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Experimental analysis of Taylor bubble behavior and mass transfer during lateral

oscillation of a vertical milli-channel

Abstract

In this paper, we report on an experimental study on the influence of low-frequency horizontal
vibration of a vertical millimeter-size channel with Taylor bubbles. We investigated the motion, shape
and dissolution rate of individual elongated Taylor bubbles of air and CO,, which were freely rising in
stationary water. Bubble size and dissolution rate were determined from microfocus X-ray
radiographs. From the shrinking rate we calculated the liquid-side mass transfer coefficient. The rise
velocity of bubbles and surface wave motion were analyzed using a videometric technique. The
comparison of the results for the stationary and the oscillating channel showed that mechanical
vibration of the channel is able to enhance the mass transfer coefficient from gas to the liquid phase by
80% to 186%, depending on the frequency and amplitude of vibration. It was found that channel
oscillation causes the increase of free rise velocity of bubbles which is mainly attributed to the
development of propelling interfacial waves and increase of liquid film flow rate. Furthermore,
analyzing the surface wave motion of bubbles revealed that the enlargement of contact area between
the phases and the increased mixing enhances the mass transfer additionally up to 30% compared to

non-agitated bubbles of similar Peclet number.

1 Introduction

Multi-phase chemical reactors with micro- and millimetre-size channel structures are considered as a
promising alternative to conventional multiphase reactors, such as bubble columns and fixed bed

reactors which are widely used for gas absorption, catalytic hydrogenation, biochemical conversions,
direct fluorination and others. The main advantages of small channel multiphase reactors are creation

of a large volumetric interfacial area, low-pressure drop, and ease of scale-up. However, because the
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governing flow regime in such reactors is laminar, the liquid-side mass transfer coefficient (k)
between the phases is lower than for turbulent flow in e.g. bubble columns or stirred tank reactors [1].
To enhance the individual mass transfer coefficient, one of the most recently considered methods is
applying structural vibration or sound fields to agitate the fluidic phases. Such approaches were
demonstrated for many conventional multi-phase contactors and proved their ability to intensify the
mass transport processes [1],[2]. In the following, the most relevant studies on the application of

ultrasound and vibration in gas-liquid contacting systems will be shortly reviewed.

One of the first investigations on the effect of axial vibration on bubble-bed gas absorbers has been
carried out by Harbaum and Houghton [3]. They demonstrated a noticeable enhancement in mass
transfer performance in the frequency range 20 Hz to 200 Hz. Jaeger and Kurzweg [4] investigated the
longitudinal dispersion in oscillatory pipe flow of binary gas mixtures at high axial oscillation
frequencies. It was shown that the magnitude of the dispersion coefficient is directly related to the
product of the frequency and the square of oscillation amplitude. For elongated Taylor bubbles,
Brannock and Kubie [5] were the first to investigate the influence of vibration on the free rise velocity
of bubbles [6]. They measured the rise velocity of long bubbles while exposing the vertical pipes to an
axial sinusoidal motion. It was found that an acceleration of up to 10 m/s* had no considerable
influence on the bubble shapes while for acceleration up to 15 m/s” the bubbles started to distort. The
bubble nose became more elongated and its curvature increased. The results indicate that the bubble
rise velocity increases as the acceleration decreases. For a horizontal motion of vertical channels,
Kubie [7] performed a similar study and investigated the rise velocity of elongated bubbles. It was
shown that the mean bubble velocity is a function of the pipe diameter, the relative acceleration and
the amplitude of the sinusoidal motion and increases as the relative acceleration increases. He also
compared the increasing trend of the bubble rise velocity in horizontal direction with the decreasing
rise velocity for vertical channel vibration and showed that the reason for this difference is the

direction and magnitude of resulting acceleration acting on the bubbles.

Ellenberger and Krishna [8],[9] discussed the application of low-frequency vertical vibrations to the
liquid phase of an air—water bubble column. They mounted a vibration exciter at the bottom of the

bubble column which transfers the vibration to the liquid phase by means of a piston. They showed
3



that vibration causes to produce considerably smaller bubbles at the nozzle. Also, it was shown that
application of vibrations causes enhancement of mass transfer coefficient and gas hold up by a factor
of two or more [10]. Furthermore, the results showed that application of vertical oscillation has the
potential of enhancing the contacting of phases in fluid-fluid dispersions [11],[12]. Dillon et al. [13]
investigated the pressure drop of two-phase flow in a narrow horizontal annular test section with an
inner diameter of 7.93 mm. The influence of lateral mechanical oscillation of the test section on two-
phase pressure drop was investigated, with vibration amplitudes up to 0.2 mm and frequencies in the
range 5 Hz to 400 Hz. The results showed a negligible influence of the vibration; which was within the
experimental uncertainty limits. The impact of low-frequency vertical vibrations on the
hydrodynamics and mass transfer characteristics of monolith loop reactors was studied by Vandu et al.
[14] and compared with conventional internal airlift reactor and bubble column configurations. The
results showed that imposing oscillation has the effect of significantly improving the ratio of
volumetric mass transfer coefficient to the gas hold up for all considered reactor configurations. For
monoliths, it was moreover found that vibrations additionally improve the gas—liquid distribution

across the channels.

Hashmi et al. [15] reviewed current knowledge about the underlying physics of oscillating bubbles in
micro-sized contactors. They critically discussed state of the art on the application of oscillation in
microfluidic devices. They also highlighted the benefits and the challenges of using vibrating bubbles
and argued that these investigations would be revolutionary to the progress of next-generation Lab-on-
Chip systems. Madani et al. [6] considered the rise of a Taylor bubble in a vertical vibrating channel.
The experiments were done for two different pipe diameters and with fluids of different viscosities and
restricted to high Reynolds numbers to study the inertial effects. The results showed that for low
acceleration the average velocity decreases with the relative acceleration of oscillation. Also, it was
shown that, beyond a critical relative acceleration, the mean bubble velocity rises and the increase of
fluctuating velocity slow down. Fernandez Rivas et al. [16] reviewed concepts of micro-sono-reactors
and discussed the latest progres and future directions. They discussed that micro-sono-reactors are
capable of handling small reaction volumes in a reproducible and efficient system, which the main

parameters of the system such as frequency, amplitude, acoustic power, and sonication times can be
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accurately adjusted. Moreover, it was argued that processes including the micro-sono-reactors are

easily scalable and enable flow recirculation.

Polezhaev et al. [17] found a significant increasing evaporation rate in a tube in which the gas/liquid
interface axially oscillates and reported a tenfold increase of the apparent diffusive coefficient. The
dependency of the enhancing effect on the tube diameter, the frequency and the amplitude of the liquid
oscillations was investigated and the parametric dependence of the apparent diffusive coefficient was
correlated via the associated dimensionless Péclet number. Yao [2] gave an overview over the recent
investigations on the application of power ultrasound to adsorbent regeneration, food drying, air
dehumidification, water treatment and others. They concluded that although the ultrasonic treatment
may cause degradation of especially biological process constituents; it can significantly help to
decrease the food processing time and reduce the drying temperature. Recently, Dong et al. [18] used
ultrasonic oscillation to intensify the gas-liquid mass-transfer in micro-reactors. They applied severe
surface wave vibration on the bubbles and found that for slug bubbles confined in a smaller
microchannel, surface wave oscillations require more ultrasound energy to excite due to the
confinement effect. It was proven that the volumetric mass-transfer coefficient increased by 3 to 20
times under oscillation. Furthermore; it was shown that for gas-liquid flow hydrodynamics, oscillation

disrupts the bubble formation process and alters the initial bubble size and pressure drop [1].

As it was briefly summarized, oscillation/vibration of transferring phases is one of a promising and
efficient approach to intensify transport processes. However, on one hand, most of the investigations
are focused on the micro-sized reactors and little attention has been paid to the millimeter-sized
channels such as monolithic reactors. On the other hand, most reported studies were devoted to axial
or vertical oscillation of channels, which has some drawbacks for process itself, such as stronger axial

back mixing and decreasing the rise velocity of the gas phase.

In the work reported in this paper, the hydrodynamics and mass transfer behavior of a single Taylor
bubble in quiescent water, whose motion is governed by the channel walls, was investigated inside of
a laterally vibrated vertical channel of 6 mm inner diameter using the combination of microfocus

X-ray radiography technique and optical videometry. The amplitude, A, and frequency, f, of vibration



are in the range of 0 to 0.7 mm and O to 44 Hz, respectively. The liquid-side mass transfer coefficient
was determined from microfocus X-ray images. This technique was qualified to disclose the three-
dimensional shape of Taylor bubbles in millimeter-sized channels [19] and enabled the acquisition of a
series of high-resolution radiographic images of Taylor bubbles. The processed images which give
volume and length of the bubble with high accuracy as a function of time were used to evaluate the

liquid-side mass transfer coefficient using the mass conservation equation.

The X-ray method was chosen for mass transport study since it is not dependent on the refractive
index of the channel. Experimental investigations aiming at the disclosure of bubble shapes, slug and
bubble lengths and wall film thickness where mainly performed with optical techniques. Examples are
given in Yao et al. [20], Zhu et al. [21], Kolb et al. [22], Thulasidas-et al. [23] and Fries at al. [24]. The
optical methods used so far for capillary flow visualization and measurement have in common, that
optical access is required (transparent liquids and channels with smooth walls) and full 3D bubble
shape is hard to be measured. X-ray imaging represents a promising approach to continue this research
towards arbitrary channel cross-sections, intransparent phases and components, rough and

intransparent channel walls as well as oscillating channels.

2 Material and methods

2.1 Experimental setup

The experimental setup is schematically shown in Fig. 1a while the imaging instrumentation is
presented in more detail in Fig. 1b. The setup consists of the 300 mm long round glass tube
(observation section), lower and upper liquid reservoirs, a gas injection system, temperature gauges,
an X-ray source, a flat panel X-ray detector, a liquid flow controller system, CO, bottles and liquid
flow metering system. The inner diameter of the tube was measured by Vernier calipers and was 6
mm. The uncertainty in measurement was determined as +0.05 mm. The tube is made of borosilicate
glass with a wall thickness of about 2 mm. Degassed deionized water with electrical conductivity <0.5

uS/cm, surface tension 72.70x10” N/m and pH 7 was fed into an open-air overhead reservoir. The



reservoir was covered by a plastic head to prevent intrusion of dust particles. The temperature was
fixed at about 293+1 K. A level indicator was installed in the upper reservoir to obtain the hydraulic

static pressure.

The glass tube is placed between the X-ray source and a two-dimensional flat panel X-ray image
detector. It is fixed between two horizontal arms which are connected on the vibrator. The arms
transform the horizontal sinusoidal motion of vibrator to the capillary. In this study the liquid is
quiescent and the single Taylor bubbles are freely rising and there is no downward liquid flow to fix
the bubble in front of the X-ray source. The passing of single bubbles takes about 2 seconds depending
on the size of the bubbles. A Taylor bubble is generated by the injection of some finite amount of gas
into the liquid through an axially aligned metallic needle inside the tube and upstream the observation
section [25]. The amount of gas injected into the liquid is controlled by a remotely operated fast acting
solenoid valve. Gas is provided either by a gas cylinder (laboratory CO, bottle, 99.99% purity, Air
Liquide GmbH) or a pressured air. Various bubble equivalent diameters (1 mm — 25 mm) can be

produced by changing the duty cycle parameters of the gas injection valve.

Fig. 1b shows the top view of actuator and imaging instrument. It comprises of an X-ray source, a flat
panel X-ray detector, a high-resolution-.camera, a LED light source, the mechanical vibrator, and laser
confocal displacement meter (LCDM). The X-ray source is a microfocus X-ray tube (X-RAY WorX
XWT-190-TC) equipped with a tungsten high energy transmission target. The maximum tube voltage
is 150 kV at amaximum target power of 25 W. In this study a tube voltage of 135 kV and a tube
current of 40 pA was used to not exceed 5 W target power and to achieve the smallest focal spot size
and thus highest spatial resolution. The X-ray parameters were held fixed during all experiments. The
X-ray detector is a two-dimensional flat panel X-ray detector (Perkin Elmer XRD 0822 AP3 IND)
equipped with a high efficiency/high-resolution cesium iodine (Csl) scintillation screen. The
resolution of the detector is 1024 x 1024 px at a pixel size of 200 pm x 200 pm. Thus the detector
covers an area of 20 cm x 20 cm. An integration time of 100 ms per image was chosen for the
radioscopic measurements. The Taylor bubble was radioscopically monitored at an exposure time of

100 ms and a frame rate of 10 Hz. The mechanical vibrator (Otto Schon, 11075) is connected to the



amplifier which is able to vibrate the vertical channel in the horizontal (lateral) direction in a
continuous frequency range of 3 Hz to 80 kHz and amplitude up to 7.00 mm. However, in this study
the imposed amplitude and frequency of vibration were in the range of 0 — 0.7 mm and O — 44 Hz,
respectively. Due to the mechanical limitations of the experimental setup, it was not possible to
impose broader amplitudes for high frequencies. The amplifier is controlled by a wave form generator
(Agilent 33250A). The signal of the generator is transferred to the amplifier and then to the vibrator.

The strength of the signal is adjusted by both the amplifier and generator.

The Camera is a CCD video camera (AVT Pike, F-100B) which continuously monitored the bubble’s
position in an axial range of 30 mm. The camera is connected to the PC via a digital interface and is
controlled using AVT smart view software. The camera is fixed on-an adaptable support which
enables positioning of the camera to adjust the field of view. The recorded images of the bubble
oscillation were processed using MATLAB. The laser confocal displacement meter (Keyence,
LT9030M) is a high accuracy surface scanner with the resolution of 0.01 um which is used to adjust

and measure of the amplitude of channel vibration.

2.1.1 Procedure

The protocol of each set of experiments is as follows. Before starting the experiments a high
countercurrent flow rate was adjusted and a large number of bubbles were injected into the liquid to
flush the injection needle and pipes and to ensure that they were filled with the injection gas only. At
the beginning of the experiments a number of reference images were acquired showing the liquid filled
tube only. The desired value of frequency for channel vibration was set for the vibrator. The value of
the amplitude of oscillation was measured by the LCDM and controlled by changing the output power
of the wave form generator. Then, a bubble was injected into the liquid. As soon as the ascending
bubble reached the field of view, the CCD camera recording was started. Synchronously, we scanned

the bubble by X-ray imaging during the dissolution process of bubble.

Fig. 1



2.2 X-ray image processing

2.2.1 Bubble size measurement

The description of X-ray image processing and measurement calibration used in this study have been
presented in detail elsewhere [26]. Thus only a brief description will be given here. The X-ray
radioscopic data comes as intensity images. An intensity image is further denoted as a two-
dimensional matrix I of dimensions N; X N; and with values I; ; for each pixel. Each pixel represents
the intensity along an X-ray defined by the spatial positions of the focal X-ray spot of the source and

the detector pixel. For each of those rays we can compute an image of linear extinction values
1

E = —log (—) (1)
Iy

with Iy denoting the ray intensity for a reference state, that is, no object in the field of view. The

extinction value is a linear measure of ray attenuation caused by objects in the ray path.

Geometric calibration of the X-ray imaging system is best achieved by visualization of an object with
known spatial dimensions. The two maxima of the horizontal extinction profile [26], which was
vertically averaged over 600 detector rows, give the positions of the projected inner glass wall of the
tube. The cylindricity of the circular glass channel was checked using the microfocus X-ray computed
tomography and the diameter was found to vary by 0.5%, and the inner diameter of the channel was
determined to be 5.96 £ 0.03 mm. With the known inner tube diameter all X-ray images were

geometrically calibrated to an effective pixel spacing of 29.0 um + 0.5%.

In order to quantify the bubble length and volume, an extinction image E;, showing the Taylor bubble

only was computed by subtraction
Ey = E, — Eye;. )
as exemplarily given in Fig. 2a. In this equation, E; is the radiographic extinction image of a bubble in

the liquid-filled tube and E . is the radiographic extinction image of the liquid-filled tube only.

The extinction images Ej, were noisy due to the short exposure times; thus extraction of geometrical
details was prone to errors. Therefore, a set of dedicated calibration measurements was conducted
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[26]. Non-dissolving air bubbles were injected into the liquid and were held at a fixed vertical position
by application of a countercurrent liquid flow. Since the reference bubbles were not shrinking, the
computation of average extinction images E}, by superposition of a set of at least 128 single time
exposures was possible (Fig. 2b). Such image exhibited a signal to noise ratio sufficient for bubble
shape analysis. The projected 2D bubble interface was extracted (Fig. 2c), and volume of the reference
bubbles were computed by construction of a solid of revolution of the interfacial profile. The relative
error in the measurement of the projected interfacial curve was estimated to be +1 px;thus resulting in
an uncertainty of the volume computation which is lower than 2.5% for bubble sizes considered in this
study [26]. Then, the reference bubbles’ volume, V},, was correlated to the measured integral extinction

Zi]- E}, in the form of linear equations [19],[26],
Vp = ky X4 Ep 3.

Therein, ky is calibration constant which was found by linear regression of the data of nine calibration
experiments covering three different bubble sizes. The bubble length L, is computed as the distance
between the maximum and minimum z-position of the extracted projected bubble interface along the

channel axis.

Fig. 2

Image averaging, however, is not possible during studies of mass transfer, since the bubble shape is
continuously changing. Fig. 3 shows X-ray radiographs of dissolving (CO,) bubbles in oscillating
channel. As it can be seen, bubble rising and oscillation of channel in stagnant liquid cause undesired
motion blur. The size of each X-ray radiographs was 15 mm x 30 mm. This size comes from a
compromise to have the maximum field of view to trace the bubble on one hand, and to have the
maximum spatial resolution and minimum signal to nose ratio on the other hand. During the mass
transfer study the change in the volume of bubble was different and depending upon the amplitude and

frequency of vibration, it varied between 4% and 14% of initial volume of bubble. As a result, only the

10



integral extinction Y;; Ej, of non-averaged X-ray images (Fig. 2a) was measured as a function of time,
and correlations equivalent to equation 3 was used to infer instantaneous bubble volume and their

dynamics; thereby utilizing beforehand measured calibration constants [27].

Due to the finite exposure time, channel oscillation causes periodically changing blur of the X-ray
projections, which in turn causes periodical variations in calculated integral attenuation Y;;; E},, when
using a static reference, E;.r. Amplitude and phase of that periodically changing offset were estimated
using fast Fourier transformation (FFT) analysis and the fluctuating integral attenuation was corrected

accordingly.

The uncertainty in measured Y; i Ep was less than 2%, the uncertainty in measurement of V), is the

same due to equation (3) which is included in uncertainty calculation of mass transfer coefficient.

Fig. 3

2.3 Measurement and adjustment of the vibration amplitude

The oscillation induces a horizontal motion of the vertical channel axis and as it was mentioned, the
frequency and amplitude of oscillation were controlled by wave form generator. But, the resulting
amplitude of the motion cannot be deduced from the wave form generator signals and therefore we
measured and set its value using the LCDM at the beginning of each experiment. However, due to
injection and movement of bubble, in some cases, the oscillation amplitude of channel was slightly
affected. Therefore, the videoscopic observation data from CCD camera with effective pixel resolution

of 108 um was used to double check the data. Fig. 4 shows the measured channel vibration amplitudes

from the videography data.

Fig. 4
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3 Results and discussion

3.1 Bubble shape and rise velocity

Fig. 5 exemplarily shows a non-dissolving Taylor bubble as it rises in the oscillating channel within
one full period of oscillation. As Hashmi et al. [15] discussed, bubbles could be considered as a soft
membrane which is able to oscillate under the action of excitation. Depending upon the frequency and
amplitude of the external vibration, the reaction of the bubble can be linear or non-linear. As it can be
seen, the horizontal channel motion forces the liquid via its momentum to the backside of the channel
(with respect to motion direction) and thus pushes the bubble tip in the direction of motion. As a
result, the liquid film thickness increases at the backside of the tube; which leads to downward

movement of additional amount of liquid along the Taylor bubble side.

Furthermore, the channel oscillation causes waves on the surface of bubble which travel along the
bubble axis. As it can be seen in Fig. 5, on one hand, the surface wave axial velocity is mainly related
to liquid velocity in the film. On the other hand, the waves on the surface of the bubble are not
symmetric. This behavior was also reported by Kubie [7] in laterally oscillating vertical pipes and also
by Madani et al. [6] for axial vibration of vertical tubes. For the later case Madani et al. [6]
conjectured that the non-axisymmetric surface wave motion leads to a higher downward liquid

flowrate and also an increase of bubble rise velocity.

Fig. 5

The free rise velocity of bubbles (U,) in the stagnant liquid in the channel was precisely measured
utilizing the CCD video camera which monitored the front tip of bubbles. The position of the bubble’s
front tip was tracked over an axial range of 30 mm at a frame rate of 188.2 frames per second and an
effective pixel resolution of 108 um. Depending on the rise velocity of bubbles, 180 to 950 images
were analyzed and tracked to measure the rise velocity of bubble. This way we obtained the
instantaneous bubble front tip free rise velocity. We cross-compared these data to the ones obtained

12



from the X-ray radiographic images and found that the difference between the measured values by two

methods is about 2%.

Fig. 6 shows the measured rise velocity of a freely rising non-dissolving (air) Taylor bubble in the
circular channel as a function of channel oscillation frequency. We studied bubbles between L, = 20
mm and 22 mm and d.,/D of 1.5 to 1.6, where L, is bubble length, D channel hydraulic diameter, and
d., sphere-volume equivalent bubble diameter. The maximum uncertainty in measured bubble rise

velocity is estimated to be 3%.

As it can be seen, for non-oscillating channel the Taylor bubbles rises at 6.9 mm/s. An increasing
amplitude and frequency of the horizontal channel motion leads to increase of the bubble rise velocity.
Moreover, the amplitude of vibration has a considerable influence on the rise velocity of the bubbles.
For example, at 26 Hz a change of amplitude from 0.3 mm to 0.7 mm causes an increase of bubble

velocity from 10.11 mm/s to 28.95 mm/s.

Furthermore, as it can be seen, the data show some intensifying effect at certain frequencies. At these
frequencies the bubble vibration and bubble rise velocity reach their maximum value. This behavior is
consistent with the observation of the Ellenberger et al. [9] for gas holdup of bubble columns. They
showed that vertical vibration of bubble columns show some enhancing effect at specific frequencies
where the gas holdup is maxima. In our system, our observations revealed that this intensifying effect

is more pronounced at higher amplitude and is dependent upon the parameters of mechanical system.

Fig. 6

3.2 Interfacial waves

The horizontal channel oscillation induces surface waves on the left and right-hand side of the Taylor
bubble (left and right with respect to the observers point of view), which travel downward on the
bubble interface. The travel velocity is assumed to be constant, which seems to be true at least for the
center part of the Taylor bubble away from the front and rear bubble cap. Fig. 7 presents the surface

13



wave travel velocity. The values of the surface wave travel velocity plotted in this figure are averages

of at least three measurements. The error bars indicate one standard deviation about the mean points.

The surface wave travel velocity shows a similar behavior as the bubble rise velocity. It increases
with increasing amplitude and frequency of channel motion. In detail, the maximum and minimum of
both the bubble velocity and bubble surface wave velocity are the same which means that the increase
and decrease of bubble rise velocity are corresponding with the variation of bubble surface wave
velocity. Moreover, it should be noted that for large amplitude oscillations of the channel, at the
frequencies where the rise velocity is maximum, a slight vertical oscillation of channels was observed
which can affect the motion of oscillating bubbles. Furthermore, videometric observation reveals that
with increasing of oscillation amplitude, the bubble surface oscillation increases progressively, which
starts from volume pulsation to the small surface waves and then to chaotic surface distortion which is

in accordance with data reported by Dong et al. [1] in horizontal microchannels.

Fig. 7

The videoscopic data of non-dissolving bubbles (Fig. 5) show periodic occurrence of bubble surface
waves. The surface wave occurrence frequency was measured and is shown in Fig. 8. As it can be
seen, the surface waves occur at exactly the same frequency as the horizontal channel oscillation (one
new wave per horizontal motion period) and are independent of the oscillation amplitude. This
behavior is in contrast with the observation of Dong et al. [1] in microchannels which indicated that
the bubble surface waves oscillate periodically at half the driving frequency, which is a key feature of

the Faraday wave.

Fig. 8
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3.3 Mass transfer coefficient

3.3.1 Mass transfer calculation

For a CO, bubble absorbing into water the resistance to mass transfer in the gas phase is negligible
with respect to the resistance in the liquid phase under the prevailing conditions [28]. Therefore the
rate of mass transfer is proportional to the difference of interface and bulk concentration of the liquid

phase
dn _ *
—— = kA, (C" = 0). 4)

In this equation 7 is the total moles of gas phase (CO,) inside the bubble, # the time, C" the
concentration of gas at the interface, A, the surface area of bubble based on the bubble sphere-volume
equivalent diameter (d.,), and C the concentration of gas in the liquid bulk. Due to the channel
oscillation, the bubble surface was very wavy and calculation of bubble interfacial area is uncertain.
As a result, bubble surface area was reported based on the calculations of an equivalent bubble
diameter. The bubble equivalent diameter defines as the diameter of a sphere with the volume equals
to the volume of the bubble. This method which is widely used for Taylor bubble flow [29],[30],[31]
is appropriate for reproducibility of the measured mass transfer coefficient with knowing the initial

bubble volume.

Assuming the equilibrium at the interface by Henry’s law and because C<<C", we have

dn CLPy
at . LEby_pyv

o)

where H is Henry’s constant, C,, the water concentration, y the mole fraction of CO; in the gas phase

and P the pressure inside the bubble calculated by

P =Pym +pLgh. (6)

Here P,,, is atmospheric pressure, A the distance from the liquid surface in the upper reservoir to the
center of the bubble. The contribution of Laplace pressure can be neglected (lower that 0.03%)
because the bubble size is relatively large. Moreover, variation of bubble pressure due to the rising of

bubble (A2=30 mm) is less than 0.4%, therefore P could be assumed constant during the experiments.
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Due to atmospheric pressure of the bubble, the ideal gas law can be applied for the gas phase,

therefore we can replace dn/dt in terms of V,, (volume of bubble) as

dn _ P dVb
dt = RT dt °’ 0

where R is universal gas constant and 7 the gas temperature.

Hosoda et al. [29] have shown that for the first ten seconds from the injection of the bubblesthe CO,
composition inside the bubbles can be considered as unity. However, in our experiments to calculate
the kz, we only considered initial first second of CO, dissolution and as a result, the counter diffusion
of air from liquid to bubble is negligible. Therefore by assuming y as unity and by combining Eq. 6

and 7 we have

1 H-PdVy
ApRT C; dt ~

ky=— ®)

The mass transfer was calculated by applying a difference scheme to determine dV,/dt. The values of

constant parameters are shown in Table. 1.

Table. 1 The values of constant parameters

Parameter Value (298 K)
Density (p) 998.2 (kg/m’)
Henry constant for CO, (H) 189 (MPa)
Water concentration (Cy) 55.4 (kmol/m)
Molecular diffusivity for CO, in water (D.) 1.6 x 107 (m%s)

3.3.2 = Mass transfer coefficient

We carried out the experiments to measure the influence of vibration frequency and amplitude on the
mass transfer rate. The liquid-side mass transfer coefficients, k;, according to Eq. (8) for individual
rising dissolving Taylor bubbles in stagnant liquid are shown in Fig. 9. For dissolving bubble
experiments (CO, bubbles) the injected (initial) bubble size was set to L,=19 mm to 22 mm and
d.,/D=1.5 to 1.6. The values of the mass transfer coefficient plotted in this figure are averages of at

least three measurements. The error bars indicate one standard deviation about the mean points.
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As it can be seen, oscillation causes an increase of the mass transfer coefficient in comparison with the
non-oscillation case (single point at f=0 Hz). At constant vibration amplitude, an increase of frequency
causes also an increase of mass transfer coefficient. The rise of k; is not even and has some
fluctuations. For vibration with an amplitude of 0.7 mm, at frequencies larger than 30 Hz due to very
large shape oscillations of bubbles and high bubble rise velocity, the number of data to calculate the
mass transfer coefficient was not enough. Therefore, k; could not be measured and reported. Howeyver,
the trend shows a clear rising behavior of k;. Furthermore, increase of oscillation amplitude leads to an
increase of the mass transfer rate, which is more pronounced for higher amplitudes. For example for a
vibration amplitude of 0.3 mm, the liquid-side mass transfer coefficient increases at maximum by

79.9%, while the increase is 186.1% for a vibration amplitude of 0.5 mm.

Fig. 9

For a better understanding of the behavior of dissolving bubbles the free rise velocity of CO, bubbles
was measured and is given in Fig. 10. The measurement conditions and procedure were the same as air
bubbles. The maximum uncertainty in measured bubble rise velocity is estimated to be 3%. As it can
be seen, an increase of vibration frequency and amplitude causes faster motion of rising bubbles,
which is in accordance with the non-dissolving bubbles (Fig. 6). However, there are some differences
in the trend of rise velocity between CO, and air bubbles. The local maximum points are more
pronounced for non-dissolving bubbles compared to the CO, bubbles. The reason could be attributed
to the multipart behavior of dissolving bubbles. On one hand, CO, bubbles are dissolving and their
front tip is shrinking which means their front tip is descending and at the same time whole bubble is
rising. On the other hand, because of dissolution of bubble, the bubble volume is decreasing which
also affects hydrodynamics of the bubble and consequently the free rise velocity of bubbles which

causes some differences in trend of dissolving and non-dissolving bubble rise velocity.

Moreover, comparison of Fig. 9 and Fig. 10 shows that there is a fairly good consistency between the

values of mass transfer coefficient and bubble rise velocities. For example in the range of our

17



experiment for a vibration amplitude of 0.3 mm, the maximum bubble rise velocity occurs at

frequencies 32 Hz to 34 Hz and k; also has a maximum at this frequency.

On the other hand, as it was shown in Fig. 6 and Fig. 7, for any vibration amplitude considered in this
study, the trend and the peak values of bubble rise velocities are corresponding to the trend and peak
values of bubble surface waves, which means that the rise velocity and surface wave velocity are
directly related to each other. Therefore, in case of CO, bubbles where there is a fairly good agreement
between the values of mass transfer coefficient and bubble rise velocities, it can be concluded that the
increase and decrease of mass transfer coefficient of rising bubbles as a function of vibration

amplitude and frequency is a function of bubble surface wave velocity.

Fig. 10

Furthermore, as it can be seen in Fig. 5, the bubble surface wave oscillation directly influences the
hydrodynamics of the liquid film and therewith the gas—liquid interface in the falling liquid film
region around the bubble and causes an increase of mixing in this region. As it is known, the flow
regime in this region is laminar and mass transfer is performed due to diffusion mechanism between
the layers. Therefore, vibration of channel causes the reduction of the liquid-side mass transfer
resistance between the streamlines and consequently leads to the enlargement of mass transfer rate. On
the other hand, bubble surface waves generated by channel oscillation cause the increase of interfacial
area between the bubbles and liquid phase which is another mechanism for enhancement of mass

transfer.

For overall comparison of dissolution rate of bubbles in oscillating and non-oscillating channel, the
mass transfer rate of oscillating bubbles were calculated in the form of non-dimensional Sherwood
number, Sk, and Peclet number, Pe. Sherwood number, which represents the ratio of convectional
mass transfer to the diffusional mass transfer, is a common way to report the mass transfer coefficient

of dissolving bubbles and defines as
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_ kideq
Sh = . 9

_ Undeg
Pe = o (10)

where D, is the gas molecular diffusion coefficient.
Since, to calculate the mass transfer from elongated bubble, it is required to know the product of k;A,,

we reported the data in the form of modified Sherwood number, Sh*, which is defined as:

x _ kidp
Sh* =] (11)

where D is the channel hydraulic diameter. The Sherwood number data are shown in Fig. 11. The
prediction of the correlation developed by Haghnegahdar et al. [26] is also presented. This correlation
is developed for the mass transfer of elongated bubbles in water in non-oscillating millimeter sized-
channels with a hydraulic diameter ranging from 6.0 mm to 8.0 mm and is defined as:

Sh* = (23.003(d,,/D)? — 38.623(d.,/D) + 23.591)Pe®° for 0.8 < (dgq/D) < 1.6. (12)
As it can be seen in Fig. 11, for low amplitude vibration (A=0.3 mm) and also for channel oscillations
with high amplitude but low frequencies, the experimental data fits to our previously derived
correlation for non-oscillating bubbles. It should be noted, however, that the non-oscillating bubbles
were held stationary in a downward flow of liquid while the agitated bubbles propel themselves
through stagnant liquid. Atabout Pe”’=280 higher amplitude and frequencies of the oscillation do not
only increase the bubble velocity (Peclet number) but also the mass transfer beyond the prediction of
the correlation for non-oscillating bubbles. This increase in mass transfer is gained from the

deformation turbulence induced by the shaking.

To-sum up, the intensification of mass transfer with increase of amplitude/frequency of vibration is
primarily attributed to the increase of the bubble surface wave oscillation that causes an enlargement
of contact area between the phases and a reduction of mass transfer resistance in the liquid-side
boundary layer [14]. Nonetheless, understanding the exact mechanism of mass transfer enhancement

and obtaining a fundamental model require a more detailed analysis in the future.

Fig. 11
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4 Conclusion

The motion, shape and dissolution rate of individual elongated Taylor bubbles of air and CO, in the
water was studied in a millimeter-size channel to investigate the effect of low-frequency horizontal
vibration of the channel. The bubbles were freely rising in stationary liquid and the liquid-side mass
transfer coefficient was determined from microfocus X-ray images. The acquired X-ray images of the
bubbles were analyzed with respect to volume, surface area and length of the bubble and were utilized
to obtain the mass transfer coefficient. The rise velocity and surface wave motion of bubbles were
analyzed via videometric observation with a CCD camera. The comparison of the results for the
stationary and oscillating channel showed that
. mechanical vibration of the channel is able to enhance the liquid-side mass transfer
coefficient between the gas and liquid phases in millimeter-sized channels from 80% to
186%:;
. the mass transfer rate positively correlates with frequency and amplitude of oscillation,
which is more pronounced for higher amplitude;
. channel oscillation causes an enlargement of free rise velocity of bubbles, which is mainly
attributed to development of bubble surface waves;
. the intensification of mass transfer with increase of amplitude/frequency of vibration is
mainly attributed to the increase of the bubble surface wave oscillation that causes an
enlargement of contact area between the phases and also a reduction of mass transfer

resistance in the liquid-side boundary layer.
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Notation

Ap bubble surface area based on the bubble sphere-volume equivalent diameter (d.,)
a specific interfacial area

Cc concentration of gas at interface

C concentration of gas at the liquid bulk
Cy water concentration

d bubble diameter

deg sphere-volume equivalent bubble diameter
D channel hydraulic diameter

D, gas molecular diffusion coefficient

E radiographic extinction image

f channel vibration frequency

g acceleration due to gravity

h distance from the liquid surface

H Henry’s constant

1 X-ray intensity

kr liquid-side‘mass transfer coefficient
k, calibration function

L, bubble length

n total moles of gas inside the bubble

P pressure inside of the bubble

P atmospheric pressure

Pe Peclet number

R universal gas constant

Sh Sherwood number

t time

T bubble temperature

U, bubble free rise velocity
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vV, bubble volume

y mole fraction of CO, inside of gas phase

Z axial direction

p liquid density
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Fig. 1 Schematic drawing of the experimental setup:

a) Hydraulic circuit with observation section (1), microfocus X-ray source (2), flat panel X-ray image
detector (3), vibrator (4), remotely controlled motorized needle valve (5), upper reservoir (6), lower
reservoir (7), video camera (8), gas injection line (9), fast solenoid valve (10), gas cylinder (11),

b) Top view of special instrumentation and actuators: LCDM (12), Mechanical vibrator (13), CCD
camera (14), LED light source for illumination (15)

Fig. 2 (a) Extinction image of a dissolving Taylor bubble as it passes the X-ray detector (raw data). (b)
Averaged image of the ‘calibration bubble’, whose position was held fixed in front of the X-ray

detector by countercurrent liquid flow. (c¢) Extracted bubble interface projection (solid line)

Fig. 3 X-ray radiographs of dissolving (CO,) bubbles in oscillating channel (f = 40 Hz)

Fig. 4 Measured channel vibration amplitude using the videoscopic data from CCD camera

Fig. 5 An air Taylor bubble (not dissolving in the liquid) as.it rises in the oscillating channel within
one full period of oscillation (f = 12 Hz). The vertical position of the surface wave crest on the
Taylor bubble’s left and right hand side is indicated by the dashed and continuous line. The
relative horizontal position of the tube is indicated by the marker at the bottom of each image

Fig. 6 Measured rise velocity of a freel y rising non-dissolving Taylor bubble in circular channel as a
function of channel oscillation frequency and amplitude

Fig. 7 Surface wave travel velocity of rising bubbles

Fig. 8 Surface wave occurrence frequency of rising bubbles

Fig. 9 Measured mass transfer coefficient for oscillating bubbles with initial size 1.5< d,,/D. <1.6
Fig. 10 Free rise velocity of dissolving bubbles

Fig. 11 The experimental data for oscillating channels in the form of modified Sherwood number

accompanying with predicted data by the correlation proposed by Haghnegahdar et al. [20]

25



\ IIO
(b)

Fig. 1

0
x/ mm

Fig. 2

26



Fig. 3

0.9
0.8
0.7
0.6

0.5

A (mm)

0.4
0.3
0.2

0.1

Fig. 4

0.1 0.2 0.3 0.4 0.5
AA=0.7mm
BA=0.5mm
. .’_A.=_O.. 3 _mm_ .........................................
I A—A-agAhadAdAa anass
L _.,_._._......_._.....-_!......_._....-_ .....
| _’_‘_‘_..’.._’_’.‘.O_Q.Q.Q_Q_Q.Q.Q_ .....
0 10 20 30 40 50
f (Hz)

27

0.8

time (s)



Fig. 5

40

32

Fig. 6

28

A=0.7mm
B A=0.5mm
e i
®A=0mm ]
77777777777777777777 r 7-, R
L |
- g ]
PSP m_ . ]
[ ] . [ ]
B *
- PO B K o *,
._ ............. _‘._ .‘.._._‘_ ............................................... ]}
0 10 20 30 40 50
f (Hz)




500

400

w
o
o

200

100

Surface wave velocity (mm/s)

Fig. 7

50

40

30

20

10

Measured surface wave frequency (Hz)

Fig. 8

29

®A=0.300mm
| _®A=0500mm_ .
A=0.700 mm
____________________________________________ o Lo
z= & BA - ] 1
» B u n |
, UK - .
& ! 'S * o
,,,,,,,,, '11,!,,,,,,”,‘,,,,,,,,,,,,,
- = ® T ¢
. *°
0 10 20 30 40 50
f (Hz)
AA=0.700 mm
O0A=0.500 mm
©A=0.300mm
0 10 20 30 40 50
Applied frequency (Hz)



0.0005

® A=0mm
0.0004 [F®A=03mm. _. _ . _ _ . .
® A=0.5mm T T
- 0.0003 AA=07mMm _ -I-_J_- l_._._ I I
B I 3
E 1 i
00002 L %‘*_ :_ i [ [ S § ...... { .........
T EEL: te
§- =
® T *
00001 L
0 . , . .
0 10 20 30 40 50
f (Hz)
Fig. 9
35
®A=0mm
30 [ -®A=03mm-— — — — — A
BA=0.5mm
25 L. _AEO_7_mm .......................................................
[
— 20 G PR | PP
~ |
o 15 S .- _._._ .........
= an® =
10 oA S B 9..9._’.._0_‘ ................
[ ] F R 4 L
® § 8 oo ¢
5 i
0
0 10 20 30 40 50
f (Hz)
Fig. 10

30



12000

10000

8000

Sh *

6000
4000

2000

Fig. 11

® A=0mm
L @ A=0.83 MM
B A=05mm
a
L A0, M= — e e I
" n
e Prediction [25] "
| ....._ ..................................

31




Highlights

e X-rayimaging was used to study the effect of channel vibration on the mass transfer of
bubbles.

¢ The mass transfer rate positively correlates with frequency and amplitude of channel vibration.

¢ Channel oscillation causes an enlargement of free rise velocity of bubbles.

e Channel oscillation intensifies the surface wave motion of bubbles and causes enhancement of

mass transfer.
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