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Abstract

Bubble size distribution and bubble ellipticity were measured as a function of axial position in a
vertically oriented semi-batch gas-liquid Taylor vortex reactor with varying gas flow rate and
inner cylinder rotation speed producing axial Reynolds numbers in the range 23.8-119 and
azimuthal Reynolds numbers up to 4.2x10*. The mean bubble size increases monotonically with
axial distance from the bottom of the reactor at the location of gas injection. The functional form
of the growth of the mean bubble size with axial position depends upon the azimuthal Reynolds
number. Specifically, when the azimuthal Reynolds number is less than 1.3x10% the mean
bubble size increases linearly with axial distance from the bubble injection point. In contrast, for
azimuthal Reynolds numbers greater than this critical value, the mean bubble size increases with

axial distance in a sigmoidal manner.
1 Introduction

Examples of bubbly gas-liquid flows in industrial processes are ubiquitous. For example, stirred
tanks find numerous applications for waste water treatment [1-3], and bubble columns are
commonly used in the chemical process industries for gas-liquid reactions, for mass transfer
operations, and for manufacture of synthetic fuels [4,5]. Taylor vortex reactors have also been
investigated for their potential to efficiently carry out multi-fluid contacting operations including
for water purification [6] and emulsion polymerization [7-8]. Some aspects of the fluid flow for
these applications have been investigated including the characterization of flow patterns and
regimes [9-13] as well as computational modeling of drag coefficients and pressure loss [14-17].
Experimental characterization of single bubble shape and rise velocity [18,19], bubble breakup



and coalescence [20], and bubble size distribution [21] and growth [22] have also been subjects

of previous studies.

Here we consider semi-batch (continuous gas flow, no liquid feed) bubbly Taylor-Couette flow
in a vertically oriented reactor, which has applications for cultivation of microalgae [23-25] and
gas-liquid absorption [26]. Some aspects of semi-batch vertical gas-liquid Taylor-Couette flow
have been investigated previously. These earlier reports have mainly focused on a drastic drag
reduction that occurs compared to single phase systems when even a very small volume fraction
of gas bubbles is present [27,28] - a result that may aid in machine efficiency. Interphase mass
transfer in a vertical semi-batch Taylor vortex reactor has also been the subject of both
experimental and computational investigations [29-31].

In most previous investigations of semi-batch bubbly Taylor vortex flow, it has been assumed
that gas bubble size does not vary axially. Such an assumption may be justified under
circumstances in which bubble-bubble interactions, such as coalescence and breakage, are
negligible. However, previous investigations have also demonstrated that bubbles are
concentrated radially near the rotating inner cylinder surface, thereby providing greater
opportunity for bubble-bubble collision and coalescence events than would be expected if the
bubbles were more uniformly distributed radially.

Here we describe experiments using photographic methods to acquire bubble size distributions as
a function of downstream axial position from the gas injection location, and it is demonstrated
that the mean bubble size increases monotonically with gas flow rate, the rotation speed of the
inner cylinder, and the axial location of the bubble. Furthermore, the increase in the mean bubble
size with axial position undergoes a transition from a linear dependence to a sigmoidal form as
the inner cylinder rotation speed increases beyond a critical value, suggesting a transition in the
flow dynamics, and we discuss a possible physical mechanism for the transition between these

two regimes.



2 Experimental Setup

The reactor, gas controllers, and motor used in this study were identical to the ones used in
previous mass transfer studies, described in detail in Ramezani et al. [31] as shown in Error!
Reference source not found.. The rotating stainless-steel inner shaft has a radius of 3.81 cm.
The inner radius of the stationary concentric acrylic outer cylinder is 5.08 cm, corresponding to
an annular gap width of 1.27 cm and a radius ratio of n = 0.7. The outer cylinder height measures
50.8 cm and therefore the length to gap aspect ratio is I = 40. Simulated air (79% nitrogen and
21% oxygen by volume) was mixed using oxygen and nitrogen tanks and was fed at the bottom

of the reactor through four evenly spaced sparge stones having a mean pore diameter of 40
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Fig. 1. Depiction of Taylor-Couette vortex reactor showing main dimensions (Ramezani et al. 2015).

microns.

The annular gap was filled with 1500 mL of room-temperature deionized water. Experiments
were performed at different combinations of shaft rotation speeds and gas flow rates in order to
collect bubble size data using photographic methods described below. The electric motor rotated
the inner cylinder at speeds ranging from 0 to 800 rpm. The fluid flow can be characterized by

azimuthal and axial Reynolds numbers, the former of which is defined as:



Re, = L1270 (1)

VL

Simulated air was fed to the reactor at gas flow rates ranging from 200 to 1000 sccm, and the
resulting axial Reynolds number was calculated using the superficial gas velocity and annular
gap width as characteristic velocity and length scales, as well as the kinematic viscosity of the

liquid phase:
Re, = %Z‘m 2

3 Experimental Methodology

Bubble sizes were measured using a photographic method identical to the one used in a previous
study on the effects of surfactant on bubble size and gas-liquid interphase mass transfer [32]. In
this method, bubbles were photographed using a DSLR camera (EOS Rebel T3i) fitted with an
18-55mm zoom lens. An external double indirect flash illumination setup was used to minimize
reflected light entering the camera lens [32]. A flash sync speed of 1/200 s was found to be
adequate for freezing the bubble motion and this shutter speed was used with an aperture setting
of /10 to capture all in-situ bubble images. A sample photograph of the bubbles is shown in Fig.
2. Multiple photos were taken for each specific combination of rotation speed and gas flow rate,
thereby providing more than 30 instantaneous bubbly flow measurement photographs for each
combination. Major and minor axes for each bubble, as well as the axial location of each bubble
were measured and recorded for a sufficient number of images so that approximately one
thousand unique bubble measurements were performed at each combination of cylinder rotation

speed and gas flow rate.

Following the discussions in Ramezani et al. [32], Eq. 3 was used for calculation of the Sauter
diameter for individual bubbles (and for subsequent statistical analysis) based upon the
experimental observation that the bubbles are prolate ellipsoids and where | and m represent the

major and minor axes, respectively.
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Fig. 2 Sample bubble image at inner cylinder rotation speed of 300 rpm and 200 sccm. The inset shows
chords overlaid on bubbles used to determine bubble size.

The ellipticity of the bubbles (E) is defined in Eq. 4, which produces a value of 0 for perfect
spheres and 1 for line segments.

- i .

4 Results and Discussion

Representative bubble diameter distributions at three axial locations using uniform bin sizes are
shown in Fig. 3 for fixed gas flow rate and cylinder rotation speed. Corresponding log-normal

distributions are also plotted in this figure using the experimentally-determined values for the



bubble diameter mean and standard deviation. The plots demonstrate that the bubble Sauter
diameter distributions at each axial location are well represented by log-normal probability
distribution functions. Figure 3 also shows that the mean bubble diameter increases significantly

with increasing axial distance from the reactor inlet.
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Fig. 3 Probability distribution function of bubble diameter at different axial locations at 600
rpm rotation speed and 200 sccm gas flow rate.

Since the bubble size distribution was determined to be a function of axial location, a moving
average window (333 bubbles) was used for calculations of the bubble size, shape, and number
density statistics. Figure 4 shows measured bubble diameters for two sample cases with rotation
speeds and gas flow rates of 200 rpm (Re, = 1.0x10%) and 600 sccm (Re, = 71.6), and 600 rpm
(Rey = 3.0x10% and 200 sccm (Re, = 23.9), respectively. The values of the bubble diameter
nearest to the reactor inlet and outlet are defined as the mean of the first 249 and last 203
measured bubble diameters corresponding on average to axial locations of Xj, = 52 mm and
Xout= 233 mm, respectively. Markers represent the diameters of individually measured bubbles.
The solid lines represent moving averages of the bubble diameter, and the dotted lines show the
corresponding 95% confidence intervals assuming a log-normal bubble size distribution. In all
experiments considered here, the mean bubble diameter was found to increase monotonically
with downstream axial position. The bubble number density, which is inversely proportional to
the bubble diameter, is also shown in the same figure (dashed line).
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Fig. 4 (a) Measured bubble diameters at 200 rpm rotation speed and 600 sccm gas flow rate, and (b)
measured bubble diameters at 600 rpm rotation speed and 200 sccm gas flow rate. Markers: individual
bubble diameter. Solid line: moving average. Dotted line: 95% confidence intervals. Dashed line: number
density. The first optically accessible axial location is 41 mm from the bottom of the reactor, and

thus the plotting of data begins at that location.



As with bubble diameter, the moving average bubble ellipticity increases monotonically with
downstream distance from the point of gas injection, as shown for two representative cases
plotted in Fig. 5 using rotation speeds and gas flow rates of 200 rpm, 600 sccm (Rey = 1.03x10%,
Re, = 71.5) and 600 rpm, 200 sccm (Rey = 3.10x10%, Re, = 23.8). Normalized histograms of
bubble ellipticity for the entire reactor volume are also shown, and these demonstrate that

bubbles are strongly non-spherical.
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Fig. 5 (a) Measured bubble ellipticity at 200 rpm rotation speed and 600 sccm gas flow rate
(Rey=1.03x10", Re, = 71.5), and (b) measured bubble ellipticity at 600 rpm rotation speed and 200 sccm
gas flow rate (Re,= 3.10x10*, Re, = 23.8).
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Fig. 6 Moving average of bubble diameters showing the effect of inner cylinder rotation speed and gas
flow rate: (a) fixed gas flow rate (200 sccm) for various inner cylinder rotation speeds, and (b) fixed
rotation speed (200 rpm) for various gas flow rates.

The effects of inner cylinder rotation speed and gas flow rate on axial bubble size evolution are
depicted in Fig. 6. Specifically, Fig. 6 (a) shows axial bubble diameter profiles for fixed gas flow
rate (200 sccm) using various inner cylinder rotational speeds. The bubble diameter at the most
upstream observation point appears to be relatively insensitive to cylinder rotation speed except

when there is no cylinder rotation at all, in which case bubbles near the point of injection are



significantly larger than in cases with cylinder rotation. Evidently, the presence of a cross flow
driven by the rotating cylinder causes bubbles to (1) detach from sparge stones at a smaller size
than in the non-rotating case where there is no cross flow and/or (2) bubble coagulation near
sparge stones is suppressed by the imposition of an azimuthal velocity component. Figure 6 (a)
also shows that for low cylinder rotation speeds the increase in bubble diameter with downstream
location is approximately linear, and that this linear relationship begins to transition to a
sigmoidal curve at a cylinder speed of approximately 250 rpm (Re, = 13,000). For rotation
speeds above this value, the sigmoidal character of the growth curve becomes more pronounced,
and the bubble diameter at the most downstream location increases with increasing cylinder

rotation speed.

Note that the critical azimuthal Reynolds number at which the transition from a linear to a
sigmoidal axial bubble size distribution coincides with another transition observed in simulations
of vertical semi-batch gas-liquid Taylor vortex flow. Specifically, Gao et al. [29] found that the
global turbulent kinetic energy dissipation rate starts to increase rapidly with increasing cylinder
rotation speed when Rey, > 9,700. Moreover, these investigators showed that the rapid increase
in turbulence dissipation is radially concentrated near the rotating inner cylinder. However, their
simulations were performed for a Taylor vortex reactor with different inner and outer cylinder
radii as well as radius ratio (7)) than those considered here. In order to account for these

geometric differences, the Taylor number, defined as

Ta = 4Re2 H;Z] , )

should be used as the similarity criterion for reactors with differing geometry. By applying the
above equation for the two reactor systems, the critical value of Rey reported by Gao et al. [29]
for onset of rapid increase in turbulent kinetic energy dissipation rate corresponds to a value of
Re, = 13,200 in the reactor used here. This value is nearly identical to the critical value (13,000),
discussed above, for the transition from a linear to sigmoidal axial droplet size distribution. The
coincidence of these two critical azimuthal Reynolds numbers supports the inference that the
rapid rise in turbulence dissipation rate near the inner cylinder wall as the cylinder rotation speed

increases, also promotes bubble coalescence.



Axial bubble size distributions for a fixed rotation speed of 200 rpm (Rey = 10,000) and gas flow
rates ranging from 200 to 800 sccm (Re, = 23.9-95.5) are plotted in Fig. 6 (b). At the observation
location nearest the point of gas injection, the bubble diameter increases with increasing gas flow
rate. In addition, it is evident that the mean bubble diameter grows approximately linearly (with a
slope that is apparently not very sensitive to gas flow rate) with downstream position. These
observations, taken together, suggest that the primary role of the gas flowrate is that it strongly
impacts the size of bubbles as they enter the reactor. Thereafter, it has little effect on downstream
bubble growth, which instead is largely governed by the cylinder angular velocity, as is shown in
Fig. 6 (a).

The effect of inner cylinder rotation speed and gas flow rate on the ellipticity of bubbles is
depicted in Fig. 7. Figure 7 (a) shows that bubble ellipticity generally increases with downstream
position for all angular cylinder rotation speeds considered, including the case without cylinder
rotation (i.e., an annular bubble column). Figure 7 (b) shows that for a fixed rotation speed, the
increase in bubble ellipticity is similar for all of the flow rates investigated, the effect of
increasing gas flow rate appears to have the effect of increasing the bubble ellipticity at the
furthest upstream observation location. These plots illustrate two other features. First, there
exists a non-monotonic dependence of bubble ellipticity on azimuthal Reynolds number. Bubble
ellipticity is large in the absence of cylinder rotation, ellipticity is relatively low for the smallest
rotation speeds considered, but it increases again as the cylinder speed increases, particularly at
locations far downstream from the gas injection location. This non-monotonic behavior echoes
the non-monotonic dependence of bubble diameter on cylinder rotation speed near the point of
gas injection, as seen in Fig. 8, and therefore it implies a correlation of bubble diameter and
ellipticity. It is also worth noting that the nature of the observed non-sphericity also changes as
the inner cylinder rotation speed increases. Specifically, in the absence of cylinder rotation, the
buoyancy-driven rise of bubbles causes them to take on the shape of oblate spheroids [33],

whereas the imposition of an azimuthal flow leads to prolate stretching [31].
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Fig. 7 Moving average of bubble ellipticity showing the effect of inner cylinder rotation speed and gas
flow rate: (a) fixed gas flow rate (200 sccm) for various inner cylinder rotation speeds, and (b) fixed
rotation speed (200 rpm) for various gas flow rates.

A second striking feature of Fig. 7 (a) is the fact that the axial ellipticity profiles largely mirror
the shapes of the corresponding axial profiles for mean diameter shown in Fig. 6 (a) insofar as
they exhibit a linear to sigmoidal axial profile transition with increasing azimuthal Reynolds
number. However, the critical value for azimuthal Reynolds number in this case is approximately

20,800. These observations suggest that there is a linear relationship between bubble diameter



and ellipticity, which can be understood as a direct consequence of droplet deformation in a

shear field.
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Fig. 8. Regime map showing transition boundaries for bubble diameter axial profile

shapes. Diamonds represent sigmoidal growth and circles represent linear growth.

A regime map showing the combined effects of rotation speed (Rey) and gas flow rate (Rey) on
the shapes of the axial bubble diameter profiles is plotted in Fig. 8, where circles and diamonds
represent linear and sigmoid-shaped growth curves, respectively. The shaded diamonds in this
figure signify a few transition cases that are intermediate between the linear and sigmoidal
growth regimes and therefore are not well-characterized by either a linear or a sigmoidal

function.

Conclusions

Optical experiments were performed in order to quantify the axial distribution of gas bubble size
and shape when air is sparged continuously into a vertically oriented Taylor vortex flow device
containing water. Two operating parameters corresponding to radial and axial Reynolds numbers

(inner cylinder angular velocity and sparged gas volumetric flow rate) were varied in order to



determine the effects of the azimuthal and axial Reynolds numbers on gas bubble size and

ellipticity.

Based upon these experiments, it was shown that the feed gas flow rate (axial Reynolds number)
has little impact on axial bubble growth, but that it does strongly influence the size of the bubbles
entering the reactor. In contrast, the inner cylinder rotation speed (azimuthal Reynolds number)
has a secondary impact on the entering bubble size but it strongly impacts the axial growth rate
of bubbles. In all cases considered, and at any axial location in the reactor, a log-normal

distribution of Sauter bubble diameter was obtained.

Experiments also revealed that for rotation speeds less than 200 rpm (Re,=1.03x10%) bubble size
increases linearly with axial position; however, for rotation speeds greater than 250 rpm, this
dependency transitions to a sigmoidal shape. This onset of change was shown to correspond to a
Taylor number of ~13,000 which is nearly identical to the threshold for a rapid increase in
turbulent kinetic energy dissipation rate based on available numerical simulations in the
literature. This transition from linear to sigmoidal behavior has been depicted using a regime

map.

Finally, experiments showed that ellipticity of the bubbles increases with downstream axial
position from the point of gas injection in the reactor, and the evolution of ellipticity with
downstream location mirrors the bubble size growth curve. It was attempted to find a correlation
between the size and shape of the bubbles but the collected data suggests no direct correlation
between bubble diameter and ellipticity.
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