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ABSTRACT: 4 dual-emission Laser Induced Fluorescence technique is applied to pH fields around single
rising bubbles. The advantage of this technique allows us to quantify the pH field around the single rising
bubbles. Varied sizes of bubble ranging 0.7mm-3.5mm are visualized to investigate the size effect on the
distribution of the transferred mass.

1 Introduction

Mass transfer is the core process in chemical engineering. It is the essential knowledge for improving
the reactor design. As a kind of chemical reactor, bubble column reactors have been developed for
realizing the multiphase reaction due to their good mixing and long contact time properties of mass
transfer process. The mass transfer dynamics in bubble reactors have attracted great attention of
researchers. Gogate and Pandit (1999) reviewed varied methods on global mass transfer in bubbly flow.
On the other hand, the details of mass transfer are highly desired. Techniques for local mass transfer
measurement emergence with the progress of concerning technologies, such as lasers, cameras and
tracers.

As a flow visualization technique, laser induced fluorescence has become a promising technique in gas-
liquid interface mass transfer. A lot of effort has been made to prompt the progress. So far, two typical
laser induced fluorescence techniques are involved in bubble mass transfer investigation, including O2
quenching technique (Bork, Dani, Dietrich, Francois, Jimenez) and CO/ pH sensitive technique
(Pankow, Asher, Munsterer, Jahne, Tsuchiya,Stohr, Valiorgue, Kovats). Recently, Paul et al (2018)
reviewed the overview of the technique development.

A more advanced technique has been develop recently for mass transfer of CO2 bubbles in water (Kong
et al 2018) devoting to quantitative measurement. The dual-emission laser induced fluorescence
technique (DLIF) delicately combines a dual-emission fluorescent dye and laser induced fluorescence
technique. The normalization of those two bands overcomes the non-uniformness of illumination
intensity. This principle basically allows us to quantitatively the transferred mass around bubbles. The
principle formula reads f

a(pH) = I,,(A,pH)  [e~=®lc g (4, pH)Ce(pH)1 o 2(ypH)

I, (A2.PH) " Le =PHENc Ap (A, pH)Ce(pH)]  2(A,,pH)
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in which, I, is the incident light intensity, € is the absorption (extinction) coefficient, A, is the incident
light wavelength, I is the optical path length of the incident ray, L the length of the sampling volume, A
is the optical collection fraction, £ is the fluorescence concentration and < is the quantum yield.

In this study, the dual-emission LIF technique is applied to a water/CO; system. The pH fields around a
single rising CO2 bubble with varied size (0.7mm-3.5mm) are measured to visualize the size effect of
bubbles on gas-liquid mass transfer.

2 Setup and device

The setup comprises one bubble column made of glass (dimensions: 10 cm*10 cm*40 cm), two
imager SCMOS cameras with 2560%2160 pixel and a maximum frame rate of 50 Hz at full resolution
equipped with Tokina 100mm F/2.8 Marco AT-X lenses and a pulsed Nd:Yag laser (Litron LPY-70-
200) with 200 Hz maximum pulse frequency and maximum energy of 50 mJ. Additionally, two optics
including one spherical lens and a f/-20 mm cylindrical Plano-Concave lens are mounted to generate
the laser sheet. Two optical filters are applied for the cameras to isolate the light signal corresponding
to two spectral bands (as shown in figure 1); 575/50 nm for camera 1 and 650/80 nm for camera 2. A
dual-emission fluorescent dye is selected as the pH indicator, which is 1, 4(and 5)-benzenedicarboxylic
acid, 2-[10-(dimethylamino)-4-fluoro-  3-oxo-3H-benzo[c]xanthen-7-yl] = (C-SNARF-4F). The
performance of the dye has been demonstrated in (Kong et al 2018). The concentration of dye used in
this study is 1.06 X 107° mol/L ( 0.5 mg/L). The recording and post-processing are implemented
with DaVis 8.3.0 (LaVision). In practise to obtain a higher temporal resolution, the recording area is
cropped (702%2560), allowing a recording frame rate of 100 Hz, the exposure time is kept at 1 ms. The
system is adjusted properly to yield a spatial resolution of 0.0133mm/pixel. This grants us the ability
to capture the details of small bubbles (<1mm) and big enough domain of big bubbles (>2mm).
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Figure 1: setup (left); dye emission spectral (right)
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Figure 2: Calibration of relation between pH and fluorescence intensity ratio

To obtain the relation between pH and fluorescent intensity ratio, a pH calibration is required. The
image recording is implemented under the same conditions as those for the experimental images. The
pH is adjusted with Citric acid — Na,HPO, buffer solutions. As demonstrated in Kong et al (2018), the
over-all uncertainty of pH measurement is around 0.02 pH units, while an upper bound of 0.04 pH
units.

The image post processing follows a procedure as shown in figure 3, for conciseness sake, the details
are not discussed here and can be found in Kong et al (2018).
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Figure 3: Image post processing flow diagram.

3 Results

According to Grace Diagram, in water system, bubbles smaller than Imm rise straight and keep
spherical shape; bubbles bigger than 2mm, the rising paths are no longer straight and bubbles are in
wobbling regime. Both the rising behaviour and shape affect the mass transfer. Therefore, varied size
bubbles are generated to investigate the effect of the shape and rising behaviour on the mass transfer.

In this study, bubbles of sizes 0.7mm, 1.1mm, 2.6mm and 3.5mm are generated. The pH fields around
the rising bubbles are obtained via the dual-emission LIF technique. Please note that the background
pH changes due to dissolved CO2. For better visualization sake, the Colormaps on pH contour images
change slightly. pH contour images are overlaid masks of bubbles to avoid the distraction of nonsense
value. Note also that the masks don’t represent the real bubble due to the fact that bubble surface are
hard to determine because of laser reflection caused halo around the bubble surface.

3.1 Bubble size, 0.7mm.

The shape of bubble of size 0.7mm is spherical and the Reynolds number is around 100. Therefore, the
rising path is straight. The rising dynamic and mass transfer reach the static stage in short time. Thus
only one figure is shown here. The concentration of dissolved mass is indicated by the pH. The pH
distribution shows that most of the mass is in the core of the wake. The amount of mass declines
gradually as the distance increases away from the bubble surface in the wake.
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Figure 4: pH around a 0.7mm rising bubble

3.2 Bubble size, 1.1mm

For size 1.1 mm bubble, the Reynolds is around 200 and the shape is spherical. The rising path should
be straight. However, the rising path deviates due to the effect of leading bubble. For the same reason
as 0.7mm bubbles, only one images is shown here. The pH distribution is similar with 0.7 mm bubbles.
However, a neck is observed separating a high mass region from the vicinity of bubble surface.
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Figure 5: pH around a 1.1 mm rising bubble

3.3 Bubble size, 2.6mm

For 2.6mm size bubble, the Reynolds number is around 800. The bubble is in wobbling regime
according to grace diagram. Therefore, the shape is ellipsoidal. In the wake of the rising bubble, vortex
shedding occurs. As shown in Figure 6, dissolved mass firstly is accumulated in the wake and
transported with the vortex shedding. The wake is relatively stable with periodic vortex shedding. As
indicated by the pH, the concentration of the mass is higher in the core of wake and the higher
concentration regions are always located in the core of vortices. The vortices divide the mass zone into

two main parts. Each one has its own higher concentration core.
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Figure 6: pH around a 2.6 mm rising bubble. The time interval between the images are 10ms.

3.4 Bubble size, 3.5mm

Bubbles of size 3.5 mm are rising in high Reynolds number regime. The Reynolds number is around
1000. The shape of bubbles is strongly deformed. High Reynolds number and highly deformed shape
result in a wake rapid evolving into distorted wake. Most of the mass is located in the core region of the
vortices at the early stage. Later on, compared with 2.5 mm bubble, for which pH distribution is still
within the two main vortexes, pH distribution of size 3.5 mm is mainly at the outer edge of the bubble
wake. This is clearly shown in Figure 7 and 8 in different angle of recording.

Figure 7: pH around a 3.5 mm rising bubble. The time interval between the images are 10ms.
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Figure 8: pH around a 3.5 mm rising bubble (another angle). The time interval between the images are 10ms.

Conclusion

A recently developed quantitative technique, dual-emission Laser Induced Fluorescence technique
(DLIF), is applied to varied size of bubbles. The size range is between 0.7mm-3.5mm. The pH field as
an indication of transferred mass are observed by this DLIF technique. The results show that the
distributions of dissolved mass of different size bubble are pretty different.
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