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Abstract--The local bubble hchavtur such as huIdIJp, bubble frequency, bubble size and rising velocity 
in a bubble column of CMC s~)hHhm was measured usi&~; the eteclruresislivity probe technique, and the 
effects ,,d gas velocity aud CMC cunce,aratiul~ on the beha',Jor were invesligaled. Also, the total gas holdup 
was qt+,astned from the liquid level m ~he c:ohmm, and ils relation with gas vel,.icity and CMC concentration 
:.,,as studied. Two c~>rrelalions of mean bubblu size m>:l tolaJ gas h.:;ldul> with dinlensiunk,ss groups, con> 
p~,sud ut gas ",.ehwily al!d physi{ al pro ,erlies of gas and Ilqtud, were oblaJned trolu the experimenlaJ resulls. 

INTRODUCTION 

']'he bubble column is widely used in tee chemical 
processes, since its operating cost is low and heal and 
mass trans{er rates are higher than those of the other 
equipnlents owing to the large gas-liquid interracial 
area. It also has an advantage giving an easy contrul of 
the residence time of liquid phase. Moreover, its main- 
tenance is easy, because it has no movirg part and 
prol:,[em caused by corrosion and clogging. Recentiy il 
is also used as a bioreactor. 

The flow regime, coalescence behavior of bubble, 
gas holdup, interracial area and heat and mass transfer 
coefficients are the important factors in the design of 
bub:He columns, and the bubble diameler, bubble ris- 
m.g vehx-ity, bubble size distribution and bubble velu,.'- 
Jlv C[JslriblltioI) are closely related to the  COILlU/II opel-  

alion. 
MarLY studies have been conducted to obtai~-l ti~e 

correlation for the prediction of gas holdup m the bub- 
ble column, and in the most of the studies the holdup 
,,,,,as measured by the pressure difference or liquid 
level difference at the top and bottom of the cohmm.. ]1 
is simple and easy to measure the gas l-mIdup, but +t 
does not give any information on the bubbte behavior 
and the local gas holdup in the column. 

"['he observation of bubble behavior in a bubble 
cu luml l  cau be performed by several diffurent meth- 
ods. The Dhotoora,,hic method takes picture (>f Ihe �9 ,m 1 ~ 

"]'<~ whl~[n all r ,,ffrespol)dellc,.'s should be addressud. 

bubble and measures the size and distribution. The 
electroresisfivity method utilizes an electric probe 
installed inside the colunm and measures tim resist- 
ance in the gas and liquid phases. Besides, the elec- 
trooptical probe method and light scattering method 
have also been adopted in the studies of bubble b~ 
tlavior. 

An early report using the electroresistivity method 
was published by Neai and Bankoff [l]. ]n the study, 
the local gas holdup and bubble behavior were observ- 
ed with a single tip probe in a nitrogen-merctJry sys- 
tem. Two groups of investigators [2,3] compared the 
dual tip electroresisfivity meth(~d with the photo- 
graphic method, and found that both methods shuw 
relatively good agreement in the measurement of bub- 
ble size. Also a study on the bubble behavior and gas 
huldup in a s]urly bubble column using dual tp  elec- 
troresistivity method was presented by Yasunishi et al. 

The gas holdup arm bubble behavior in &e non- 
Newtonian liquid have been studied by many re- 
searchers, since :heir values can not be predicted from 
the correlations between the gas holdup and the col- 
umn operating condition and physical properties of 
hquid for the Newtonian liquid systems. 

The gas holdup in a carboxymethyl cel]ulose(CMC) 
solution was measured by Nakanoh and Yoshida [5]. 
Their experime+~ta] data were eorretated wth the 
dimer~sionless groups of Bond, Galflei and Proude 
which were also used for the Newtonian ]iqwd. The 
variation of gas holdup with gas velocities in CMC 
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solution was observed by Franz et al. [6]. The increase 
of holdup with increasing gas velocity was explained 
with the fact that the column acts like an aerator,.and 
the aerator effect reduces with increasing CMC concen- 
tration. The effect of hole size of perforated plate on 
the gas holdup has also been studied, and it was found 
that the large holes result in the low gas holdup. The 
effect of CMC concentration on gas holdup diminishes 
for the large hole perforated plate. The eff,-cts of gas 
velocity, CMC concentration and hole size on the 
Sauter mean bubble diameter were also investigated m 
the study. Another correlation on the gas holdup with 
gas velocity and effective viscosity of the CMC solution 
was obtained by Godbole et al. [7]. The gas velocity 
has the same influence on the gas holdup as shown in 
the previous studies [5,6], and the f~igh effective vis- 
cosity is leading to low gas holdup. 

The effect of the column height on the gas hoMup 
for the CMC solution was studied by Haque et al. [8]. 
The possibility of bubble coalescence is h:gh as tire 
column height increases owing to the high frequency 
of collision between bubbles, and it results in large 
bubbles. In the study, an explanation on the decreas- 
ing bubble diameter with increasing gas velocity was 
given as a contrary result to the Newtonian liquid sys- 
tems. The explanation is that high gas velocity gives 
high shear rate, leading to low effective viscosity in 
CMC solutions, and the bubbles are susceptible to 
break. 

In this study, the bubble behavior such as bubble 
size and bubble rising velocity in a bubble colunm of 
CMC solution was measured with an electrcresistivity 
dual-tip probe. The obtained signals were digitized and 
processed with a microcomputer, and the local gas 
holdup, bubble frequency, bubble rising velocity, bub- 
ble size, cross-sectionally averaged gas holdup and 
bubble size distribution were calculated fronL the pro- 
cessed data. And the total gas holdup was determined 
by the liquid level method. 

The effects of gas vek)city and CMC concentration 
on the bubble properties and total gas hoMup were 
investigated, and the correlations of mean bubble size 
and total gas holdup were formulated from the experi- 
mental values. 

E X P E R I M E N T A L  

1. E x p e r i m e n t a l  setup 
The bubble column is composed of a column, a 

perforated plate and a bottom section. The ,.olunm is 
14 cm in diameter and 200 cm high, and the bottom 
section has the same diarueter and 20 cm in depth. All 
of them are made of polymethyl metaco, late, and cot> 
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1. Column 9. Compressor 
2. Air chamber 10. Manometer 
3. Perforated plate 1 l. Counter electrode 
4. Valve 12. Electr~>resistivity probe 
5. Manometer 13. Sampling 
6. Regulator 14. N2 cylinder 
7. Saturator 15. Data instrumentation unit 
& Oil water separator 16. Data processing unit 

Fig. I. Schemat ic  d iagram of  e x p e r i m e n t a l  appara-  
tus.  

nected with flange joint. The perforated plate has 51 
holes of 0.3 mm diameter in the equilateral triangular 
pitch through the whole area inside the colunm. A 
brief arrangement of the experimental setup is shown 
in Figure l. 

A barometric manometer tap is installed at the 
bottom of the column. A movable probe in the radial 
direction is placed at the position of 60 cm fr(;m the 
perforated plate. The detail of the probe is illustrated in 
the subdiagram of Figure 1. The probe is made of plati- 
num wire of 0.28 mm in diameter, sharpened and 
coated with epoxy resin for insulation except tbe prube 
tip. The wire is supported with a stainless steel tube of 
1.23 mm OD., and the support tube is bent in 45 
degrees downward to minimize the interference of 
probe in the palh of bubbles at the measuring 
rnoment. The vertiical distance between two tips is 3 
:rim, and the bubble rising velocity is calculated from 
the distance and the difference of the initial co:tlact 
time of bubble and the tips. A counter electrode is 
made of a stainless steel plate of 25 mm x I00 nmt, 
and installed on the wall of the column m the opposite 
side of probe. 

The signal in Ihe form of voltage difference be  
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Table I. Physical properties of CMC solutions (25~ 

conc. 
density o" k 

wt% of CMC 
~Cnl 3 dyne,'cm dyne s"Y( m 2 In water 

0 0.9971 72 0.01 10 

0.05 0997 l 71.41 0.0133 0998 

0075 0 9975 71.35 0.016I 0.986 

0.10 0.9976 71.25 0.0215 0.939 

0.15 0.9978 71.09 0.0281 0893 

C.20 0 9979 70.90 0.0445 0.873 

0.30 0.9982 70.53 0.075 0.809 

tween the probe tip and counte '  electrode is fed 1o an 
AID converter after the rectification of high frequency 
sign ~.1. 

Air is supplied from a compressor and passed 
through an oil separator and a water saturator. A sel uf 
orifice and manometer  is provided for the measure  
meal of air flow rate. 
2. M e a s u r e m e n t  of  phys i ca l  proper t i e s  

The surface lension of the CMC (1 st grade, Junsei 
Chemical Co., Japan) solution was measured with a du 
Nouy type surface tensiometer (Fischer, mode] 20), 
and the specific gravity was with Baume lydromeler.  

"]'he viscosity of CMC solution was expressed with 
the power taw nlode[, as in Eq. (1), and its f low consist- 
ency index, k, and flow behavior index, n, were cal- 
cula!ed from the measured shear force at t!le different 
shear rate using the linear least square ted- nique. The 
shear force was obtained with concentric cylinder vis- 
cometer (Brookfield, model LV). The physh-al pr,.~per- 
ties of the water and CMC solutions are given in Table 
1. 

5 ' = k 7  '' i l) 

3. M e a s u r e m e n t  of  b u b b l e  s i ze  and  r i s ing  veloc-  
ity 

When a bubble passes through Ihe tip of probe, i~ is 
detected bv t lw conductivity variation. The bcibbles 
passing the tip are so many and the bubble rising is 
very, fast, and so the conductivity measwement and 
data collection have to be fast. A brief dia!~ram of sig- 
nal ?rocessing is given in Figure 2. 

A signal function generator supplies the sine wa,,,:, 
signal of 90 kHz and l0 volts peak-to-peak 1o the c~,un- 
ter electrode. The continuous signal measu"ed through 
the probe is varied while a gas bubb]e c.ntacts the 
probe tip. The detected signal is reclified and amplified 
to feed an A/D ~ onverter (MetraByte, nlodet DAS-S)iu 

~ C (  ]~e tip ,~ ]un n~Nee 

eleclrode ~ ' : : i I i 

! 
Low frequen(v 

I anip. ci,cui([i ' ~ f--i 

r i 

r 
Mic:n)con/pt l le r  

}B~ -PC: XT 

Fig. 2. Diagram of signal processing for electrore- 
sistivity probe. 

Bubble Bubble 
Liquid Liquid ~ -- LiquM 
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,~h At2 

Fig. 3. Signal sequences of bubble detected by the 
electroresistivity probe. 

stalled in an IBM PC/XT nlicrocomputer. 
Tile digitized signal was sampled in every 376.3 

microseo_Jnds and stored in the team reenter' ,  uf the 
computer. An one lime experinlenl was ctmducled for 
25.4 seconds because of the nialn memory limitati~u, 
and tile ublained data ,,~ere transferred inl,:; the auxil- 
iary.' men~(Jry' device after a set of data was gathered. 
The n/eniurized data were retriex ed and analyzed lu 
calculate the number  of bubbles fur the saml~,liug 
period, the bubble length, and the bubble rising veloci- 
ty. 

The signals fron'J the, upper at~d luwer hps ~f tlw 
probe should be matched for a single bubble as s.h<,,~; u 
in Figure 3. Yasunishi et al. [4] used lhe se',e.al o f  
teria to fincl a pah  of bubble signal'., for a single hubbhx 
and the modified crileria were applied in this siu(h. 
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1. 3 t , <  1 . 5 A t ,  

2. A t 2 <  1.5At~ 

3. 0 . 7 5 < 2 r , / (  r~• r2) < 1.25 

The first and second condit ions were made  consi- 

dering that the gap of two tips is only 3 m m  and a 
matched bubble  signal should net  have a large differ- 
ence in the t ime delays of the on and off contact. Tbe 
third condition was made  from the fact that the possi- 
bility of bubble  coalescence or bubble breakup within 
the tip clearance is very small. 

The exper iment  was conducted for the superficial 
gas velocities between 0.96 and 5.04 c m / s e c  and the 

CMC concentration of liquid was varied from 0.05 to 
0.3 wt%. 

R E S U L T S  A N D  D I S C U S S I O N  

1. B u b b l e  b e h a v i o r  

1.1. Local gas h o l d u p  and bubble  frequency 

The local gas holdup at the height of 60 cm from 
the perforated plate was measured at Ihe different 
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Fig. 4. Radial  distr ibut ion of local  gas  holdup.  

radial positions. The radial posit ions were  selected in 

the equal distance of 1.4 cm except the very wall posi- 
tion where  the tip of the bent  probe could not be lo- 
cated. In the case the probe was placed at 0.5 cm 
inside from the wall. 

The radial distribution of local gas holdup for the 
various concentrat ions of CMC solution is shown in 
Figure 4. At high gas flow rate, the local gas holdup 
was also high for all the CMC concentrations.  The 
bubble  frequency distribution for the same sohJtions is 
shown in Figure 5, and the variation t rends are similar 

to the local gas holdup. The distribution of local gas 
holdup and bubble frequency in the radial direction 
was nearly uniform except for the points near  the wall 
at the low CMC concentrat ion and low gas velocity 

such as 0.2% or less and 4.03 cm/ sec  or lower, respec- 
tively. At the h igh  velocity and concentration,  the 
distribution has a half parabola shape  with a maxi- 

m u m  value in the center  of the column. At high gas 
velocity, the wall effect is s t ronger  than that of low 

velocity, and the parabola shape  is more  apparent.  
The same resull has been reported in the air-water 

, i 
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Fig. 5. Radial distribution of local bubble frequency. 
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system {4]. 
The unique behavior of CMC solution is appeared 

in high concentration of CMC solution. The effectNe 
viscosity of the CMC solution decreases as the shear 
rate increases, and higher shear rates are obtained at 

higher gas velocities. The relation can be found from 
the definition of the effective viscosity in the power 
law model of Ostwald-de Waele [8] for the pseudoplas- 
tic l iquid as given in Eq. (2). 

,a~ A, k7  '~ ' (2) 

Since the flow behavior index, n, is far smaller than 
unity for the high concentration of CMC solution, the 
effective viscosity is smaller than low concentration 
solution. It accounts for the parabola shape distribu- 
tion of local gas holdup for the high concentratk}r., 
CMC solution. The apparent parabola distribution in 
water having low viscosity also indicates the relation 
belween the local holdup distribution and viscosity. 
1-2. Cruss-se(tionally averaged gas hold~lp 

The cross-sectionally averaged gas huldup can be 
defined as 

~ R~ srdr C'~I 

However, the local gas holdup can not be nwas- 
mud cuntinuuusly along the radial position. From Ihe 
measurenlenl at the discrete radial position, the aver- 
aged gas holdup can be redefined as Ee~ (4). 

9 
~ :  ~ ~cir~Ar {4) 

The cross-sectionally averaged gas holdup in the 
various concentrations of CMC solution and different 
gas velocities is plotted in Figure 6, and it shows Ihal 
the holdup increases with increasing gas velocity, 
which is the same tendency as in the total gas holdup. 
At the high CMC concentration, the cross-sectionally 
averaged gas holdup is found to be small. It is because 
the effective viscosity of the CMC solution lowers while 
the concentration increases. The holdup in 0.3 % CMC 
solution is even smaller than that of water. At low 
CMC concentralk)n, 0.2% or less, the viscusity is high- 
er than that of water, therefore the holdup ~,f waw~ ~s 

lower than that of the solutions. The same result is 
shown in the total gas holdup. 
1-3. Distribution of bubble size 

The mean k, ubble size at the center of the column 
m various concentrations of CMC solution with dif- 
ferent gas velocities are shown in Figure 7. The bigger 
the bubble size is, the higher the gas velocity, and it 
can be found also in Ueki [93's work. The effect of 
viscosity on the mean bubble size is not significanl 
except for 0.3% CMC solution. In 0.3% CMC solution 
the mean size of bubble is larger than that of other 
solutions, and it is resulted from the low effective 
viscosity of the solution. 

A correlation of the mean bubble diameter, arith- 
metically averaged value of the vertical bubble length, 

Korean J. Ch. E. (Vol. 7, No. l) 
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Fig. 7. Effect o l  gas  ve loc i ty  on mean  bubble  diame- 
ter  for dif ferent  CMC a q u e o u s  so lu t ions  at the 

cen t er  of co lumn.  

in terms of d imension less groups has bee[] reported by 

M iyahara  e ta} .  [ |0 ] ,  and the same form of equalim~ 

was used in this study. The coeff ic ient and exponen l  of  

Eq. (5) was obta ined f rom the measured mean b u b b b  

d iameter  using the least square method.  

I..~,,.,, <p,. g / 8 o - , '  ~ = 2 .  61 i W e / F r  ~ o , ~  (5! 

A l.<ot for the c o r r e l a t i o n  is s h o w n  in F igure  8, a n d  the  

v a l u e s  in 0 .3% CMC s o l u t i o n  w e r e  not  i n c l u d e d  in iI 
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Fig. 9. Bubble  s i z e  distr ibution for 0.1% CMC aque- 
o u s  so lut ion  at dif ferent  radial  location,s and 

gas  ve loc i t i es .  

since they are qu i le  differen~ fmnl  Ihuse of )owe,- c,,~- 

cen/ ra l ion sc)lutiun5. The s landard de~ia lkm al]d l l,~. 

corre lat ion coeff ic ient of  the f i t t in~ are 0.12 aud ().b!L 

respectively. 

The bubble size d is t r ibut ion of O, 1 'Z CMC s.luu,; i~ 

in the radial d i rec t ion is shown in Figure 9. At luv,' ~as 

velc, ci l ies the d is t r ibut ion is nearl,,' same regardh.s'. ,,I 

the radial l ,acation but the size d is t r ibut ion m,.~,.u~, h, 

w ider  bubble d is t r ibut ion at high ~eJocil ies. The c~,a- 

lescence of smal l  bubbles, ot'currilL~ f rom the b,.%jJ~- 
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K 

n ing of the bubble  formation,  is responsible  for the 
large bubb le  at high velocity. 
1-4. Bubble rising velocity 

The  mean  bubble  rising velocity for the different 
gas velocities and CMC concent ra t ions  is shown  m 
Figure 10, and general ly it decreases while  the  gas 
velocily increases except ing the  cases of high gas ,~e- 
locily arm high CMC concentrat ion.  The  same  results 
have  been obtained by Nieklin [11], and he expla ined 
that it is because the bubbles  are becoming  densely  
packed. At high gas velocity and high CMC concentra-  
tion, the' effective viscosity of the solution is low m 
which  the' drag force is s m a l l  and  bubbles  rise fasl. F~Jr 
0.3% CMC solution the bubble  rising velocity incrc'as- 
es with gas velocity contrari ly to G h e r  solutions, ai~d 

it is because the effect of the reduction cf the effective 
viscosity is s tronger than that of dense  bubb le  popula- 
tion. 

For the better observat ion of the bubble  rising ve- 
loc i ty  distribution, the cumula t ive  bubble  rising veluci- 
ty distr ibution is prepared as seen in Figure l 1. At low 
gas velocity the distr ibution of bubble  l ising velocity 
has  nearly same  no matter  what  the CMC concentra-  
tiun is. For high velocity, however,  the distr ibution is 
broadened,  and at high CMC concentra t ion  it is even 
broader.  It also relates wilt] the low effective viscusily. 
2. Tota l  g a s  h o l d u p  

The f0tal gas holdup was measured  with a hquid 
level manonie ter .  A plot of gas holdup versus CMC 
ccncent ra t ion  at the different gas vek)cites is shown in 
Figure 12. The total gas ho ldup  in CM(:  so lut ion in- 
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Fig. 11. Cumulat ive bubble  rising velocity  distribu- 
tion for different CMC aqueous  solut ions  
and gas veloci t ies  at the center  of column.  
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Fig. 12. Effect: of CMC concentra t ions  and gas  
velocit ies  on total gas holdup. 

creases as gas ve loc i ty  increases. The effecl of CMC 
concent ra t ion  on the total gas holdup is not observed 
at low gas velocities. At high gas velocities, howe,vet. 
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Fig. 13. Comparison of the experimental and cal. 

culated gas holdup. 

the effect of CMC concentration on gas holdup is signif- 
icant and the holdup decreases as the concentration 
increases. The pseudoplastic behavior of CMC solution 
is responsible for the result, and it has been discussed 
in the explanation for the cross-sectionally averaged 
gas holdup. 

The gas velocity, physical properties of solution 
and hole size of the perforated plate affect the gas hold- 
up of bubble column and the gas holdup can be cor- 
related with the factors. An experimental correlation 
between the gas holdup and the affecting factors in the 
form of dimensionless groups was obtained as follows; 

e~ = 0. 107 • 10-(Re~,~ ~176 (8/T))-~ (6) 

The coefficient and exponents in the equation were 
calculated by the least square method using matrix 
pseudo-inversion. The standard deviation and the 
coefficient of determination of the fitting are 0.015 and 
0.98, respectively'. 

The comparison of the calculated holdup from 
Eq.(6) with the experimental results of this study and 
published data [12] is given in Figure 13, and it shows 
a good agreement. 

CONCLUSION 

The local bubble behavior and total gas holdup in a 
bubble column of CMC solution were obtained by the 
electroresistivity probe technique and liquid level 
measuring. 

The high gas velocity up to 5.04 em/sec raises the 
local gas holdup and bubble frequency. The distribu- 

tion of local gas holdup in the radial direction is nearly 
uniform at low gas velocity and low CMC coneentra- 
tion. The cross-sectionally averaged gas holdup in- 
creases with increasing gas velocity, while it decreases 
with increasing CMC concentration up to 0.3 wt%. The 
mean bubble size is nearly same at low gas velocity 
and low concentration. At high gas velocity and CMC 
concentration, the effective viscosity is low and the 
bubble coalescence is promoted, and it leads to the 
large bubbles. The mean bubble rising velocity lowers 
when the gas velocity becomes higher for the low gas 
velocity and low CMC concentration. At high gas ve- 
locity and high CMC concentration the same increase 
of the bubble rising velocity as found in the mean bub- 
ble size is obtained. 

The total gas holdup increases as the gas velocity 
increases, but it diminishes in the high CMC concen- 
tration solution even as the velocity increases. 

Two correlations with low deviation for the mean 
bubble diameter and the total gas holdup were made 
from the experimental results. 

NOMENCLATURE 

D 
Fr 
Fv 
Ga 
g 
k 
L~ 
Lb,n 
n 

n b 

R 
Rec 
r 

t 
Ub 

a bm 

U G 

We 

column diameter, [cm] 
Froude number [= UU(gD) ~ 
cumulative bubble velocity distribution, [%J 
Galilei number ( :  gD3/v 2o,) 
gravitational acceleration, [cm/s 2] 
fluid consistency index, [dyne s'~/cm 2J 
vertical bubble length, [cmJ 
arithmatic mean of bubble diameter, [cm] 
flow behavior index, or number of holes in per- 
forated plate 
local bubble frequency, [s -~] 
column radius, [cm] 
Reynolds number of gas (= DU G PG/,UG) 
radial distance from center, [cm] 
time, [s] 
local bubble rising velocity, [cm/s] 
arithmatic mean of bubble rising velocity, 
[cm/s] 
superficial gas velocity, [cm/sJ 
Weber number (8Uc;2pL/a) 

G r e e k  Letters  

F 

8 
L" 

s 

shear stress, [dyne/cm :~] 
shear rate, [s -1] 
hole size of perforated plate, [cm] 
local gas holdup 
cross-sectionally averaged gas holdup 
total gas holdup 
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,u c : gas viscosity, [g/cm.s] 
,ue,~ : effective liquid viscosity, [g/cm-s] 
.v eft : effective kinematic viscosity, [cm2/s] 
PL : liquid density, [g/cm 3] 
Pa : gas density, [g/cm 3] 
a : surface tension, [dyne/cm] 
r : bubble duration time at a probe tip, [s] 
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