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Abstract

Performance of bubble columns under transport processes is dependent on bubble size distribution
and void fraction. These multiphase parameters are sensitive to the operation regime of a bubble
column. The current work presents a systematic study of bubble size and void fraction in a batch
bubble column within the homogeneous and heterogeneous regimes. Effect of liquid viscosity and
gas superficial velocity on bubble size distribution, void fraction, and operation regime was
investigated. Results showed that increasing the viscosity accelerates the regime transition. Bubble
size distributions were statistically characterized using probability density function and probability
plots. It was shown that bubble size distribution shifts from near-Gaussian in the homogenous
regime to lognormal (in parts) in the heterogeneous regime. Dimensional reasoning was used to

scale the bubble size and void fraction with respect to the operation regime.
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1. INTRODUCTION

Bubble columns are vastly used in chemical and biochemical processes providing both high
efficiency and low operation costs. Understanding and modeling the transport phenomena as well
as hydrodynamics of bubble columns requires a fundamental understanding of characteristics of
the dispersed (gas) phase (i.e. bubbles). Bubble size (d»), population, and rise velocity (Ub)
significantly influence the physical behavior of the bubbly flow.! Bubble size distribution (BSD)
is a primary aspect in the understanding of the physical behavior of the multiphase flow and was
studied in this work. Note that the bubble rise velocity is a function of bubble size; therefore, any
factor that effects the bubble size effects the rise velocity, which in turn effects the void fraction
(¢). Both bubble size and void fraction are impacted by gas superficial velocity, liquid properties,
bubble column operation condition, column geometry, and gas injection method. Current work

studies the effect of gas superficial velocity and liquid viscosity on bubble size and void fraction.

Shah et al.? showed that the void fraction is predominately a function of the gas superficial
velocity. The study of bubble columns with different system characteristics showed that there is a
direct correlation between gas superficial velocity and void fraction.®*! Lockett and Kirkpatrick?
and Kara et al.'® showed that in the homogenous regime, void fraction exhibits a linear increase
with increasing gas superficial velocity. However, in the heterogeneous regime the functional form
between gas superficial velocity and void fraction is less apparent.>'* Liquid properties effect the
void fraction by influencing the bubble formation as well as coalescence and breakup processes.!
The bubble column literature reports both increasing and decreasing void fraction with increasing
liquid viscosity.'>-?! Besgni et al.?? argues that viscosity has a dual effect on void fraction. At low
liquid viscosity, the coalescence is limited and increasing the viscosity increases the drag force
acting on bubbles and, in turn, increases the bubble residence time and void fraction. However, in

2



MOHAGHEGHIAN et AL AIChE JOURNAL

more viscous liquids, viscosity increases the coalescence rate and, consequently, produces larger
bubbles with higher terminal velocity that decrease the void fraction. Bubble column literature
provides numerous correlations for the prediction of the void fraction. Interested readers are
referred to Besagni et al.2® for a summary of available correlations. Akita and Yoshida®* proposed
a well-known correlation for void fraction scaling based on dimensional analysis. Their work
suggests that the Froude number (Fr), Archimedes number (Ar), and E6tvos number (Eo) scale the
void fraction with a power law functional form, &/(1- £)* = CFr*Ar?Eo®. Here C is a proportionality
constant and X, %,Q2 are the powers of each non-dimensional term. Similar functional forms are
reported in the bubble column literature.!825-28 Akita and Yoshida?* used the column diameter as
a characteristic length scale to calculate the aforementioned dimensionless terms; however, in the
present study using the bubble size as the characteristic length scale seems more appropriate since

the bubble size is much smaller than the column diameter.

There is a general scarcity in bubble size data reported in the bubble column literature,
partly because of the difficulties associated with bubble size measurements. While Leonard et al.?°
outline the inconsistencies in the bubble size distribution literature, there is a general consensus
that in the homogenous regime the bubble sizes increase with increasing the gas superficial
velocity while in the heterogeneous regime bubble size decreases with increasing the gas
superficial velocity. Li and Prakash®® studied the spatial distribution of bubbles and found that
smaller bubbles dominate the near wall region, and larger bubbles are more common in the central
region of the column. In a highly viscous liquid, the bubble surface is more stable, larger bubbles
form at the injector,3? and the coalescence rate is larger than the breakage rate.23*-* The study
of bubble size distribution shows that in viscous liquids the probability density function (PDF) of

the BSD exhibits a bimodal shape.’®?1%¢3" In the bubble column literature, scaling of the
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characteristic bubble length has been broadly approached assuming the sizing is dominated by
either a breakage mechanism?® or bubble formation.>*“° The former attempts to find a stable bubble
size under a given external (breakage) force in the heterogeneous regime, and the latter aims to
find a characteristic bubble length scale in the homogenous regime using gravity, surface tension,

and shear forces acting on a bubble.

The goal of the current work is to study the bubble size and void fraction in a batch bubble
column with respect to operation regime and contribute to the current understanding of these
multiphase parameters. This paper is organized as follows. Section 2 describes the experimental
setup including instrumentation used. In Section 3, the results are presented for characterization
and scaling of the bubble size and void fraction. Finally, conclusions and remarks on the current

work are given in Section 4.

2. EXPERIMENTAL METHODS

2.1 Bubble column

The current experimental setup is comprised of an instrumented bubble column and a compressed
airflow control panel. Figure 1 presents a schematic of the present experimental setup, a 1.2m cast
acrylic column with inner diameter (D) of 102mm, water and aqueous solutions of glycerin were
used as the liquid (continuous) phase in the current study. To ensure that the bubble size and void
fraction is independent of column aspect ratio, the liquid height in the column was kept constant
at 9D throughout all experiments.** The compressed airflow control panel used a pressure

regulator, a rotameter (EW-32461-50, Cole-Palmer), and a thermocouple (5SC-TT-K-40-39,
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Omega Engineering) to monitor and control the airflow mass. It is worth mentioning that in all

experiments, the difference between liquid and gas phases temperature was within +2 °C.
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FIGURE 1. Schematic of the current experimental.

The air sparger was comprised of a porous air stone that was mounted on a cylindrical
plenum. The porous air stone covers ~90% of the cross-section of the column. The average pore

size (rp) over the air sparger was calculated from

-2
n =4 Apcap’ oy

A differential pressure transducer (PX2300-DI, OMEGA) measured the pressure drop
across the sparger at the onset of bubbling (Apcap). The surface tension (o) of the tested liquids was
measured with a force tesiometer (K6, Kriss GmbH, Hamburg, Germany) and platinum ring
(R10111-282438, Kriiss GmbH, Hamburg, Germany). Equation (1) was first recommended by

Houghton et al.*? In the present work the average pore size was 85um = 10pm.
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2.2 Bubble size measurement

In this work we measured the bubble size by taking monochromic still images of the bubbles and
processing the bubble images. A DSLR camera (EOS 70D DSLR, Canon) with a 60 mm 1:2.8 lens
(Canon) was used for taking images while the bubble column was backlit with an LED panel
(Daylight 1200, Fovigtec StudioPRO). A refractive index matching box (water box) was sealed
around the column at the bubble size measurement location to eliminate any optical distortion in
the bubble images that corrupts the bubble size measurements. ImageJ (1.49v, National Institutes
of Health (NIH), Bethesda, MD, USA),**¢was used to process the bubble images for bubble size
measurement. Interested readers are referred to the previous studies from the current research
group*”*® for more details on the image processing scheme for bubble size measurement as well
as the experimental setup. Figure 2 presents an example of in-focus bubble detection for size
measurement using the current image processing scheme. The processed images were manually
inspected; consequently, overlapping and defective bubbles were removed from the population
sample. In the current work, the imaging system and processing scheme could resolve bubbles as

small as 0.2 mm in diameter and the bubble size measurement uncertainty was less than 8%.
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FIGURE 2. Example of processed bubble-image in ImageJ for bubble size measurements.

The cross-sectional area, bubble centroid location, and the aspect ratio were obtained for
each identified bubble in ImageJ. The equivalent diameter (deq) Of bubbles was calculated from
the measured cross-sectional area (Ap) in Imagel using Equation (2), here bubbles were
approximated by ellipsoids. In Equation (2) a is the major bubble axis and AR is the aspect ratio
of the bubble. Sauter mean diameter (ds>) is the ratio of bubble volume to bubble surface area and
is a common measure of the average bubble size. The equivalent bubble diameter was used in

Equation (3) to compute the Sauter mean diameter.

a2

deq = | 7R 2)
no_d43

d — i=1%"i

N, d? (3)

2.3 Void fraction measurement

Void fraction is defined as the ratio of gas volume to the total volume of the system. In the current
work, void fraction was calculated from the differential pressure (Ap) along the column height
during operation. Pressure difference between two pressure taps with a separation of 8D along the

column height was measured using a pressure transducer (PX2300-DI, OMEGA). A data
7



MOHAGHEGHIAN et AL AIChE JOURNAL

acquisition card (National Instruments, USB-6218 BNC) was used to acquire the output signal
from the pressure transducer and the signal was recorded on a desktop computer (via LabVIEW
15.0.1). Here the uncertainty associated with the pressure measurement was calculated to be under
2% of the measured value for all cases tested. Void fraction was calculated using Equation (4),
where AH is the vertical distance between the pressure taps, pL and pc are the density of liquid and
gas, respectively, and g is gravitational acceleration.

_ Ap
~ (pL — pe)gAH 4)

2.4 Test matrix

Table 1 provides the test matrix for examining the effect of liquid properties as well as gas
superficial velocity (Uss=4Qc/zD?) on multiphase parameters (e.g. bubble size and void fraction).
To explore the effect of liquid properties on bubble size and void fraction, aqueous solutions of
glycerin with different concentrations were tested. In the current work, the range of the liquid
viscosity tested was in excess of two orders of magnitude, while the surface tension and density

were changed by only about 10% and 20%, respectively, relative to that of water.

TABLE 1. Test matrix for liquid phase properties (at 20 °C) and gas superficial velocities.

Index Liquid phase uL(Pass)  pL(kg/m3) o (mN/m) Usc (Mmm/s)

G1 Glycerin 85% 0.161 1224 0.065 6.9, 13.8, 20.7, 27.6,
G2 Glycerin 79% 0.083 1208 0.065

G3 Glycerin 60% 0.016 1157 0.067 34.4, 414, 483, %52,
W Water 0.001 998 0.072 62, 69
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3. RESULTS AND DISCUSSION

3.1 Regime identification

The objective was to find a threshold for the transient gas superficial velocity and study the effect
of viscosity on this threshold. BSD characteristics and higher order statistics (skewness and
kurtosis) were used to identify the operation regimes. Figure 3 shows the probability density
function (PDF) of bubble size in aqueous solutions of glycerin (G1 and G3, see Table 1) at various
superficial gas velocities. Figure 3 shows that as the gas superficial velocity exceeds 27.6 mm/s in
both cases the PDF shape changes from a bell shape into a spike shape; bubble column
literature®*#° attributed the aforementioned shift in PDF shape to regime alternation from
homogenous to heterogeneous regime. In addition, Figure 3a shows that the lower gas superficial
velocities (Usg < 27.6 mm/s) exhibit a bimodal shape in the PDF, this feature has been reported in
studies of the homogenous operation regime in the bubble column literature.t>?13637 |n
homogenous bubbly flow with no bubble breakage and coalescence events, the injection condition
(i.e. pore size and gas superficial velocity) determines the bubble size. The pore size distribution
on the sparger is discrete and non-monodisperse, which explains the deviation of bubble size
distribution from a truly Gaussian distribution. Higher order statistics (skewness and kurtosis) of
the BSD were obtained for further inspection of the operation regime shift. Table 2 presents the
Sauter mean diameter (dsz), (arithmetic) mean diameter (dio), standard deviation (RMS), as well
as higher order statistics of BSD in G1 at the gas superficial velocities tested. Skewness (S) and
kurtosis (k) of the bubble size distribution in Table 2 show a significant deviation from a Gaussian-

distribution (S~0, x~3) when the gas superficial velocity exceeds Usg = 27.6 mm/s.
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FIGURE 3. Probability density function (PDF) of bubble size in (a) G1 and (b) G3.

TABLE 2. Bubble size and statistics at various gas superficial velocities tested in G1.

Use (mm/s) ds2(mm) dio(mm) RMS(dp) (mm)  S(db) x(db)

6.9 2.4 2.2 0.5 0.8 4.3
20.7 2.3 2.1 0.5 0.5 3.4
27.6 2.3 2.0 0.6 0.5 4.0
41.4 2.2 1.8 0.6 1.4 6.4
55.2 1.7 1.4 0.4 2.3 12.2
62.1 1.8 1.4 0.4 3.3 20.0
69.0 1.5 1.4 0.4 4.2 28.4

So far it was discussed that the homogenous operation regime exhibits Gaussian-like
characteristics and heterogeneous regime features a spike shape distribution; this was inspected
using PDF plots of BSD from the range tested (see Table 1). Figure 4 shows the bubble size
distribution from G1 plotted on probability coordinates. Figure 4a shows that in homogenous range
(based on gas superficial velocity) the BSD exhibits linearity on a normal distribution probability
plot. The near-Gaussian behavior in the homogenous regime was also discussed above by means
of the PDF shape and higher order statistics. BSD from heterogeneous operation cases (41.4 mm/s
> Usc > 69 mm/s) in G1 was plotted on a lognormal probability plot (see Figure 4b). It is interesting

to see the strong linear behavior of BSD on a lognormal probability plot. Figure 4b also shows that

10
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the range at which the BSD exhibit linear trend on a lognormal probability plot starts at the mode
of the PDF (thick solid vertical line) and ends at the Sauter mean diameter (ds2, vertical lines). The
mode of the PDF corresponds to the most frequent bubble size, dny, interested reader can refer to
Mohagheghian and Elbing*’ for analysis of drr. The present study shows that only a portion of the
right leg of the BSD PDF within heterogeneous regime is lognormal. The PDF exhibits a linear
trend between dmin and dms; furthermore, the PDF can be modeled with a second order polynomial

curve between ds2 and dmax.
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FIGURE 4. Probability plots of BSD with G1 in the (a) homogenous regime; 6.9 mm/s < Usg <

27.6 mm/s on a normal probability plot and (b) heterogeneous regime; 41.4 mm/s > Usg > 69
mm/s on a lognormal probability plot.

Figure 5 presents the PDF of the bubble size at different viscosities (see Table 1) illustrating
the sensitivity of BSD to the viscosity of the liquid phase. Once the gas superficial velocity is
sufficiently high (in this case Usc = 27.6 mm/s), the viscosity modifies the near-Gaussian
distribution (in water) to a spike shape distribution. It was discussed that the shift in the distribution

shape is an indication of operation regime change from homogenous to heterogeneous. Manual

11
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inspections showed that, increasing the viscosity reduces the bubble terminal velocity due to
friction drag; moreover, increasing the viscosity effects the bubble motion by creating planar
oscillations in the bubbles trajectory, these two effects in turn enhance the bubble coalescence, this
results in the formation of larger bubbles that are more susceptible to shear breakage. At higher
gas superficial velocities, the number of coalescence and breakage events increases; therefore, the
BSD shape shifts towards a spike (lognormal distribution) and the standard deviation decreases
(i.e. distribution narrows). In summary, increasing the viscosity modifies the BSD, and increases
bubble-wake interactions; these effects, alter the physical structure of the bubbly flow from

homogenous to heterogeneous.
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FIGURE 5. Probability density function of bubble size at different liquid viscosities and Usg
=27.6 mm/s.

Transport coefficients determine the performance and efficiency of a bubble column and
are sensitive to the bubble size and void fraction. Bubble size and void fraction are heavily

depended on the operation regime, which sets the dominant fluidic mechanisms within a gas-liquid

12
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system. The rest of this paper is structured as such to study the bubble size and void fraction with

respect to the operation regimes i.e., homogenous and heterogeneous.

3.2 Homogeneous regime

In this section bubble size and void fraction were studied in the homogenous operation regime,
which features a linear trend between the void fraction and the gas superficial velocity as well as
a direct correlation between bubble size and gas superficial velocity. Homogeneous bubbly flow
is characterized by the absence of breakage and coalescence and a Gaussian BSD; therefore, any
attempt to scale the bubble size should include the pore size (rp) and the gas superficial velocity
(Usg) in the parameter space. The present work also includes the liquid properties (i.e. surface
tension o, liquid viscosity x, and liquid density pL), and gravity (g) to scale the bubble size in the
homogenous regime. Using dimensional analysis, the scaled bubble size was expected to be
dependent on the Froude number (Fr), Weber number (We), and Reynolds number (Re); see

Equations (5)-(7).

Figure 6 validates the correlation for predicting bubble size (ds2) in homogeneous regime
(see Equation 8) against experimental bubble size data. Results show that in the homogenous
regime the proposed correlation predicts the bubble size. In Equation (8) the power exponents of
Fr, We, and Re were adapted from Kazakis et al.,** which argues that the sparger material effects
correlations of this type due to the sensitivity of bubble size to pore dimensions in homogeneous
bubbly flow. The power law functional form (¢ < CFr*Ar?Eo®) between the aforementioned non-

dimensional terms (see Equations 5-7) was first suggested by Akita and Yoshida.?*

13
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FIGURE 6. Scaled bubble size in homogenous regime (water).
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Figure 7 shows the void fraction from the tested conditions in the present work, there is a
direct correlation between void fraction and gas superficial velocity. It was argued in the previous
section that regime shift from homogeneous to heterogeneous operation regime can be identified
from higher order statistics and probability density plots. Here, it was attempted to investigate the
regime change at similar gas superficial velocity (Usc = 27.6 mm/s) using void fraction data. Figure
7 shows that above Usc = 27.6 mml/s, void fraction (&) deviates from the linear trend with gas
superficial velocity, which indicates that the homogeneous regime was no longer present. Figure
7 also shows that for the highest viscosity tested (G1) the void fraction levels off after Usg = 27.6

mm/s. Detailed observations of the bubble column showed that the void fraction in G1 tests levels

14
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off due to a significant drop in gas residence time (data not shown). In these cases, the relatively
high gas superficial velocity results in formation of slugs from bubble coalescence near the
sparger; these slugs are unstable and travel significantly faster than bubbles and, consequently, the
gas residence time decreases.?? However, in the rest of the cases tested in Figure 7 (i.e. G3 and

water) the void fraction increases with gas superficial velocity.
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FIGURE 7. Void fraction measurement in water and different aqueous solutions of glycerin (G1
and G3).

A parameter space was identified via careful inspection of the experimental setup to
formulate a correlation to predict the void fraction using dimensional analysis. It was concluded
that the parameter space should be comprised of liquid properties (i.e. surface tension, viscosity,
and density), external body force (i.e. gravity), bubble size (ds2), and the gas flow rate (i.e. gas
superficial velocity). The effect of gas superficial velocity, gravity, and liquid properties were
accounted for using Froude number (Equation 5), Archimedes number (Equation 9), and E6tvos
number (Equation 10) for scaling the void fraction. Equation (11) shows the resulting correlation

for scaling the void fraction, where G( ) is an unknown function. Following Akita and Yoshida,?*

15
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Mouza et al.,*® Anastasiou et al.,>° and Kazakis et al.,>! a power law functional form was considered
for the unknown function G. Figure 8 validates the correlation for predicting the void fraction (¢)
in homogeneous regime against experimental data showing that Equation (12) successfully

predicts the void fraction within £5% accuracy of the current measurements.

ds,’p? :
Ar =32 019 (Archimedes Number) )
Hi
ds;” Eotvos Number
Eo =232 P19 ( ) (10)
o
€ =G(Fr,Ar,Eo) i
g = 0.0278(Fr117 Ay01g(=0032)04959 2
12%
e Water - Sparged
— — Equation (12)
- - [+5%)]
8% -
_____ [-5%] 12
e
w . j’,
4% - ‘,?

%7
. -
-

-

- ‘8 = 0_0278(];}-1.H7Ar0.2057EO—0.032)0.4595
0% :

1.E-01 1.E+00 1.E+01
F-}.J‘ 11 7:4;,.0.20.5750-0.032

FIGURE 8. A correlation for scaling the void fraction in the homogenous regime (water).

3.3 Heterogeneous regime

The heterogeneous operation regime features frequent breakup and coalescence events.

Coalescence produces larger bubbles, which are more susceptible to deformation and breakage.

16
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Generally, coalescence increases the number of large bubbles and breakage increases the number
of small bubbles; therefore, in a statistically stationary bubble size population the coalescence
skews the PDF negatively (towards the right tail) and breakage skews the PDF positively (towards
the left tail). This explains the shift in PDF shape from a bell (hump) shape to a positively skewed
spike shape when the operation regime changes from homogenous to heterogeneous regime. To
approach the physical scaling of the bubble size characteristic length scale, it was hypothesized
that in heterogeneous regime the interfacial momentum transfer sets the stable bubble size.
Therefore, the energy supplied to the liquid phase from the injection of the gas phase is expected
to power the interfacial momentum transfer. In the current work, statistically stationary samples
of bubble size were used to test this hypothesis. Sauter mean diameter was measured according to
the test matrix in Table 1 to test the relationship between bubble size and specific input power per
unit mass (Pm = gUsg). Hinze® studied the breakage of drops and recommended using the
maximum stable drop size (dgs) under shear breakage for scaling and argues that dos is the
characteristic length that constrains 95% of the dispersed phase volume. Alves et al.>? argue that
the Sauter mean diameter is proportional to the maximum stable bubble size; therefore, in the
present work ds> was used as the bubble size characteristic length scale for bubble size scaling.
Figure 9 shows the measured ds; at various Pm levels, which shows that for the glycerin conditions
(G1-G3) the Sauter mean diameter decreases with increasing specific input power. Hinze3®
proposed a correlation (Equation 13) to predict the maximum stable bubble size as a function of
specific power input, surface tension, and density of the continuous phase. In Equation (13), the
proportionality coefficient (k) is a function of the critical Weber number (Wecr). It has been
demonstrated that the proportionality constant corresponds to different mechanisms, including k =

0.725 for isotropic turbulent® and k ~ 1.7 for shear bubble breakup.>*>* Figure 9 compares the

17
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predicted bubble size from Equation (13) (k = 0.45) with the measured bubble size (Sauter mean

diameter) from all cases tested in the present study.

d3; = k——7=— (13)

The non-dimensional form of Equation (13) was produced using dimensional analysis on
the given parameter space, which results in a single non-dimensional term equal to proportionality
constant (k). If this is repeated with the addition of viscosity (u.) into the parameter space, then
Equation (14) relates the bubble size (ds2) with the input power (Pm = gUsc) and liquid properties
(surface tension, liquid viscosity, and liquid density). Equation (14) suggests that the unknown
functional form f() needs to be found experimentally from bubble size (d32) data. Detailed
inspections show that at lower specific input powers the bubble column remains in the
homogenous regime; consequently, in the absence of shear breakage Equation (13) cannot predict
the bubble size accurately. Figure 9 also shows that the ds> from conditions tested in water increase
with increasing gas superficial velocity (specific input power), this is due to homogenous operation
regime. The non-dimensional terms in Equation (14) are well established dimensionless terms; the
scaled bubble size (left hand side) is the Ohnesorge number (Oh), which is the ratio of the product
of the inertia and surface tension forces to viscous forces. The scaled specific input power, which
is related to the shear breakage, is the product of the Morton number (Mo = guf/p,03) and the
Capillary number (Ca = u,Us;/0); here the scaled Pmterm is a combination of viscous, inertia,

surface tension, and gravitational forces.

pLds,0 _ f(PmHE> (14)

ui pLo*
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FIGURE 9. Bubble size (Sauter mean diameter) measurement in water and different aqueous
solutions of glycerin.

It was attempted to find the functional form f() between the scaled bubble size and scaled
specific input power in Equation (14). Hinze® suggested a power law correlation (Equation 15)
between the scaled bubble size and scaled specific input power. The current study found a power
law correlation with similar power (slopes) to that of Hinze3® (see Equation 16). Bubble size
measurements from Mohagheghian and Elbing*’ were used for further validation of Equation (16).
Note that Mohagheghian and Elbing*’ measurements were carried out in the same test facility;
however, a single point air injection method was used for bubbling the column. Figure 10 shows
that data from the present study, Hinze,*® and Mohagheghian and Elbing*’ collapse on Equation
(16) (dashed black line). To further examine the present correlation for scaling the bubble size,

similar studies®*° were used to check validity of the present correlation.

-0.4
d P
Prls20 _ 0.725( m;“) (15)
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FIGURE 10. Scaled bubble size versus scaled specific input power using results from the
literature in addition to the current study.

In the rest of this section void fraction measurements and scaling in heterogeneous regime

are discussed. The same parameter space for producing Equation (11) was employed for scaling

the void fraction and finding the function form of G(). Here, it was assumed that the bubbles are

traveling at terminal velocity (see Figure 11); therefore, the drag force (Fp o« pLds2?Up?) was

balanced with buoyancy force (Fs = pLgds2®). This assumption establishes a relationship between

bubble size and bubble velocity (Uy? o< gds2®). It is known that the void fraction is the ratio of gas

superficial velocity to the bubble velocity (e = Uss/Up); therefore, the void fraction is proportional

to bubble Froude number (Fr = Usc/[gds2]%®°). Assuming that void fraction scales as a power law

function of Froude number (Equation 5), Archimedes number (Equation 9), and Edtvés number
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(Equation 10), then Equation (17) gives the general form of G(). The exponents in Equation (17)
(i.e. X, ¥, and Q) were calculated from Equation (18) (X=1.117, ¥= 0.1, and 2= -0.032). Figure
12 shows that the proposed coordinates (see Equation 19) were able to successfully scale the void
fraction within the heterogeneous regime. Equation (19) successfully predicts the void fraction

within £25% accuracy for the current data.

PLg dgz
Up x \/gds;
U, = USG/
Usc/
£ X
v gds;
PLd§2U§

FIGURE 11. Schematic of the primary acting forces on a single bubble at terminal velocity.
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FIGURE 12. A correlation for scaling the void fraction in the heterogeneous regime.

4. CONCLUSIONS

A systematic study of bubble size and void fraction in a batch bubble column with a porous sparger

was carried out. The measurements (i.e. bubble size and void fraction) were carried out in

homogenous and heterogeneous operation regimes. Bubble size measurements were performed

using optical photography of large populations of bubbles (2400 and more). Void fraction was

measured from the differential pressure across the bubble column height. Water and aqueous

solutions of glycerin were used to test the effect of viscosity on the operation regime, bubble size,

and void fraction. Gas superficial velocity was tested in the range of 6.9 mm/s < Usg < 69 mm/s
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using compressed air. Regime transition corresponds to the change of physical behavior of the gas
liquid system in bubble columns; therefore, it is appropriate to present any measurements with
consideration of the operation regime. Current work uses PDF as well as probability plots to

characterize the bubble size distribution in homogenous and heterogeneous operation regimes.

Results showed that in the homogenous regime, the bubble size distribution is poly-
dispersed and the PDF exhibits Gaussian characteristics. In the heterogeneous regime, bubble
coalescence events and shear breakage modified the bubble size distribution, results in the
distribution approaching mono-dispersed as indicated by the PDF having a “spike” shape with a

lognormal right leg.

Results also showed that increasing the viscosity accelerates the regime transition from
homogenous to heterogeneous by allowing the formation of larger bubbles as well as bubble
interaction (i.e. breakage and coalescence). Bubble size measurements were carried out in both
operation regimes. In the homogenous regime, the characteristic bubble size (i.e. Sauter mean
diameter) shows strong dependence on the sparger characteristics and injection condition due to
the absence of breakage and coalescence. In the heterogeneous regime, experimental data exhibits
a strong correlation between the Sauter mean diameter and specific input power (per unit mass).
Dimensional analysis was used to propose a correlation between the scaled bubble size and the
scaled specific input power. This correlation was validated against experimental data in literature
both from static and vibrating bubble column studies. VVoid fraction was also measured in both the
homogenous and heterogeneous regimes. As expected, the trend between void fraction and gas
superficial velocity was dependent on the operation regime. Using dimensional analysis
correlations for scaling the void fraction in homogenous and heterogeneous regimes were proposed

and validated against experimental data.
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NOMENCLATURE
Symbol Description Unit
a Bubble major axis [mm]
A Cross-sectional area [mm?]
AR Bubble aspect ratio (ratio of the major to minor axis) [-]
Ar Archimedes number [-]
BSD Bubble size distribution [-]
C Proportionality coefficient [-]
Ca Capillary number [-]
d Bubble diameter [mm]
D Column diameter [mm]
Eo E6tvos number [-]
F Force [kgms?]
Fr Froude number [-]
g Gravitational acceleration [ms?]
k Proportionality coefficient [-]
Mo Morton number [-]
n Number of bubbles in a sample population [-]
Oh Ohnesorge number [-]
P Input power from gas injection [kgm?s3]
PDF Probability density function [-]
Q Volumetric flow rate [m3s]
r Average pore radius [um]
Re Reynolds number [-]
RMS Standard deviation of bubble size distribution [mm]
S(dp) Skewness of bubble size distribution [mm]
U Velocity [mms?]
We Weber number [-]
Greek letters and symbols
Symbol Description Unit
AH Vertical distance between two pressure taps [m]
Ap Differential pressure [kg m™s?]
e Void fraction [-]
K (db) Kurtosis of bubble size distribution [-]
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U Viscosity [kgmis?]
p Density [kgm™3]
o Surface tension [kgs?]
X Froude number exponent in Equation (17) [-]
¥ Archimedes number exponent in Equation (17) [-]
Q E6tvOs number exponent in Equation (17) [-]
Subscripts
10 Arithmetic mean diameter
32 Suater mean diameter
95 Maximum stable bubble size
b Bubble
B Buoyancy force
cap Capillary
cr Critical
D Drag force
eq Equivalent
G Gas phase
L Liquid (phase)
m Specific value
max Maximum
min Minimum
mf Most frequent
p Porous sparger
SG Superficial gas
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