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Liquid circulation in bubble columns influences many system properties such as mass 
transfer and catalyst dispersion. Conditions favorable for liquid circulation often exist 
only for highly turbulent slum'es. Experiments under conditions of lowered su$ace ten- 
sion proved conclusively that uniform circulation can exist euen in the bubbly-flow 
regime. Moreover, the measured circulating uelocity profile is more plug-shaped in the 
center core than traditional models, which take a parabolic shape. These observations 
led to the application of a circulation theory based on an energy-dissipation model for 
turbulent eddy viscosity) which can be easily computed as a simple function of superji- 
cial-gas uelocity. Two length scales were used in model calculations depending on flow 
regime: bubble diameter for bubbly flow and column diameter for chum turbulence. 
The liquid-velocity profile contained a tuned dimensionless proportionality constant, 
which resulted in two different average values, k = 2.51 for bubbly flow and 0.0242 for 
chum turbulence, when tuned to experimental data. The integral average eddy viscosity 
is numerically equivalent to the eddy dispersion coeficient for bubbty flow. Predicted 
liquid velocity compared vety favorably with new measured ualues under conditions of 
low su$ace tension and with literature values. 

Introduction 
Bubble-column design is most often concerned with the 

transfer of mass between phases either for separation or to 
supply reactants to a liquid-phase reaction. In either case, a 
priori knowledge of the mass-transfer characteristics is re- 
quired for design. However, it is well known that mass ex- 
change is primarily determined by the global hydrodynamics 
present in the bubble'column (Shah et al., 1982; Rice et al., 
1993). This has been typically represented by correlations 
based on system and physical properties. Although useful, 
these correlations do little to elucidate the link between mass 
transfer and the overall hydrodynamics on which they are 
founded. Moreover, they do not explain the effect of the in- 
duced liquid circulation patterns on mass transfer. 

Attempts have recently been made using turbulent proper- 
ties, such as Reynolds stresses, to explain the liquid hydrody- 
namics from a fundamental standpoint (Rice and Geary, 1990; 
Geary and Rice, 1992; Menzel et al., 1990; Luo and Svend- 
sen, 1991). These attempts have been somewhat successful, 
but the fundamental turbulent parameters, such as Prandtl's 
length scale and eddy viscosity, have been primarily based on 
single-phase turbulence data. Experimental liquid circulation 
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profiles found in the literature often exhibit plug-shaped pro- 
files in the center of the column rather than parabolic, as 
suggested by the predicted values (Hills, 1974; Menzel et al., 
1990; Ueyama and Miyauchi, 1979). Moreover, this problem 
is confounded by the lack of reliable liquid velocity data to 
test new velocity prediction theories. Another problem is the 
lack of detailed information on the system studied with a few 
notable exceptions (Devanathan et al., 1990,1995; Hills, 1974, 
1976; Menzel et al., 1990; Rietema and Ottengraf, 1970; U1- 
brecht and Baykara, 1981; Ueyama and Miyauchi, 1979). 

Considering the successful dispersion model of Baird and 
Rice (19751, a new turbulent (eddy) viscosity is introduced 
containing an arbitrary proportionality constant, k. This al- 
lows, for the first time, a simple calculation of local turbulent 
viscosity as a function of superficial gas velocity and a length 
scale. The velocity profile may be expressed as a simple alge- 
braic function of this single parameter, k. This parameter was 
tuned to literature velocity data in both the bubbly-flow and 
chum-turbulent flow regimes. The predicted velocity profiles 
not only fit the data well, but also matched the pluglike shape 
of the data in the central core of the column. Most other 
velocity-prediction models, especially those based on single- 
phase turbulence data, yield profiles that are parabolic in 
shape. The present model is compared to liquid-circulation 
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data obtained in surfactant-laced aqueous solutions using an 
innovative combination of two well-known velocity measure- 
ment techniques. 

During the course of investigating velocity profiles in bub- 
ble columns, a fascinating phenomenon was discovered. In- 
tense, global liquid circulation was observed when small 
amounts of surfactant were added to an aqueous bubble col- 
umn. This was surprising, since the bubble column was oper- 
ating well within the bubbly-flow regime (UoG = 2 cm/s), 
which normally does not sustain circulation. Bubbly flow and 
churn turbulence are used throughout this work in the con- 
text defined by Wallis (1969). Simply stated, bubbly flow oc- 
curs under low superficial gas velocities less than 4 cm/s, 
while churn turbulence occurs at gas velocities higher than 
for bubbly flow. It manifests itself by the onset of periodic 
churning and slug formation. When operating under virtually 
identical conditions, liquid circulation was not observed for 
tap-water systems. This unexpected response to the surfac- 
tant has not heretofore appeared in the literature. Moreover, 
the bubble column used in this study was installed to be per- 
fectly vertical, using the spring-micrometer system described 
elsewhere (Rice et al., 1990). True verticality has a profound 
effect in reducing liquid circulation and dispersion in the 
bubbly-flow regime (Rice and Littlefield, 1987). Tilted 
columns sustain liquid upflow on the downfacing wall and 
downflow on the other, even for bubbly-flow conditions. 
Columns that are slightly tilted often have mixing times that 
are almost an order of magnitude less than one aligned per- 
fectly vertical (Rice et al., 1990). 

Following initial mixing-time experiments, we set out to 
measure the local interstitial liquid velocity profile under 
conditions of intense circulation. Both the Pavlov-tube 
method and hot-wire anemometry measurement techniques 
encountered separate, but significant difficulties in the sur- 
factant laced (contaminated) system. Later in this article, we 
will present an innovative method of coupling the two-mea- 
surement techniques to successfully measure velocity profiles 
in contaminated systems. The results of these experiments 
further indicate that the velocity profiles are plug shaped in 
the center of the column rather than parabolic. 

Essence of the Model 
The liquid circulation patterns, given as axial liquid-veloc- 

ity profiles, depend on and are in fact driven by variations in 
the radial distribution of the local gas holdup (Anderson and 
Rice, 1989; Deckwer et al., 1974; Geary and Rice, 1992; Hills, 
1974; Luo and Svendsen, 1991; Menzel et al., 1990). The ex- 
act nature of the radial distribution appears to take the form 
of a polynomial of varying degree as suggested by several au- 
thors (Rice and Geary, 1990; Ueyama and Miyauchi, 1979). 
Rice and Geary (1990) modified the polynomial of Ueyama 
and Miyauchi (1979) by introducing A, so that a bubble-free 
zone exists when 5 > A: 

(1) 

Here, 6 denotes the local dimensionless radial position, r/R, 
and Z is the mean voidage. Several researchers fitted values 

Core Region Buffer RegiovWall Region 
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Figure 1. Three regions in a bubble column and their 
demarcation points. 

for the power exponent m in the range 6-8 (e.g., Geary and 
Rice, 1992; Rice and Geary, 1990). This suggests a very flat 
profile in the central core. 

We exploit this observation by posing a model for voidage 
as a staircase function. The column is apportioned into three 
concentric regions as seen in Figure 1: a central core, an an- 
nular buffer region, and a thin layer of clear liquid near the 
wall. Furthermore, the distribution of local gas hold-up is 
constant in each region, but varies between the regions, that 
is, as a staircase. The voidage in the center is higher than in 
the buffer region, which in turn is higher than the voidage 
near the wall. We take the thin wall region to be free of 
bubbles. The existence of the clear liquid near the wall has 
also been reported by the visual observations of Ulbrecht and 
Baykara (1981) and Rice and Geary (1990). This thin 
bubble-free layer may not be easily observable in low-viscos- 
ity solutions such as water. In high-viscosity liquid solutions, 
however, a bubble street is readily apparent. Bubbles exist 
and rise only in this bubble street while clear liquid exists in 
the remainder of the column (Rietema and Ottengraf, 1970). 
As depicted in Figure 1, the three regions are demarcated by 
6 and A. The demarcation point 6 represents the division 
between the central core and buffer regions (it is the zero 
velocity point), and the demarcation point A represents the 
division between the buffer and wall regions. As will be shown 
later, the parameter 6 and A help characterize the shape of 
the velocity profiles. 

The voidage profile may be related to the mean voidage by 
performing an integral average of the local voidage over the 
entire column. Since the proposed voidage profile is a simple 
staircase, the average may be performed easily: 

(2) 
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where eC is the voidage in the central core and en is the 
voidage in the buffer region. Thus, we see that the mean 
voidage depends on four parameters. If two are measured 
(say Z and E ~ ) ,  we could then find eB = f(6, A). The preced- 
ing equation also represents the conservation of gas mass in 
the bubble column. 

Momentum Balance 
The development of momentum balances for two-phase 

flow is still being debated, yielding similar but slight varia- 
tions to the resulting balances (Ishii, 1975; Rietema, 1982; 
Ishii and Zuber, 1979; Wallis, 1969). The most popular devel- 
opment of the equations has been formulated with the help 
of the “separated flow model” (Ishii, 1975; Rietema, 1982; 
Ishii and Zuber, 1979), which yields the following liquid (con- 
tinuous-phase) and gas (dispersed-phase) momentum bal- 
ances written in vector notation as 

DU 
Dt 

(1 - E ) p L  - = - v41- €1 T - (1 - E N I )  + (1 - E )p ,g  + F, 

(3) 

DV - 
Dt 

E P  - = - V . E T  - E V ~  + Epgg - Fs. (4) 

Here, the two equations are related to one another through 
two fundamental variables: the value of the local gas-phase 
holdup (voidage), E ,  and the slip force, F,, which represents 
the exchange of momentum between phases. By adding Eqs. 
3 and 4 and considering only the z-directed momentum bal- 
ance, the relation for the local value of the total stress be- 
comes after some rearrangement: 

‘- 
P’ 

where the dimensionless pressure gradient, p’ ,  is defined in 
Eq. 5. We have ignored the gravity contribution from the gas 
phase, which is small compared to the liquid phase. 

Equation 5 applies to each of the three regions illustrated 
in Figure 1, and may be integrated therein subject to the 
following boundary conditions, Tc(0) = 0, T,(A) = 0, and 
T ,  (A)  = 0. The subscripts represent each of the three re- 
gions. These points represent maximum and minimum of ve- 
locity where the stress tends to zero. From the boundary con- 
ditions, we can integrate Eq. 5 to give for each region: 
Core region, 0 I 5 I 6 :  

(6) 

Buffer region, 6 I 5 5 A: 

Wall region, A I 5 I 1: 

A simple overall force balance shows that the wall stress is 

7,=- pLgR ( p ’  - 1 + E). 
2 (9) 

The continuum stress must equal this, T,(1) = T,, so it must 
be true that 

(10) 

which is identical to the relation between the pressure gradi- 
ent and the mean voidage uncovered by Geary and Rice 
(1992) using the power-law voidage model given by Eq. 1. 
Note, when p‘ < (1 - ?/A2), the force at the wall is directed 
downward. The expression for the dimensionless pressure 
gradient may now be substituted into Eqs. 6-8, yielding the 
stress relations in terms of the spatial coordinates and two 
buoyancy driving forces, ( E ~  - ?/A2) and (?/A2 - E ~ ) .  For flat 
voidage profiles in which the voidages in the core and buffer 
region are equal (i.e., ideal bubbly flow), the two buoyancy 
driving forces are identically zero, and consequently the liq- 
uid does not circulate. 

The total stress balances, given by Eqs. 6-8, are equal to 
the sum of the Newtonian stress and the Remolds stress. Us- 
ing Boussinesq’s eddy-viscosity model as the Reynolds 
the stress balance in each region must take the form 

where the turbulent viscositv, a,, is a strong function 

stress, 

(11) 

of the 
dimensionless radial position (Bird et al., 1960). The velocity 
gradient may be easily solved, yielding the general expression 
valid for all three regions: 

(12) 

where f(&) and /3 are defined for each of the three regions 
in Table 1. 

Table 1. Factors for Eq. 12 

Core region 5 
A2 
- - - 5  5 Buffer Region 

Wall Region 
A2 
- - 5  5 
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The parameter p in Eq. 12 may be considered a measure 
of the capacity for liquid circulation, since it is dependent 
both on the buoyancy driving force and the system proper- 
ties. Moreover, it is readily apparent that this capacity factor 
also depends strongly on both the column cross-sectional area 
and the liquid viscosity. As the value of p increases (by de- 
creasing liquid viscosity, increasing column diameter, or in- 
creasing the sharpness of the voidage profile), the magnitude 
of liquid circulation in a bubble column is known to become 
more pronounced (Shah et al., 1982). 

Diessler (Knudsen and Katz, 1958) proposed that the tur- 
bulent-viscosity distribution for single-phase turbulence fol- 
lows the simple dimensional relation: 

where 0 and 1 represent the turbulent fluctuation velocity 
and turbulent length scale. This model is still valid in two- 
phase flow systems, as long as proper care is taken to select 
the appropriate length and velocity scales. Using axial disper- 
sion data obtained in two-phase bubble columns, the model 
of Baird and Rice (1975) and Rice and Littlefield (1987) sug- 
gests that 

D = (P, l )V (14) 

where P, is the energy dissipated in the column per unit 
mass and was taken to be the input energy, UOGg. For most 
bubble columns operating in the churn-turbulent flow regime 
(UOG > 4 cm/s), the maximum turbulence length scale for 
mixing is on the order of the column diameter (Baird and 
Rice, 1975; Devanathan et al., 1995), and accordingly, the 
global turbulence length, I, should scale with the column di- 
ameter, d,, tending to zero as the wall is approached. Simi- 
larly, for columns operating in the bubbly flow regime, the 
global turbulence length, 1, should scale with the bubble di- 
ameter (Rice and Littlefield, 1987; Rice and Geary, 1990). 
Circulation is normally absent in the bubbly-flow regime. For 
circulating bubble columns, the turbulence length scale is 
likely to be the column diameter (Baird and Rice, 1975). 
However, we produce evidence that circulation can occur in 
the bubbly-flow regime and the corresponding length scale 
may be the bubble diameter. As a first approximation, the 
distribution can be taken as an nth-order polynomial expres- 
sion, (1 - 59, so that the turbulence scale is at a maximum in 
the column center and zero at the wall. Substituting this ex- 
pression for the turbulent velocity and column diameter for 
the length scale, Eq. 13 becomes 

(15) 

for the chum-turbulent flow regime. To account for flow in 
the bubbly-flow regime, it is a simple matter to replace the 
column diameter, d,, with the bubble diameter, d,, in Eq. 
15. The dimensionless proportionality constant, k ,  and the 
exponent, n, define the magnitude and the shape of the eddy 
viscosity, respectively. We note in passing that Baird and Rice 
(1975) found eddy dispersion to follow 0, = 0.35(UoGg)vdp,  
in the churn-turbulent regime, while Rice and Littlefield 

(1987) found 0, = d r  (uOGg)V for perfectly vertical bubbly 
flow. 

Knowing the form of the eddy viscosity, we solve for the 
velocity gradient in general terms as 

where a! is the ratio: 

V. 

(16) 

(17) 

For each region of the bubble column, the velocity profile is 
given by the integral expressions: 

and 

(18) 

(19) 

(20) 

However, four parameters (A, 6, k,  and n> need to be re- 
solved before the velocity profile can be integrated. 

Closure 
If the proportionality constant, k,  and exponent, n, are 

taken to be adjustable parameters that are tunable, then only 
two parameters need be specified. The calculation procedure 
is as follows. The values of k and n are assumed; the profiles 
are calculated; and then, the profiles are checked against the 
experimental data to see if a good guess was made. We use a 
value of n =  2 for the calculations. Grienberger and Hof- 
mann (1992), using a two-dimensional k-e turbulence model, 
found that simple parabolic profiles of the eddy viscosity were 
needed to fit experimental liquid-velocity data. This particu- 
lar value of n considerably simplifies the analytic form of the 
velocity profiles, as shown in the Appendix. We note that 
when n = 2, the integral average of vf in Eq. 15 is such that 

Now, only the values of the inversion point, 6, and the 
maximum downflow position, A, need be determined. This 
requires two more constraints. The first constraint enforces 
continuity of the velocity at the inversion point, 6. The veloc- 
ity at this point must necessarily be equal to zero whether 
approached from the core region or from the buffer region. 
By definition, the velocity in the core region is zero at this 
point (see Eq. 181, but the buffer region velocity defined by 
Eq. 19 does not necessarily go to zero at 6. Thus, the first 
constraint is 

(vt& = 3/7 v,(O). 

8 dUB 
UB( 6 )  = 0 = Uw(A) + 1 - d r ,  

A d5  
(21) 
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which may also be written solely in terms of the velocity gra- 
dients as 

(22) 

The preceding constraint is only a function of 6 and A, once 
a value of k is specified. 

The second and final constraint imposes the conservation 
of mass on the liquid. In the liquid-batch system considered 
here, the total flow of liquid must be zero. Additionally, the 
overall balance may be easily modified to account for cocur- 
rent or countercurrent flow of the liquid. For a batch-liquid 
system in which mass exchange from the gas phase is consid- 
ered negligible, the liquid mass balance may be written on a 
macroscale as 

where Q is the volumetric liquid flowrate in each of the three 
respective regions. If expressed in terms of the interstitial liq- 
uid velocity, the total liquid mass balance becomes 

which after integration by parts, leads to the final constraint 
in terms of the defined velocity gradients: 

These final two constraints (Eqs. 22 and 25) allow implicit 
solutions for 6 and A. For both constraints, the velocity gra- 
dient in each of the three regions, not the velocity itself, is 
sufficient to close the system if a specification is made re- 
garding the value of the final unknown parameter, k .  The 
unknown value of the proportionality constant will be tuned 
to experimental data taken from literature data and also from 
new liquid circulation data to be presented shortly. 

Some authors have opted to employ yet another constraint 
on the bubble column (to solve for unknown parameters), 
usually in the form of the energy balance (Anderson and Rice, 
1989; Geary, 1992; Ishii, 1975). This yields a balance between 
the rate of energy input and the energy dissipation rate in the 
bubble column that is influenced primarily by the interaction 
between phases or the “s1ip”between the gas and the liquid. 
There is some contention regarding the exact form that the 
equations describing the interphase interaction should .take 
(e.g., the slip force), which yields slightly different energy bal- 
ances, depending primarily on the style chosen for the slip 
force, F,, and energy dissipation rate (Rietema, 1982; Wallis, 
1969; Ishii, 1975). In addition, several expressions for the slip 
force exist (see the review article by Shaw et al., 19821, which 

by themselves will produce some inconsistency from one en- 
ergy balance to another. Geary (1992) has introduced a local 
drift-flux expression in place of the energy-balance equation 
to close his system of equations, and he found that the inte- 
gral drift-flux constraint yielded slightly different but consist- 
ent results with that of the energy-balance constraint. Like- 
wise, the integral drift-flux expression used in the comparison 
also required an empirical expression describing the slip be- 
tween the gas and the liquid. It is interesting to note that the 
different formulations of the equations produce similar re- 
sults; however, care must be taken in the choice of the form 
of the balance. Given that the energy balance equations are 
based on a significant level of empiricism, this balance will be 
discarded in favor of tuning a single parameter, k ,  to experi- 
mental data available both in the literature and those ob- 
tained from this work in a perfectly vertical bubble column. 

Experimental Methods 
Experiments to assess the voidage and liquid velocity were 

conducted to provide a database for comparison to velocity 
predictions. Because the column used in this study was per- 
fectly aligned, a very stable bubbly-flow operating regime was 
produced. As such, the initial experiments with tap-water sys- 
tems indicated mainly stable bubbly flow without significant 
circulation. Rice and Littlefield (1987) describe a technique 
using a visual tracer (an acid-base reaction with phenol- 
phthalein present) to gauge column verticality. Both their 
column and the column used in this study were mounted on a 
single pivot point (a ball bearing), which could be carefully 
tilted in any direction with the help of a spring-loaded caliper 
system attached halfway up the column (see Figure 5). Ad- 
justment to the calipers were made, while the tracer was in- 
jected into the column, to ensure a flat, plug-shaped front. 
Skewed tracer fronts indicated nonverticality conditions. The 
lowest level of axial dispersion corresponded to a “perfectly” 
vertical column. Details of this system are given by Rice and 
Littlefield (1987); Rice et al. (1990); Geary (1992); and Bums 
(1995). The degree of accuracy obtained relative to using a 
simple plumb is quite significant, with details described in 
Rice and Littlefield (1987). An estimate of the liquid circula- 
tion was initially gauged using these acid-base dispersion 
tests, which are described in the following subsection. 

Acid - base method 
The acid-base neutralization technique was originally de- 

signed to infer axial liquid dispersion coefficients. A concen- 
trated base was slowly pumped into the bottom of the bubble 
column into a slightly acidic solution containing an indicator, 
phenolphthalein. As the alkali reacted with the acid, the so- 
lution changed from a clear to a bright pink color, demarcat- 
ing the alkali region from the acidic region. The demarcation 
between the acid and alkali solutions took the form of a hori- 
zontal plane in the noncirculating, vertical bubble column 
with the clear acid solution above the colored alkali solution. 
The low level of local mixing in the bubble column tends not 
to disrupt this demarcation plane, also called the line of neu- 
tralization (LON), so that the LON slowly rises up the col- 
umn. Even at high gas flow rates, the LON could be easily 
discerned and followed. This pink, alkali solution slowly as- 
cends the column, eventually neutralizing all of the acid. By 
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noting the time required to completely neutralize the col- 
umn, a measure of the axial liquid dispersion or backmixing 
can be calculated. Obviously, as the time required to fully 
neutralize the column becomes shorter, the level of liquid 
mixing becomes greater. Thus, intense circulation was not 
obvious from these tests owing to the exceedingly long time 
required to fully neutralize the column [20-30 min to neu- 
tralize - 7 ft (2.1 m) of gas-liquid emulsion]. Even in the 
chum-turbulent regime, complete liquid mixing was achieved 
after nearly 10 min (Burns, 1995). 

However, when a small amount of surfactant, notably 
sodium dodecyl sulfate and decyl alcohol as an antifoaming 
agent, was added to the liquid during the neutralization test, 
obvious liquid circulation commenced almost immediately and 
could be visually observed. This was visualized as a sharp, 
upward-pointing plume of pink, phenolphthalein saturated 
alkali solution being “pumped”up the center of the column. 
The column was completely mixed in a matter of two min- 
utes, even when using extremely low gas flow rates (rates typ- 
ically characterized by the bubbly flow regime, 1.25-3 cm/s). 
This amounts to nearly an order-of-magnitude increase in the 
effective liquid dispersion coefficient. Moreover, the ordered 
form of the upward plume suggests an ordered flow structure 
as seen in the literature: liquid upflow in the center and liq- 
uid downflow near the wall. 

The lowered surface-tension system provided a good op- 
portunity to test the liquid circulation predictions, if the liq- 
uid velocity could be accurately measured, the subject of the 
next section. The addition of surfactant to the water pro- 
duced a milky solution, which was not transparent. However, 
bubble size near the wall could be easily ascertained. Large 
variations in bubble size were not apparent in the vicinity of 
the wall. The calculated bubble sizes, based on formation dy- 
namics, are shown in Table 2 and are based on measured 
values of the liquid-surface tension (Bums, 1995) for the 
present experiments. The surface tension for all the lowered 
surface-tension cases was measured to be - 30 dyne/cm. 

Velocity measurements 
Of the two traditional methods of measuring liquid veloc- 

ity, hot-wire anemometry and the Pavlov tube, the latter 
would not work under lowered surface-tension conditions 
owing to the amount of surfactant used in the bubble column 
(sodium dodecyl sulfate, SDS, concentration - 1.475 mg/L 
and 0.05% by volume of decyl alcohol). The Pavlov tube (Fig- 
ure 4b) under these lowered surface-tension conditions would 

trap smaller bubbles in the connecting tubing, which contam- 
inated the pressure signals to the inclined manometer. This 
was because the capillary pressure of a bubble was of the 
same order of magnitude as the liquid-velocity head we were 
trying to measure. This proved to be a problem regardless of 
how small the holes in the Pavlov tube were constructed. On 
the other hand, in tap water, the Pavlov system responded 
well and mean axial liquid velocities could be accurately mea- 
sured. 

A hot-wire anemometer presents more of a problem in 
tap-water systems than does a Pavlov tube. Each element of 
the hot-wire probe (i.e, steel-clad probe) is influenced and 
cooled by liquid velocities and liquid-velocity fluctuations in 
all directions that results in a signal that must be strenusously 
deciphered in order to extract information about the mean 
liquid velocity in any of the three coordinate directions. This 
means generally more than one probe must be used in order 
to cross-correlate the signals to obtain meaningful axial liq- 
uid-velocity estimates. Furthermore, the probes are also very 
sensitive to small concentrations of oils and contaminants in 
the water that foul the probe (Buchholz and Schugerl, 1979; 
Hollasch and Gephart, 1972). Data acquisition is further 
complicated by bubbles interacting with the probes them- 
selves (Farrar and Bruun, 1989). Introducing a relatively large 
amount of surfactant into the two-phase solution when the 
anemometer has been calibrated in tap water only compli- 
cates this difficult situation into an intractable one. 

The individual problems of each measurement technique 
can be circumvented if the two are calibrated against one 
another in tap-water solutions. Then the calibration of the 
anemometer/steel-clad probe in the surfactant system can be 
used to estimate velocity, as we show. For this latter calibra- 
tion, we choose to use a steel-clad probe (Figure 4c), which 
would withstand the rigors of two-phase flow and surface- 
contaminant levels, but more importantly, it had a relatively 
large surface area (6 mm long by 1 mm in diameter) that 
should reduce the effect of small bubbles impacting the probe. 
Unfortunately, the steel-clad probe measured both the mean 
velocity and velocity fluctuations in all directions. However, it 
allowed easy measurements on contaminated (surfactant- 
laced) systems. 

The Pavlov tube and hot-wire anemometer/steel-clad probe 
were individually calibrated in the bubble column using tap 
water and then compared to one another. A representative 
comparison plot is shown in Figure 2 for center-line measure- 
ments at varying superficial gas velocities. The difference be- 
tween the velocity measured by the hot-wire anemometer/ 
steel-clad probe and the Pavlov tube represents the fluctua- 

Table 2. Parameters Obtained from Indicated Data 

Reference 
Hills (1974) 
Hills (1974) 
Hills (1974) 
Hills (1974) 
Hills (1974) 
Devanathan et al. 

(1992) 
Bums (1995) 
Bums (1995) 
Bums (1995) 

UOG 
cm/s 
1.9 
3.8 
6.4 
9.5 

16.9 
10.5 

1.25 
1.74 
2.25 

U 
dyne/cm 

72 
72 
72 
72 
72 
72 

30 
30 
30 

d B  
cm 
0.59 
0.71 
0.65 
0.56 
0.44 
1 S O  

0.33 
0.37 
0.40 

dC 
cm 

13.79 
13.79 
13.79 
13.79 
13.79 
30.61 

13.97 
13.97 
13.97 

- 
0.070 
0.130 
0.180 
0.198 
0.220 
0.180 

0.068 
0.118 
0.146 

CC 

0.090 
0.173 
0.245 
0.277 
0.308 
0.235 

0.097 
0.164 
0.201 

EB 

0.052 
0.086 
0.109 
0.108 
0.118 
0.117 

0.039 
0.071 
0.089 

A 
0.981 
0.982 
0.983 
0.982 
0.981 
0.990 

0.977 
0.978 
0.980 

6 

0.725 
0.733 
0.741 
0.746 
0.749 
0.744 

0.725 
0.731 
0.736 

k 
1.13 
0.0230 
0.0250 
0.0250 
0.0185 
0.0295 

3.40 
2.74 
2.77 

Qc. L/mm 
16.25 
21.03 
24.37 
26.30 
32.37 

135.13 

20.80 
31.69 
31.04 

Flow Regime 
Bubbly Flow 
Chum Turb 
Chum Turb 
Chum Turb 
Chum Turb 
Chum Turb 

Bubbly Flow 
Bubbly Flow 
Bubbly Flow 
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Figure 3. Turbulent-fluctuation velocity as a function of 
U,, in the center line of the column for tap 
water. 

column-for-tap, surfactan-free water. 

tion velocity owing to bubble wakes. 

Both probes were calibrated in tap water at the radial di- 
mensionless positions of 0.0, 03, 0.7 and 0.9 located midway 
up the column axis. Little variation in the fluctuation velocity 

The difference denoted by the arrow represents the fluctua- 

tion velocity. In fact, the mean turbulent-fluctuation velocity 
can be taken to be the difference between the two as follows: 

since the Pavlov tube is purely unidirectional. The variation 
of was found to be relatively independent of radial po- 
sition in both coalescence-supporting and -suppressing media 
by Buchholz et al. (I, 1979) and Buchholz and Schugerl (11, 
1979). The microturbulence scale and the bubble size may be 
linked, according to Rice and Geary (19901, which implies 
that the microturbulence fluctuations may be linearly de- 
pendent on the bubble size. Now, if the bubble size does not 
vary with radial position in the column, then local turbulence 
fluctuations should also be invariant with radial position. This 
can be inferred if we plot the fluctuation velocity taken from 
Figure 2 vs. the superficial gas velocity on a log-log scale, 
such as in Figure 3, where a straight line with slope 0.5 re- 
sults. Bubble formation models (Rice and Geary, 1990; Geary 
and Rice, 1991) show this same dependence; that is, bubble 
size varies as the square root of the superficial gas velocity. 
As the gas velocity is increased and the churn-turbulent flow 
regime prevails, the coalescing and breakage dynamics begin 
to control the bubble size and bubble shape, leading to a 
different dependence on the gas velocity. Measurements from 
each probe, expressed as in Figure 2, could be used to map 
out the turbulent fluctuation velocity vs. gas velocity in the 
tap-water system. This could then be used to convert hot-wire 
anemometer/steel-clad probe measurements in surfactant- 
laced systems to an equivalent axial velocity using Figure 3 
and Eq. 26. The error in @ at low liquid velocities is asso- 
ciated with the velocity obtained from the Pavlov tube. The 

( I 10%) was found to exist between any of the four positions 
for the flow rates measured, U,, = 1.25-2.25 cm/s. This is 
supported by the work of Buchholz et al. (I, 1979) and Buch- 
holz and Schugerl (11, 1979), who also found little variation in 
the local turbulent fluctuation velocity with radial position. 
For the lowered surface tension, the bubble size could not be 
measured using the typical visual technique (Geary, 1992) 
owing to the milkiness of the emulsion. Bubbles near the wall 
of the milky two-phase emulsion appeared to be quite uni- 
form. Furthermore, large transient eddies indicative of churn 
turbulence were not observed. This suggests that the bubbly- 
flow regime was realized, as expected for lowered surface- 
tension liquids under such conditions. The bubble size was 
calculated using the two-stage bubble formation/break- 
age model of Geary and Rice (1991), which is applicable for 
the bubbly-flow regime. Thus, the inadequacy of the Pavlov 
tube in surfactant laced systems was circumvented using the 
hot-wire anemometer/steel-clad probe along with the calibra- 
tion curves for tap water (Figure 3). 

It must be noted that the anemometer velocity measure- 
ments in the surfactant-laced system may be slightly overesti- 
mated using the tap-water calibration curves. This arises be- 
cause the bubble sizes in surfactant-laced systems are smaller 
than for pure systems, thereby reducing the magnitude of the 
turbulent fluctuations. This would reduce the gap between 
curves in Figure 2. So the assumption that turbulent fluctua- 
tions are equivalent for the tap-water and surfactant systems 
may be questioned, if as we propose, the bubble size controls 
eddy size. This is not always the case, since eddies from wall- 
generated turbulence also coexist. Nonetheless, we use this 
velocity information to tune the current model for the surfac- 
tant-laced system. Before we can begin fitting the model, the 
voidage profile must first be measured. 

manometer system used ,a Merium Blue manometer fluid 
(s.g. - 1.25) to pick up small variations in pressure caused by 
the liquid-velocity head. This system is not as accurate for 
low velocity as is the hot-wire anemometer. This causes some 
variation at the low velocities, as seen in Figure 3. 

‘Oidage 

Typically, the local voidage or gas holdup is determined 
using a conductance probe technique in which an insulated 
needle, exposed only at the tip, is immersed in a bubble field 
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where the liquid is conducting electric current. When the 
needle tip is in the water, the circuit is closed and current 
flows to the probe, but when a bubble impacts the probe tip 
and is punctured, the circuit is broken and no current flows 
to the probe. The exact details of this probe are published 
elsewhere (Serizawa et al., 1974). However, the conductance 
probe fails to accurately predict local voidage when the water 
contains large concentrations of surfactants for a number of 
reasons. The thick layer of charged surfactant molecules sur- 
rounding a bubble acts both as a physical barrier and an elec- 
tromagnetic barrier to the needlelike conductance probe. 
Both the tip of the conductance probe and the charge on the 
bubble surface are negatively charged and tend to repel one 
another. Finally, the presence of the surfactant layer also 
makes it physically more difficult for the needle to puncture 
the bubble, which results in many inefficient "hits" and 
glances, as we observed after several attempts to use such a 
probe. 

The isokinetic sampling method developed in this work, 
shown in Figure 4a, bypasses the barrier problem by continu- 
ally sampling the emulsion in a flowthrough system using light 
attenuation to differentiate between the gas and liquid. The 
sample is sucked through a small capillary, 1.5 mm in diame- 
ter, which forces the bubbles into slug flow. The sampling 
rate is determined from the mean axial liquid-velocity pro- 
files measured independently using the calibrated hot-wire 
anemometer discussed previously. The sampling rate is such 

that the mean axial velocity profile is not disturbed, and hence 
the sample is taken isokinetically (Rosner, 1986). The sam- 
pled bubble slugs pass between an infrared LED and a pho- 
totransistor. The LED and phototransistor are housed dia- 
metrically opposed to one another in a thin channel cut 
through two blocks of wood and are wired to a circuit board 
placed directly under the housing. This circuit board contains 
the remaining components of the electronic circuit and wiring 
that connects the circuit to a computer. All exposed wiring is 
insulated and the circuit board itself is encased in silicone 
sealant to protect it from water short-circuiting (Burns, 1995). 

The channel connecting the two photoelectric elements in- 
tersects another channel in which the capillary is placed; this 
places the capillary tubing directly in between the detector 
and the LED. The voltage drop across the phototransistor is 
proportional to the amount of light it detects; consequently, 
the phototransistor acts as switch; a lower voltage drop is de- 
tected when the light is attenauted by liquid, switching to a 
higher value as gas passes by the detector-emitter pair. The 
time constant for the switching is equal to the time constant 
for the phototransistor, which is roughly on the order of a 
nanosecond. From this it is obvious that the time constant for 
the phototransistor will be far smaller than the time constant 
for the system. Because the signal from the phototransistor 
behaves much more like a square wave than does the signal 
from a conductance probe, it requires less data manipulation 
to calculate the mean local voidage. 

/TO Peristaltic Pump 

3.) Isokinetic 
Probe 

I cm /7m 0 m-: 11 0.6 cm 

End View Side View 

L) Steel Clad 
Probe 

Figure 4. lsokinetic voidage sampling probe, Pavlov 
tube, and the hot-wire anemometer/steel-clad 
probe. 

Experimental Details 
The Pavlov tube is constructed of two tubes of glass ar- 

ranged to form an annulus in which the inner tube is sup- 
ported at one end by a thin capillary connecting it to the 
outer tube, forming the first tap or inner tap (Figure 4b). As 
with Hills' (1974) design, the other tap is located in the same 
plane as the first tap, but it is offset 90" from the inner tap. 
Both the inner and outer taps were made to be no larger 
than 1 mm in diameter, which was found to be small enough 
to prevent bubbles from entering the tubing in high-surface- 
tension fluids, such as pure water. At the opposite end of the 
Pavlov tube there are two glass nipples used to attach flexible 
tubing; these nipples are connected to an inclined manome- 
ter where the pressure difference can be measured. The clear 
glass walls of the Pavlov tube enabled us to quickly detect 
whether any bubbles had entered the tubing (Burns, 1995). 

The hot-wire anemometer was a Dantec 56C17 main bridge 
unit with multipurpose signal conditioner, linearizer, and 
mean value unit. The steel-clad probe, Dantec catalog num- 
ber 55R47, was connected to the unit using a 5-m coaxial 
cable. Details of both the steel-clad probe and the Pavlov 
tube are given in Figure 4. The unit was connected to a PC 
using Notebook for DOS to give automatic data acquisition. 

The acrylic bubble column was 13.97 cm internal diameter 
and 240 cm in height, and is shown in Figure 5. Both the 
Pavlov tube and the steel-clad probe were placed 116 cm up- 
ward from the sparger of the column, although not at the 
same time. The sparger used in this study was a rubber-sheet 
sparger, otherwise known as the Flexisparger. The Flexi- 
sparger had 151 holes drilled into its face in a 7-mm triangu- 
lar pitch using a #79 drill bit, which resulted in a mean hole 
size of 0.353 mm. The performance of this same Flexisparger 
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Figure 5. Bubble column. 

is discussed by Geary and Rice (1991), who provide a method 
to calculate bubble-formation size for flexible spargers. 

Experimental Results Compared with Theory 
The voidage profiles for the three superficial-gas velocities 

chosen here, U,, = 1.25, 1.75 and 2.25 cm/s, are given in 
Figure 6 along with the fitted staircase profiles. The mean 
values of the holdup are also shown in the figure. In all cases, 
the voidage profiles show a relatively flat plug shape in the 
central core, gradually trailing off as the wall is approached. 
As the wall is approached, however, the isokinetic sampling 
probe had difficulty in properly sampling the two-phase 
emulsion owing to the high velocity of downflowing water 
against the upflowing gas (countercurrent flow). As a result, 
the values near the wall are much less reliable than the ones 
in the central core (cocurrent flow). This problem was also 
reported by Hills (1974) using the conductance probe method. 
Errors in the buffer region voidage do not seriously affect the 
model calculations because the liquid-velocity prediction does 
not require an accurate value of the local voidage in the buffer 
region. The buffer zone voidage is in fact calculated using the 
gas-phase mass balance, Eq. 2, once estimates of the mean 
voidage and the core voidage are known along with calcu- 
lated values of 6 and A. 
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method in lowered surface tension water. 
Figure 6. Voidage data from the isokinetic sampling 

The lines are the fitted staircase model. 

Circulation velocities, inferred from anemometer measure- 
ments, were entirely in the bubbly-flow regime with values as 
high as 50 cm/s at the center line (Burns, 1995). Figure 7 
shows data and theory for the liquid circulation velocity pro- 
files at superficial gas velocities of 1.25 and 2.25 cm/s, both 
of which are well within the bubbly-flow regime. Only two 
model curves are illustrated to prevent clutter. Results for 
the case U,, = 1.75 cm/s are presented in Figure 8 and Table 
2, where parameters are provided for all cases considered. As 
with the literature data, we see a definitive plug shape to the 
measured velocity profile in the center of the column as well 
as with the tuned model. For the lowered surface tension 
data, we have already shown that the proper length scale is 
probably the bubble size and not the column diameter. 
Therefore, the column diameter in Eqs. 15 and 17 can be 
replaced with the bubble diameter. In this case, the calcu- 
lated values of k are roughly two orders of magnitude greater 
than those calculated using the column diameter. The k val- 
ues were also slightly higher than for the bubbly- 
flow data reported by Hills (UoG = 1.9 cm/s yielding a k = 
1.13), as we discuss in the next section. This discrepancy is 
attributed to the uncertainty in the calculated bubble diame- 
ters, since bubble sizes were not provided by Hills. The aver- 
age value of k for all bubbly-flow data was 2.51, thus the 
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Figure 7. Lowered surface tension data vs. fitted model 

for U,, of 1.25 and 2.25 cmls. 
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Figure 8. Lowered surface tension data vs. fitted model 

for U,, of 1.75 cmls. 

integral average for vI is: ( v ~ ) , , ~  = 1.08d~(U~,g) ’ /3 ,  
which is almost identical with the dispersion results of Rice 
and Littlefeld (1987), namely 0, = dF(uoGg)’/3. 

Literature Data Compared with Theory 
When testing liquid velocity predicted by theory (Eqs. 

18-20) against experimental data, specific and detailed infor- 
mation about the system of study is needed in order to com- 
pletely define the hydrodynamics. It is for this reason that 
the data of Hills (1974) are often chosen as a benchmark to 
test liquid-velocity prediction profiles. Hills provided detailed 
information on the sparger specifics, column dimensions, wa- 
ter conditions, and most importantly, the radial voidage pro- 
files. The voidage profiles of Hills are given in Figure 9 and 
the fitted (average) values of the voidage in the core and the 
buffer region are reported in Table 2. To initiate the search 
for S and A, initial values are taken as roughly 0.707 and 1.0, 
respectively, which corresponds to equal areas of upflow and 
downflow. Subsequent calculations show later that the values 
of 6 and A do not diverge greatly from these initial values. 
Small deviations in either 6 and A should not affect the re- 
gressed values of the voidage in either the core or buffer re- 
gions owing to the discrete nature of the data. 

‘ ‘ I l l l  . Uog = 6.4 cm/sec . Uog = 3.8 cm/sec 
010 I 

O o 5  ~ I 1 . Uog = 16.9 cdsec 
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Figure 9. Hills’ (1974) voidage data for varying U,, (de- 
tails in Table 2). 

For the flow rates shown in Table 2, Hills voidage data 
showed a relatively flat profile in the core region decreasing 
as the wall is approached, which bears a striking resemblance 
to the square-wave profile portrayed in Figure 1. However, 
near the wall, the model does a poor job of describing the 
local voidage profile where experimental errors were large 
according to Hills. This poor quality of the data will have 
little effect on the predicted values, because the buffer-re- 
gion voidage is inferred from the gas-phase mass balance (Eq. 
2), which depends on the core region and overall voidage. 
Both of these are more accurately measured than voidage 
near the wall. Consequently, the model circumvents experi- 
mental error in voidage measurements near the wall by rely- 
ing on accurate data obtained elsewhere in the column. 

The velocity profiles shown in Figure 10 were calculated 
first by estimating the values of the voidage profile in the 
core and the mean voidage as reported by Hills. To start the 
routine, a value of the proportionality constant, k, is chosen. 
The values of the inversion point, 6, the point of maximum 
downflow A, and the voidage in the buffer region, E ~ ,  are 
then solved numercially by invoking Eqs. 2, 22 and 25. The 
integrals were evaluated using a 16-point Gaussian quadra- 
ture, and the equations were solved numerically using the 
well-established Newton-Raphson root-solving technique. 
The velocity profile was then visually compared against the 
reported experimental data for goodness of fit and a sum of 
the residuals was calculated. An adjustment in k was then 
made, and the routine was repeated until a satisfactory visual 
fit resulted Ke., when the residuals were minimized). 

In the case of Hills data, only one data set fell within the 
bubbly flow regime (UOG = 1.9 cm/s). For this data set, the 
column diameter in Eqs. 15 and 17 was replaced with the 
calculated bubble diameter (see Table 2). The fit of the cal- 
culated velocity profile very closely simulates the “pluglike” 
shape of the data reported by Hills. This differs from litera- 
ture models, which have shown a more parabolic form. Plug- 
like behavior has been observed by many different authors, 
even at high gas throughputs. Devanathan et al. (1990) re- 
ported liquid-velocity data for superficial-gas velocities of 10.5 
cm/s (well beyond the bubbly-flow regime) using particle- 
tracking technology. Even at these high velocities the shape 
of the liquid-velocity profile in the center gave a plug shape, 
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Figure 10. Hills’ (1974) velocity data vs. fitted model for 

U,, of 3.8, 6.4, and 16.9 cm/s (details in 
Table 2). 
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Figure 11. Devananthan et al. (1990) data vs. fitted 

model for U,, of 10.5 cm/s (details in Table 
2). 

as can be seen in Figure 11. In the case of Devanathan’s data, 
some important details of the experimental setup were left 
out of the original work, namely the sparger specifications 
and the radial voidage profile. The voidage profile for De- 
vanathan’s work was estimated using data obtained by Geary 
and Rice (1992), who fitted the value of m in the voidage 
profile (Eq. 1) to Devanathan’s data; that is, they used re- 
ported values of the mean voidage to estimate m in Eq. 1, 
which was found to be equal to 6. Equation 1 was then aver- 
aged from 0 to S to yield a value for the core voidage. The 
mean voidage was also given so that Eq. 2 was used. 

The tuned values of k and the numerically determined val- 
ues of 8, A, and es are given in Table 2. For the churn- 
turbulent data of Hills, the tuned parameter k varies only 
slightly around a mean value. When the model was tuned to 
the data of Devanathan, the value of k was found to be 
slightly larger. 

Comments and Conclusions 
We have presented a liquid-circulation prediction theory 

based on an energy-dissipation model for turbulent (eddy) 
viscosity. The liquid-circulation model is dependent on a sin- 
gle proportionality constant, which was tuned to both litera- 
ture and new lowered surface-tension liquid-velocity data in 
the bubbly-flow and churn-turbulent flow regimes. The length 
scales for turbulent mixing were taken to be equal to the 
bubble diameter for bubbly flow and the column diameter for 
chum turbulence. This yielded two sets of tuned values for 
the proportionality constant, which yielded two tuned aver- 
age values: k = 2.51 (bubbly flow) and k = 0.0242 (churn tur- 
bulence). The results for the bubbly flow suggest (vt& = 0, 
within experimental error. The energy-dissipation model for 
turbulent viscosity affects the shape of the liquid-velocity pro- 
file, which we showed should be more plug shaped in the 
center of the column rather than the conventional parabolic 
shape often seen in the literature. 

Important new methods for measuring both the liquid ve- 
locity and the local voidage in a bubble column have been 
presented. These methods were developed because tradi- 
tional techniques used to measure these parameters failed in 
surfactant-laced systems. The methods seem to have wide ap- 
plicability in a multitude of different low-surface-tension 
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multiphase bubble columns. We also argue that a complete 
voidage profile is probably not necessary for accurate velocity 
predictions. The simplified staircase function requires only 
two values of the voidage: the mean value in the central core 
and the overall mean in the column. This simplifies the ex- 
periments needed for designing and modeling bubble 
columns. 

Finally, we remark again that intense liquid circulation was 
spontaneously induced by adding small amounts of surfac- 
tant, sodium dodecyl sulfate, and decyl alcohol. It is thought 
to be a result of the surfactant’layer transforming the bubble 
into a more spherical shape by reducing its size and at the 
same time making the bubble more rigid. This well-known 
effect could cause the bubble to behave more as a rigid sphere 
than a bubble. If this were the case, the bubble in the pres- 
ence of a velocity field could begin to spin, wherein the bub- 
ble would generate a lateral force known as the Magnus force. 
This is the same force that enables a pitcher to throw a cume 
ball in a baseball game. The spin owing to an imposed veloc- 
ity gradient would cause the bubbles to move toward the cen- 
ter of the column (Drew, 1988; Drew et al., 1990, forming a 
gradient in the radial-gas holdup, which further stimulates 
the full development of buoyancy-driven flow. Low-surface- 
tension systems are widely used in the process industries, in- 
cluding coal liquefaction slurries, fermentation processes, and 
flotation systems. The current research suggests that strong 
circulation is likely to arise for these processes. 
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Notation 
A =cross-sectional area of the column, cm’ 
D, =eddy dispersion coefficient, cm2/s 

g =gravitational constant, cm/s2 
p =pressure, atm 
r =variable radial coordinate, cm 
R =column radius, cm 

R, =Reynolds stress for continuous phase, dyne/cm2 
T =the total stress tensor in the continuous phase, dyne/cm3 
U =local liquid velocity, cm/s 

Uog = superficial-gas velocity, cm/s 
U,, = superficial-liquid velocity, cm/s 

V = dispersed-phase velocity, cm/s 
6 =dimensionless inversion point 
A =dimensionless position of maximum downflow 

Us =slip velocity, cm/s 

p L  =liquid viscosity, poise 
p1 =turbulent viscosity, poise 
vL =liquid kinematic viscosity, cm2/s 
pg =gas density, g/cm3 
pL =liquid density, g/cm3 
u =surface tension, dyne/cm 
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Appendix 
For the assumed profile given by n = 2, an analytic solu- 

tion for the velocity profile can be written as a function of 
two integrals: 

and 

where 

(Al) 

Both integrals have analytic solutions. They are written as 

and 
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where 

and 

The solutions to the velocity profile in each of the three 
regions are algebraic functions of I ,  and Z,. The core region 
velocity profile is then given by the relation: 

Similarly, the buffer and wall region velocity profiles are then, 
respectively, 
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