mol/m3) 

   Co : initial concentration of CO2 in water (mol/ 
       m3) 

   Ce : concentration of CO2 in water at saturation 

      (mol/m3) 
  Ce : concentration of CO2 in water in equilibrium 

      with Pco2 (mol/m3) 

  C. : concentration of CO2 in the bulk of liquid 

       phase (mol/m3) 
  DL : molecular diffusivity of CO2 in water (m2/s) 
 De,B: effective diffusivity of bubble (m2/s) 
 De,s : effective diffusivity of CO2 in water (m2/s) 
   dB : diameter of bubble (m) 

   g: acceleration due to gravity (m/s2) 
   H: Henry's constant (mol/m3Pa) 

   kL : mass-transfer coefficient between bubble and 
      liquid (m/s) 

  kLa: over-all volumetric coefficient (1/s) 

(kLa)B : volumetric coefficient in the bubble-disper-
    sion zone (1/s) 

(kLa)S : volumetric coefficient at the free surface of 
       water (1 /s) 
MC02, MN2: molar rate of CO2 or N2 (mol/s) 

  Mz : rate of mass transfer defined by Eq. (28) 

      (mol/s) 
 Mz1: Mz for z = zi (mol/s) 

  mG : mass-flow rate of gas (kg/s) 
    P: g-115gj5z-1 

  Pa : atmospheric pressure (Pa) 

 pco2: partial pressure of CO2 (Pa) 
  Pco2: partial pressure of CO2 in the upper space of 

       vessel (Pa) 

   qG : gas-flow rate (m3/s) 
    r: radial coordinate (m) 

   r1: radius of vessel (m) 

 reli2: half value radius of local gas holdup (m) 

 Tel/2 : half-value radius of axial velocity (m) 
   SB . De,B/ve 
   SS : De,S/ve 

    t: time (s)

Table 1. Experimental conditions 

   studies.

in the published

Fig. 20. Empirica 

          zone.

1 correlation of ve in the b ubble- dispersion
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UGO 

 V:

 VGO: 

VG,av 

   7,PJ 

  z: 

  zi: 

 F: 

 B: 

  A: 

 Joe 

  ye

pL• 

 6: 

Q0~ 

U:

liquid velocity in r-direction (m/s) 
average gas velocity in nozzle (m/s) 

volume of liquid (m3) 
liquid velocity in z-direction (m/s) 

liquid velocity in z-direction at r=0 (m/s) 

gas velocity in z-direction at r = 0 (m/s ) 
average gas velocity defined by Eq. (1) (m/s) 
slip velocity of bubble (m/s) 

axial coordinate (m) 
height of water in vessel (m) 

(r-C~)I(Ce-G~) 
same as C (mol/m3) 

grid spacing for numerical calculation 
V W/vez r 

/WIvez rcl/2 
~W/1Jez rvl/2 
r/ s/z (ml/2) 

(gz/w2)a 
Oath=O 
Jz (m) 

rcl/2/rvl/2 

effective viscosity (kg/m. s) 
effective kinematic viscosity (m2/s) 
density of liquid (kg/m3) 

local gas holdup 

6 at r=0 
average gas holdup in the bubble-dispersion 

zone, Eq. (34) 

 /zve 
q' at =0 

?PIz (m2/s) 

stream function defined by Eq. (14) (m3/s)
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