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A computed tomographic scanner was developed for imaging gas-holdup distribu- 
tions in two-phase flow systems such as bubble columns and fluidized beds. The scan- 
ner has been used to study the effects of various operating parameters (such as column 
diameter, supeijkial gas velocity, and distributor type) on the gas holdup and its distri- 
bution in an air - water bubble column. The experimental investigation shows that the 
column dimensions have no significant effect on the void fraction when the column 
diameter is greater than 0.15 m. Differences in the holdup distribution due to the kind 
of distributor used are significant only at low gas flow rates. Surface tension of the liquid 
has a profound influence on the gas holdup and its distribution. 

Introduction 
Bubble columns are used in the chemical and process in- 

dustry as contactors for mass-transfer processes and chemical 
reaction between gases and liquids. Owing to the complexity 
of the two-phase flow pattern a thorough understanding of 
the hydrodynamics involved has not been achieved. Among 
the various hydrodynamic parameters of special interest is the 
holdup distribution of the gaseous phase, as it affects other 
transport processes and thus the overall reactor performance. 
Gas holdup is important in the determination of the overall 
residence time of the gas as well as the pressure drop in the 
system. It is also a measure of the interfacial area available 
for phase interactions, and its spatial distribution affects the 
phase recirculation (back mixing) in the bubble column. Since 
heat, mass, and momentum transfer depend on these quanti- 
ties, gas holdup and its distribution constitute important de- 
sign parameters for any multiphase flow system. 

Although the void fraction, or the gas holdup has been the 
subject of extensive experimental research, a review of the 
literature reveals that the reported measurements have been 
predominantly global in nature, that is, mainly the overall gas 
holdup in the vessel has been reported and extensive investi- 
gations of the local holdup and its spatial distribution are not 
available. One of the reasons for this has been -the lack of 
experimental techniques that are capable of making local 
measurements over the whole vessel without an extensive and 
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intrusive data-collection process. At the Chemical Reaction 
Engineering Laboratory (CREL) a computed tomographic 
(CT) scanner has been developed for imaging-phase-holdup 
distribution in two-phase flow systems such as bubble columns 
and fluidized beds. The scanner is a versatile instrument that 
enables the quantification of the time-averaged holdup distri- 
bution for two-phase flows under a wide range of operating 
conditions. The measurements can be made at different dis- 
tances above the distributor for flows in test sections up to 
0.35 m diameter. This allows the quantification of the effects 
of operating conditions on the gas-holdup distribution in a 
bubble column. 

Computed Tomographic Scanner 
The tomographic scanner at CREL uses the third-genera- 

tion scanning configuration, in which an array of collimated 
detectors are arranged in an arc at the center of which is the 
source of radiation. The whole assembly of the detectors and 
the radiation source are mounted on a gantry that is capable 
of being rotated about the axis of the test section through a 
stepper motor interfaced to a host computer. The source used 
is an encapsulated 100-mCi cesium-137 isotope. The encap- 
sulation is such that it provides a fan beam subtending an 
angle of 40" in the horizontal plane. The source has been 
further collimated using a 0.2X0.1 xO.1-m lead brick with a 
central slit such that the emerging beam has a thickness of 
6.5 mm at a distance of 0.28 m from the source. The de- 
tectors used are 2 in. X 2 in. (51 mm X 51 mm) NaI scintilla- 
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tion detectors because these were readily available from our 
Computer Automated Radioactive Particle Tracking 
(CARPT) facility (Devanathan et al., 1990; Yang et al., 1993). 
In order to be able to scan columns up to 0.35 m in diameter 
the arc radius of the detectors was 0.923 m. With this radius, 
only eleven detectors could be accommodated in the fan beam 
arc of 40". In order to increase the number of projection 
measurements in one view of the column, the number of de- 
tectors in the arc was effectively increased by using a collima- 
tor that moves across the detector arc. By this method the 
detectors were made to sample multiple rays. However, this 
increases the scan time (the scan time increases in proportion 
to the number of additional rays sampled by a detector). The 
movement of the collimator is achieved by another inde- 
pendent stepper motor, also interfaced with the host com- 
puter. The collimator made of lead is 6.35 cm deep and has a 
height of 7.62 cm, so that the detectors are completely 
shielded by the collimator. It also has rectangular holes 5 X 10 
mm at locations appropriate to each of the detectors for sam- 
pling the beams. These dimensions for the collimator holes 
were optimized based on considerations of providing ade- 
quate area for detecting photons with good statistics in the 
chosen sampling period. 

The spatial resolution that a scanner is capable of is a 
function of the detector aperture D,, the focal-spot width 
(source size) s, and the magnification factor M defined as the 
ratio of source-detector distance to the source-object dis- 
tance. A measure of the spatial resolution is the point-spread 
function (PSF), which specifies the extent to which a point 
object would be blurred in its image. Yester and Barnes (1977) 
provide the following simple relationship for the width of PSF: 

For our case the detector aperture is 5 mm, the source is a 
sphere of 3-mm diameter and the average magnification fac- 
tor is 1.5 (it varies with position in the imaged object). Thus, 
the average PSF for the present scanner works out to be 3.5 
mm. However, the pixel size is conservatively set in the range 
of 5 to 6 mm. The spatial resolution in the vertical direction 
is the sampled beam thickness of 10 mm. 

The entire scanning assembly weighs about 90 kg, and con- 
sequently the maximum rotational speed that can be achieved 
is about 1 rpm. The holdup distribution that can be obtained 
can therefore only be a time-averaged one. The scanning as- 
sembly has a central opening large enough for it to translate 
up and down with respect to the test section. This latter mo- 
tion is achieved by means of four precision, square, threaded 
screws supporting the scanning assembly at the corners. They 
can be driven synchronously to accomplish the axial position- 
ing required for scanning different horizontal sections of the 
column. The data-acquisition system has been discussed in 
Moslemian et al. (1993) and Kumar et al. (1995). Figure 1 
shows the CT scanner. 

Image Reconstruction Algorithm 
There are numerous algorithms that are available for im- 

age reconstruction and there are software packages-Snark89 
(Herman et al., 1989) and RECLBL Library (Huesman, 1977) 

I -- 

Figure 1. CT scanner. 

-that have implemented most of these algorithms. In the 
field of medicine the algorithms that have found wide ac- 
ceptance are the ones based on Fourier techniques or the 
ones referred to as the algebraic reconstruction technique 
(ART). For the system under discussion an algorithm based 
on maximum-likelihood principles is used. This algorithm re- 
ferred to as the estimation-maximization (E-M) algorithm has 
found wider acceptance in emission tomography. It is based 
on an exact stochastic model of the projection measurements, 
and is an iterative algebraic technique that finds the maxi- 
mum-likelihood estimate of the image. The measured projec- 
tions are considered to be incomplete data in the sense that 
no measurement is completely representative of the system 
being investigated. Two sample spaces X and Y are defined 
with the observed incomplete data y Y having a probability 
density function g ( y ,  8) (either known or assumed), where 8 
is a vector of parameters to be estimated. The data that one 
would ideally obtain are referred to as complete data x G X 
and are related to y through a mapping h : X + Y such that 
h ( x )  = y .  The postulate is that the incomplete data are a sub- 
set of the complete (unobserved) data. The criteria for defin- 
ing the complete data space are based on the physics of the 
problem. If x has a probability density function f ( x ,  8), then 

x being determined by y = y ( x ) .  
The E-M algorithm aims at finding 8, which maximizes 

g ( y ,  8) using the density function f ( x ,  8). The E step consists 
of forming the conditional expectation E(ln f ( x ,  8) I y ,  8'9, 
where 8" represents the current estimate of the vector of 
parameters. The M step chooses On+'  as the new vector es- 
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Figure 2. Reconstruction from different algorithms: (a) convolution-backprojection; (b) ART; (c) E-M algorithm. 

timate that maximizes the conditional expectation. The new 
estimate is then used in the E step and the process is re- 
peated until the logarithm of the likelihood function, In g(y,  
0)  is maximized. A comprehensive article on the algorithm 
has been presented by Dempster et al. (1977). 

Some of the merits of this algorithm are that it can account 
for statistical variations, and can easily incorporate effects of 
nonuniform beams and other pathological effects. There is 
also no need for interpolating and rearranging (rebinning) the 
fan beam data into parallel beams and it assures the nonneg- 
ativity of the final reconstruction. Details of the adaptation 
of the algorithm for transmission tomography can be found in 
Lange and Carson (1984). 

Comparison between the reconstructions obtained by the 
E-M algorithm over the reconstructions of other well-known 

algorithms for some test phantoms (known density distribu- 
tion) is now illustrated. The transmission data (ratio of Z/ZJ 
for a plexiglass column 20.32 cm in diameter filled with water 
was acquired over 90 views with 39 projections each. The im- 
age was reconstructed via the Snark89 image-reconstruction 
package using the convolution method for divergent beam 
projection data (Herman et al., 1989) as well as by an addi- 
tive ART algorithm (Herman et al., 1989). These are com- 
pared with the image reconstructed by the E-M algorithm in 
Figure 2. The reconstructed number in each pixel should ide- 
ally be 0.086 cmyg, corresponding to the mass-attenuation 
coefficient of water at 660 keV, the peak energy of the radia- 
tions from Cs-137. Although visually the reconstruction by the 
convolution method appears to be better, the comparison be- 
tween the reconstructions has to be made on the basis of the 
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Table 1. Mean and Standard Deviation of Attenuation 
Coefficients Reconstructed by Three Algorithms 

Algorithm Reconst. Mean Std. Dev. 
Convolution 0.0736 0.060 
ART 0.0728 0.030 
E-M Algorithm 0.0887 0.003 

magnitudes assigned to the color bar. The mean attenuation 
coefficient and the deviation from the mean obtained using 
the three algorithms are reported in Table 1. The mean re- 
constructed value obtained using the traditionally used algo- 
rithms are far away from the desired value of 0.086 cm2/g, 
and the spread in the pixel values is much larger. The uni- 
formity of the reconstruction by the E-M algorithm can be 
judged on the basis of the corresponding numbers in the table. 

Holdup Measurements: Tomography vs. Other 
Techniques 

In the literature it can be seen that radiation techniques 
have served as the reference for calibration of holdup mea- 
surements made by other techniques (Sim and Lahey, 1986). 
This can be attributed to the noninvasive nature of the 
method. In the present study the cross-sectional mean gas 
holdup computed from the two-dimensional distribution is 
compared with the gas-holdup measurements obtained by us- 
ing the pressure-drop method as well as with the overall gas 
holdup obtained using the bed-expansion method. The pres- 
sure drop between two sections approximately 0.2 m apart in 
a 0.14-m diameter column was measured using a simple 
manometer with water as the measuring fluid. The gas holdup 
in between the two sections was then computed on the basis 
of the expression 

dP 
dZ 
_ -  - - p,g(l- E ) .  (2) 

Use of the preceding expression implies that the effects of 
liquid acceleration and wall friction can be neglected. A 
tomographic scan was made halfway between the two pres- 
sure taps. The cross-sectional mean gas holdup was com- 
puted from the two-dimensional distribution of the gas holdup 
by first circumferentially averaging the data and then using 
the following expression: 

(3) 

where R is the column radius. Table 2 compares the results 
for different gas velocities. Also listed in the table are the 

Table 2. comparison of Tomographic Results with Pressure 
Drop Measurements 

Void Fraction Sup. Gas Vel. 
Ug, m/s CT A P  Bed Expansion 

0.02 0.087 0.088 0.085 
0.05 0.123 0.125 0.129 
0.08 0.147 0.150 0.144 
0.12 0.179 0.182 0.188 

corresponding overall gas holdups obtained using the bed- 
expansion method. Considering that the resolution of the 
scale on the manometer was approximately 1 mm, the mea- 
surements from the scanner can be considered to compare 
well with the other methods. 

Reproducibility of CT Measurements 
The measurements for the gas holdup distribution in a 

0.44-m diameter column were repeated on two successive days 
for demonstrating the reproducibility of the experimental 
measurements. The gas was introduced through a per- 
forated-plate distributor with an effective open area of 0.06% 
(253 holes of 0.7-mm diameter arranged on 11 concentric cir- 
cles). The experiments were repeated at two superficial gas 
velocities: 0.02 and 0.05 m/s. The cross-sectional distribution 
of the gas holdup was approximately axisymmetric and the 
reproducibility is illustrated by comparing the azimuthally av- 
eraged radial variation of gas holdup. Figures 3a and 3b show 
this comparison for the superficial gas velocities of 0.02 m/s 
and 0.05 m/s, respectively. These results correspond to the 
axial location of 0.8 m from the distributor where the end 
effects are minimal. In both cases similar magnitudes of the 
gas holdup are obtained at most of the radial locations. How- 
ever, at the gas velocity of 0.02 m/s the plot appears to show 
a greater difference in the gas holdup forthe two repeat runs 
in the region close to the center of the column. The percent- 
age difference between the two runs (based on the first run) 
at the center (where the difference is maximum) is approxi- 
mately 9%. The differences in the results cannot be wholly 
attributed to the lack of precision of the CT measurement, 
since differences in flow characteristics are expected between 
repeated multiphase flow runs. One cause for such differ- 
ences is the nature of the surfactants contained in water that 
affect the bubble sizes and in turn the gas holdup. These 
effects are more pronounced at low gas velocities. 

Comparison of CT Results with Results in the 
Literature 

For the purpose of comparing the (3T measurements with 
well-known results in the literature, the flow conditions of 
Hills (1974), were replicated. The column internal diameter 
was 0.139 m and the distributor used was a perforated plate 

col. i.d. = 0.445 m 
P6floraled Piate Diibbutor 't 

i 
i 

Up = 0.m nYs. 2 = 0.8 m 

- 
02 0.4 0.6 0.8 

Figure 3. Reproducibility of CT measurements for gas 
holdup. 
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Table 3. Comparison of Cross-Sectional Average 
and Overall Gas Holdup 
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corresponding to the bubbly and churn-turbulent flow 
regimes. At the intermediate velocities (the transition regime) 

0 
0 .2 .4 6 .a 1.0 the measured holdup is lower than that of Hills. In addition, 

Dimensionless Column Radius 

(4 

0 .2 .4 6 .a 1 .o 

Dimensionless Column Radius 
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Figure 4. Measured gas holdup profiles in a bubble col- 
umn under the experimental conditions of Hills 
(1974). 

(Plate B of Hills) having 61 holes 0.4 mm in diameter (1 cen- 
tral, the rest uniformly spaced on three circles). The static 
liquid height used was 1.07 m (Hills does not state the L/D 
ratio used in his work). The scan was made at 0.6 m above 
the distributor, and the superficial gas velocities were 
matched to those used by Hills. Regular tap water provided 
by the St. Louis County Water Co. was used as the liquid 
phase. Filtered and dehumidified air was used for the gas 
phase. From the two-dimensional distribution of mass atten- 
uation coefficients provided by the CT scan, the gas-holdup 
profiles are extracted by comparing the image pixel-by-pixel 
to the corresponding image obtained for the static column 
(no gas bubbling). The distribution obtained is close to being 
axisymmetric, and so the gas-hoidup profiles presented in 
Figures 4a and 4b are all circumferentially averaged. Also 
plotted are the experimental data obtained by Hills. The data 
have been presented in two plots, primarily to reduce the 
density of plotted points. The gas holdup obtained currently 
compares well with Hills' data at low and high gas velocities, 

the profiles (at all the velocities) are much flatter. It has to 
be noted that with Hills' data the effect of superficial gas 
velocity on the gas holdup is high in the lower range of veloc- 
ities and small at the higher velocities. In contrast the 
present data exhibit an approximately uniform trend in the 
way the gas velocity affects the gas holdup. Therefore, it ap- 
pears that in spite of matching all the experimental condi- 
tions, the flow has not been reproduced. The lack of repro- 
ducibility of air-water two-phase flow data is not a new phe- 
nomenon, since the presence of surfactants in even trace 
amounts in water can affect the flow behavior. The gas-holdup 
results from scanning, however, can be verified on the basis 
of the comparison between the cross-sectionally averaged gas 
holdup with the overall holdup obtained by the bed expan- 
sion method as shown in Table 3. 

Operating Conditions for Gas-Holdup Measure- 
ments in Bubble Columns 

Experiments were performed in bubble columns of five di- 
ameters (0.102, 0.14, 0.19, 0.26 and 0.30 m) using air and 
mainly tap water as the gas and liquid phase, respectively. 
For assessing the effect of liquid properties some experimen- 
tal runs were made with deionized water as well as a 50% 
isopropanol-water mixture as the liquid phase. Four superfi- 
cial gas velocities (0.02, 0.05, 0.08 and 0.12 m/s) were used 
for most of the columns. For the two largest of the five 
columns the maximum superficial gas velocity used was 0.10 
m/s instead of 0.12 m/s due to large bed expansions and the 
consequent nonavailability of free expansion space in the 
columns, and also due to the excessively turbulent nature of 
the flow at higher gas flow rates. These velocities cover all 
the flow regimes from bubble to churn turbulent in all the 
columns. For all the column sizes the experiments were con- 
ducted with a static liquid height to diameter ratio of at least 
5. This is the recommended ratio in order for the effects of 
the bed height to be negligible on the flow properties 
(Wilkinson et al., 1992). However, a few other ratios were 
also used to evaluate the effect of the static liquid height on 
the gas holdup and its distribution. All the runs were made 
with zero liquid superficial velocity (i.e., no net liquid flow). 
The data were obtained mainly in columns fitted with a per- 
forated-plate distributor. The distributors were made out of 
0.0032-m-thick aluminum plates. The characteristics of the 
hole patterns and their sizes for the different columns are 
listed in Table 4. To evaluate the effects of gas distribution, 
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Table 4. Characteristics of Perforated Plates Used as 
Distributors 

Distributor Characteristics 
Col. Dia. No. of Holes, Porosity, 

m Hole Dia., mm Pattern % 

0.10 95,O.S Triangular pitch of 0.9 cm 0.23 
0.14 61, 0.4 On 3 concentric circles 0.05 

0.19 1S6,O.S Square pitch of 1.25 cm 0.10 
0.26 193,0.4 On 8 concentric circles 0.05 

0.30 181,0.7 On 9 concentric circles 0.10 

1.5 cm apart 

1.5 cm apart 

1.5 cm apart 

the flow in the 0.19-m-diameter bubble column was imaged 
with two other types of gas distributors, in addition to the 
perforated plate. The two other distributors were a simple 
cone and a single bubble cap riser. For most of the runs the 
scans were performed at five different elevations above the 
distributor for capturing the evolution of holdup distribution 
with axial position. While the intermediate levels for the scans 
for all the columns were identical, the levels for the scans at 
the ends (close to the distributor and the free surface) varied 
from column to column, depending on the accessibility for 
the scanning assembly and on bed expansion. 

Experimental Results and Discussion 
Gas holdup is linked with bubble sizes, their distribution, 

and their frequency. These parameters are dependent on the 
flow regime, and render the gas holdup a function of the flow 
rates of the gas and the liquid phases and the dimensions of 
the flow section. The formation size of the bubbles and their 
subsequent coalescence or breakup also affect gas holdup 
and, hence, influences of the gas distributor and surfactant 
concentration in the liquid phase are to be expected. The 
bubble-size distribution is a function of the liquid viscosity, 
and therefore gas holdup also depends on liquid viscosity. 
The bubble formation process and the physiochemical prop- 
erties are dependent on the pressure and temperature in the 
system. In addition, effects of gas density (Wilkinson and 
Dierendonck, 1990, Clark, 1990), elastic properties of the liq- 
uid phase (Kelkar and Shah, 1985; Kawase and Moo-Young, 
1986), the aspect ratio of the system (Reilly et al., 1986; 
Wilkinson et al., 19921, the molecular structure of the phases 
(Kelkar et al., 1983), the column inclination (Yamashita, 1985) 
and even the startup procedures (Prakash and Briens, 1990) 
have been reported to influence gas holdup. The objective of 
our experimental program was to evaluate the effects of some 
of the preceding operating parameters on gas holdup and its 
distribution. The parameters considered were column diame- 
ter, superficial gas velocity, type of distributor, the ratio of 
static liquid height to the column diameter, and some limited 
variations in the liquid properties. In what follows, the results 
of this investigation are presented. 

Eflect of column diameter 
Based on a large number of experimental studies Shah et 

al. (1982) and Reilly et al. (1986) concluded that for columns 
with diameter larger than 0.15 m, column size has no effect 
on the overall gas holdup. In general it is now accepted that 
the holdup measured in columns with at least this diameter is 

0 2 4 6 8 1 0  0 2 4 6 8 1 0  

Nordimensional Radius. 5 
(a) 

Nordimensional Radius, < 
(b) 

Figure 5. Effect of column diameter on the measured 
gas-holdup profile: (a) Ug = 0.02 m/s; (b) Ug = 
0.08 m/s. 

representative of data for which the effects of column dimen- 
sions can be neglected. Based on their study of large-diame- 
ter bubble columns, Koide et al. (1979) claim that the radial 
distribution of the gas holdup is flatter than that in a small 
column. For gas-liquid flow in small-diameter conduits such 
as pipes (1 to 2 in. in diameter) there is now a lot of data to 
suggest that the gas-holdup profile is saddle-shaped with the 
peaks at the walls especially at low flow rates (Malnes, 1966; 
Serizawa et al., 1975; Wang et al., 1987). Such saddle-shaped 
profiles have not been observed in larger-diameter vessels 
such as bubble columns, and it can be assumed that they are 
the result of wall effects. In bubble columns the void fraction 
distribution is parabolic at high gas flow rates and tend to 
become flatter at lower gas flow rates. These general obser- 
vations in the literature have been confirmed by our experi- 
mental results. 

The effect of column diameter on the gas-holdup distribu- 
tion is shown in Figures 5a and 5b for superficial gas veloci- 
ties corresponding to flow in the bubbly and churn-turbulent 
flow regimes, respectively. The gas-holdup profiles are from 
the scans of the columns at a section where end effects are 
negligible. At the low gas flow rate <Ug = 0.02 m/s>, it is evi- 
dent that the column diameter has some influence on the gas 
holdup, although there appears to be no specific trend to this 
effect. At the gas flow rate corresponding to Ug = 0.08 m/s, 
there is a continuous increase in the gas holdup with column 
diameter. The integral area under the curves was computed 
to evaluate the cross-sectional mean gas holdup, and are tab- 
ulated in Table 5. At the low gas velocity the cross-sectional 

Table 5. Cross-sectional Mean Void Fraction as a Function 
of Column Diameter 

X-Sect. Mean Void Fraction Column Dia. 
m U, = 0.02 m/s U, = 0.08 m/s 

0.10 0.106 0.191 
0.14 0.094 0.209 
0.19 0.075 0.225 
0.26 0.095 0.234 
0.30 0.104 0.238 
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5 ,  1 I I Table 6. Power-Law Exponent as a Function of Column 
Diameter 

Power-Law Exponent m Column Dia. 
m Ug = 0.02 m/s Ug = 0.08 m/s 

0.10 11.0 3.8 
0.14 4.6 3.3 
0.19 5.3 2.7 
0.26 2.2 2.2 
0.30 2.0 1.6 

mean gas holdup decreases initially with the column diame- 
ter and then increases again. At the higher gas velocity the 
corresponding values continuously increase with the column 
diameter, although this increase tapers off gradually. This ob- 
servation is in line with the observation made in the litera- 
ture that the overall gas holdup is unaffected by the column 
diameter, provided it is greater than 0.15 m. 

It is customary to describe the void-fraction profiles with a 
power-law expression (Miyauchi et al., 1981) of the type: 

(4) 

where 2 is a parameter related to the cross-sectional mean 
gas holdup, m is the power-law exponent, and c is the pa- 
rameter that accounts for the nonzero gas holdup observed 
close to the wall. The power-law exponent m provides a mea- 
sure of the steepness or flatness of the gas-holdup profile. 
High values of m indicate a very flat distribution (uniform 
gas-holdup distribution across the section), and a decrease in 
the magnitude of m indicates the increasing tendency 
of the profiles to be parabolic. The exponent m for the con- 
ditions just discussed are tabulated in Table 6. The holdup 
profiles tend to be flat in smaller-diameter columns as well as 
at low superficial gas velocities, and are parabolic in larger 
columns as well as at higher gas flow rates. A measure of the 
fit of the power law (Eq. 4) to the experimental data in 
columns 0.10 m and 0.26 m in diameter is shown in Figures 
6a and 6b. 
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Figure 6. Power law fits to the measured gas-holdup 
profiles: col. ID (a) 0.10 m, (b) 0.26 m. 
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Figure 7. Effect of superficial gas velocity on the mea- 
sured gas-holdup distribution: col. ID (a) 0.10 
m, (b) 0.26 m. 

Efect of supefichl gas velocity 
The effect of superficial gas velocity on the gas-holdup dis- 

tribution is demonstrated in two of the columns studied. Fig- 
ures 7a and 7b correspond to the gas-holdup distributions 
obtained in the 0.10-m- and 0.26-m-diameter columns as a 
function of superficial gas velocity. The data correspond to 
scans at one fixed axial location that is well away from en- 
trance or free surface effects. In general, an increase in the 
gas velocity leads to an increase in the magnitude of the local 
gas holdup at all column radii except at regions close to the 
wall. The magnitude of this increase is much larger at the 
lower velocities corresponding to the bubbly and transition 
flow regimes. At the higher velocities (churn-turbulent flow), 
the increase is relatively smaller. The gas-holdup profile 
changes from a flatter distribution to a more parabolic one 
with increase in the superficial gas velocity. This conclusion is 
based on the values of the power-law exponent m tabulated 
in Table 7 for the two cases considered. In the smaller-diam- 
eter column, the value of the power-law exponent decreases 
with increase in the superficial gas velocity. For the larger 
column the exponent is relatively smaller and is approxi- 
mately constant with increase in gas velocity. Thus, in rela- 
tively larger columns the power-law exponent that deter- 
mines the profile of the radial distribution of the gas holdup 
is typically in the range of 2 to 2.5. 

In the literature the measurements for the overall gas 
holdup are plotted as a function of superficial gas velocity 
and the variation is expressed using the following type of re- 
lationship: 

Table 7. Power-Law Exponent as a Function of Superfkial 
Gas Velocity 

Power-Law Exponent, m Sup. Gas Vel. 
U,, m/s Col. Dia. = 0.1 m Col. Dia. = 0.26 m 

0.02 
0.05 
0.08 
0.12 

11.0 
6.7 
3.8 
2.7 

2.3 
2.3 
2.2 
2.1 
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Figure 8. Cross-sectional mean holdup as a function of 
superficial gas velocity in the columns. 

E a Ug", (5) 

where n is an exponent typically in the range of 0.6 to 0.8 
(Shah et al., 1983). Bach and Pilhofer (1978) have correlated 
the overall gas holdup measured with a wide range of liquids 
with the relation 

The cross-sectional mean holdup in the various columns over 
the range of superficial gas velocities studied are examined 
for a similar relationship. Figure 8 shows the experimental 
data for the gas holdup plotted as a function of superficial 
gas velocity for all the column diameters studied. Also shown 
in the plot are the curve fits to the data based on Eq. 5. The 
exponent n and the constant of proportionality obtained here 
appear to fall in two classes, with similar values being ob- 
tained for columns less than or equal to 0.15 m and greater 
than 0.15 m in diameter. A universal number for these con- 
stants is not obtained, the most probable reason being the 
differences in the open area of the distributors used in the 
various columns. 

Effect of distributor type 
The effect of the type of distributor used on the gas-holdup 

distribution was studied in .the 0.19-m-diameter column. 
Three different kinds of distributors were used. The first of 
these was a perforated plate, the characteristics of which are 
tabulated in Table 4. The second is a cone distributor, and 
the third distributor used was a bubble cap. Their geometri- 
cal characteristics are illustrated in Figure 9. 

The cross-sectional distribution of the holdup shown in 
Figure 10 clearly shows the differences resulting from the dis- 
tributors. It is seen that the perforated plate results in a uni- 
form distribution of the gas, and this gets reflected in the 
gradual variation in the color shades for the gas holdup from 
the column center to the wall. For the cone and the bubble 
cap distributors the gas moves up the column as large bub- 

L- 0.19 -4 
n43 t- Column 

Four holes 0.5 cm in diameter 

Sleel ball 1 .O cm in diameter I O.':  , 
i 

Figure 9. Characteristics of: (a) bubble cap; (b) cone 
distributor. 

bles in a region close to the column center. The peripheral 
regions are almost unaerated, and this is reflected as an an- 
nulus of lighter colors in the cross-sectional image. At the 
higher gas velocities these differences get minimized to a large 
extent, owing to the breakup of the large bubbles due to the 
higher intensity of turbulence generated at these flow rates. 

It is common in academic research to use a sintered-plate 
distributor. The difference resulting from the use of such a 
distributor as against a perforated-plate distributor was stud- 
ied in the 0.10-m-diameter column. The liquid phase used 
was a mixture of isopropanol and water mixed in equal vol- 
umes. The comparison between the gas-holdup distribution 
resulting from the two kinds of distributors are shown in Fig- 
ure 11. This mixture resulted in very fine bubbles, and at high 
velocities also led to excessive foaming, especially with the 
sintered-plate distributor. The magnitude of the holdup gen- 
erated by the sintered plate is larger than that of the perfo- 
rated plate, and this difference increases with increase in gas 
velocity. 

Effect of static liquid height 
Depending on the bubble coalescence and breakup charac- 

teristics of the system, the initial liquid height may or may 
not have a bearing on the gas holdup of the system. In the 
literature there have been investigations reporting the influ- 
ence of static liquid height as well as negating any such influ- 
ence on the holdup. However, it is now generally accepted 
that for columns with L/D ratios of greater than 5, the gas 
holdup is independent of this ratio. There have been no re- 
ports of the effect of the static liquid height on the local gas 
holdup and its distribution. 

In the present study the influence of the static liquid height 
on the local gas-holdup distribution was investigated by con- 
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Figure 10. Effect of distributor type on the gas-holdup distribution-air-water system: col. ID= 0.19 m, U, =0.05 d s ;  
(a) bubble cap; (b) cone; (c) perforated plate. 

sidering L/D ratios less than 5, equal to 5, and greater than 
5. The effect was investigated in two column diameters (0.14 
m and 0.30 m) at a low and a high gas superficial velocity. 
The resulting radial gas-holdup profiles were almost identical 
with no more than a 3% difference between the three cases. 
It was therefore concluded that static liquid height had no 
effect on radial-holdup distribution or its overall magnitude. 

Eflect of axiul distance from the distributor 
For most of the columns studied the tomographic scans 

were made at five different axial locations above the distribu- 
tor in order to see the evolution of the gas-holdup distribu- 
tion with the axial distance from the distributor. Figure 12 
depicts the results of this investigation for two different col- 
umn sizes. In the small column at high gas velocity (Figure 
12a) it seems that the middle part of the column has a rather 
similar gas-holdup radial distribution, with holdup distribu- 
tions in the entry region and disengagement zone being dif- 
ferent as expected. However, at low gas velocity and large 

column diameter (Figure 12b) an entry region cannot be de- 
fined, as the holdup distribution continues to change with 
increase in axial distance, both in terms of magnitude of the 
cross-sectional mean as well as in terms of the power-law ex- 
ponent m. This observation should not be confused with the 
finding that there was no effect of the L/D ratio on the gas- 
holdup distribution. The previous result implies that the gas- 
holdup distribution at any given axial location (away from the 
distributor and the free surface) depends only on the flow 
upstream and that it does not matter how far the flow ex- 
tends beyond that section. On the other hand, the present 
result implies that the gas-holdup distribution keeps chang- 
ing with axial distance. The increase in the magnitude of the 
gas holdup with increasing distance from the distributor could 
be attributed to the coalescence and breakup characteristics 
of the bubbles in the system. The initial bubble sizes (formed 
at the distributor) are probably larger and they gradually 
break up as they rise up through the column. The smaller 
bubbles with their reduced velocities lead to an increase in 
gas holdup with increase in axial distance from the distribu- 
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Figure 1 1. Gas-holdup distribution from sintered-plate and perforated-plate distributor-air-water+alcohol system: 
col. ID = 0.1 0 m, z = 1 .O m; (a1 , a21 U, = 0.04 m/s, (bl , b2) U, = 0.08 d s ;  (a1 , bl) perforated plate, (a2, b2) 
sintered plate. 

tor. However, the changes in the middle sections of the col- 
umn (away from the distributor and the free surface) are not 
too large, even in bubbly flow as can be seen from the cross- 
sectional mean gas holdup tabulated in Table 8. Conse- 
quently, the gas-holdup profile for this central section of the 
bubble column along the axis can be considered to be a func- 
tion of the radial coordinate only. 

Effect of liquid properties 
The effect of using highly purified and deionized water in 

comparison to regular tap water was studied in the 0.14-m- 
diameter column. Deionized water was obtained from a com- 
pact Milli-Q Plus water-purification system that produces 
Type I reagent-grade water with a resistivity of 18 MR-cm. 
The column, the distributor, and the plenum were all washed 
with the same water before the actual runs. The magnitude 
of the gas holdup and steepness of the profile with the deion- 
ized water is always lower than that obtained with regular tap 

water at all gas velocities. The differences in the magnitude 
of the gas holdup increased with increasing superficial gas 
velocity since the bubble sizes increased with increase in the 
gas flow rate. The maximum difference was observed closer 
to the center of the column and the magnitude of this differ- 
ence was about 25%. The bubble sizes observed in the col- 
umn with deionized water (2 to 3 cm) were much larger in 
comparison to bubbles of about 0.5 cm in regular tap water. 
Consequently, the measured holdup with deionized water is 
lower. These observations are consistent with the results of 
Anderson and Quinn (1978). 

The effect of liquid physical properties was also studied by 
comparing the gas-holdup distribution obtained with tap wa- 
ter and a mixture of tap water and isopropanol mixed in equal 
volumes. The mixture had a viscosity of 0.00278 kg/m-s at 
26"C, a surface tension of 28.2 X lo-' N/m and a density of 
917 kg/m3. The bubbles observed in the mixture were small 
and of the order of 1 to 2 mm. This leads to extremely high 
values of gas holdup and the comparison between the two 
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Figure 12. Effect of axial distance on the measured 
gas-holdup distribution: col. ID (a) 0.10 m; 
(b) 0.26 m. 

cases is shown in Figure 13. Apparently the dependence of 
the bubble characteristics as a function of the bubble size is 
in the regime where the effect of surface tension on bubble 
sizes and rise velocities is significant (Fan, 1989). At higher 
gas velocities there is a tendency of the two-phase dispersion 
to foam with the water-alcohol mixture. It is also interesting 
to note that owing to their very small size, the bubbles are 
able to get much closer to the wall, and consequently the gas 
holdup at the wall is significant. In fact, the gas holdup at the 
wall for all the runs (not only with the water-alcohol mix- 
ture) as obtained with the CT scans is nonzero. Theoretically 
speaking the gas holdup at the wall should be zero, since 
there is always a thin layer of the liquid phase on the column 
wall. Apparently this layer is extremely thin and is not within 
the spatial resolution capabilities of the scanner. 

Significance of Results and Conclusions 
From the industrial point of view, the design and scale-up 

of multiphase flow reactors is of great importance. Any re- 
search on the hydrodynamics of such reactors therefore needs 
to enhance our level of understanding of these complex sys- 
tems. Since apriori solution of multiphase flow problems from 
a purely theoretical standpoint cannot yet be accomplished, it 
is necessary to develop models of varying complexity to serve 
immediate needs. With this phenomenologically oriented ap- 
proach, experimental data becomes necessary to aid in the 

Table 8. Cross-Sectional Mean Void Fraction as a Function 
of Axial Distance 

Col. Dia. = 0.1 m Col. Dia. = 0.14 rn Col. Dia. = 0.26 m 
Up = 0.12 m/s Up = 0.092 rn/s Ug = 0.05 m/s 

Z,  m E Z ,  m E Z,  rn 
0.04 0.245 0.045 0.208 0.06 0.132 
0.22 0.189 0.22 0.196 0.22 0.148 
0.53 0.171 0.60 0.193 0.53 0.170 
0.83 0.180 0.83 0.162 0.83 0.183 
1.35 0.346 1.19 0.228 1.26 0.198 
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Figure 13. Measured gas-holdup distribution obtained 
with water and mixture of isopropanol and 
water: col. ID=O.lO m; (a) U,=0.02 m/s; (b) 
U, = 0.08 m/s. 

development of constitutive equations and correlations for 
phenomenological and computational fluid dynamic (CFD) 
models. The use of CFD for multiphase flow modeling is now 
gaining a lot of attention, and the rigorous documentation of 
gas holdup and its distribution presented here could serve in 
benchmarking the numerical simulations. 

Thus far results for gas holdup presented in the literature 
are either qualitative in nature or focused on the overall gas 
holdup. Qualitative results such as photographs of flow dis- 
persion can only aid in simple analysis such as flow regime 
determination, and cannot be used in the kind of model- 
building approach outlined above. Use of overall gas holdup 
can only suffice in the use of reactor models based on the 
assumptions of plug flow or completely backmixed (CSTR) 
reactors or combinations thereof. 

The CT scanner has enabled the quantification of the ef- 
fects of various operating parameters such as the column di- 
ameter, the superficial gas velocity, the distributor type and 
liquid properties on the local gas holdup and its distribution. 
The common observation that the effect of column diameter 
on the magnitude of the gas holdup can be neglected, if the 
diameter is greater than 0.15 m, has been validated. For such 
columns the assumption of a value of 2 to 2.5 for the power- 
law exponent for the radial holdup distribution is reasonable. 
The gas-holdup profiles change from a flatter distribution to 
a parabolic one, both with increase in column diameter and 
superficial gas velocity. These profiles continue to change with 
axial distance from the distributor, and consequently the en- 
trance length required for the profiles to be characterized as 
fully developed could not be identified. In this sense the flow 
is truly three-dimensional. However, it appears to be reason- 
able to assume an average profile based on the gas holdup 
distribution in sections of the flow away from the end effects. 
The type of distributor used makes a difference at low gas 
velocities, and these differences tend to get minimized when 
the flow gets into the churn-turbulent regime. The nature of 
the system studied here was such that the bubble properties 
were affected by the surface tension of the liquid, leading to 

0 
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a profound effect both on the magnitude and shape of the 
gas-holdup profile. The liquid with lower surface tension pro- 
duces very fine bubbles and leads to large values of the gas 
holdup and also to flatter radial holdup profiles. Finally, the 
versatility of the scanner in measuring the data in a wide range 
of operating conditions has been demonstrated. 
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Notation 
D =column diameter 
g =acceleration due to gravity 
L =static liquid height 
P =pressure 
r =radial position 
U =gas superficial velocity t =axial location 

=local gas holdup 
Z =cross-sectional mean gas holdup 

p, =material density of liquid phase 
6 = nondimensional radius 
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