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During this research period, several protot%pes of fine bubbles nozzles were
3D printed. The performance of the nozzles was evaluated through their gas absorption performance
under several gas-to-liquid ratios. Under the best operating conditions, water was oversaturated
with oxygen within 20 minutes of batch-wise operation. Then, the fine bubbles contained in the
liquid were measured by using the Nano Tracking Analysis (NTA) method. The results showed an average
of 350 million bubbles per mL with a size between 100 nm and 300 nm.
The use of slug flow in small channels showed that the fine bubbles suffer deformations due to the
internal mixing in the liquid slug. Such flow deformation cause changes in the number and size of
fine bubbles. Finally, the fine bubbles were generated continuously using two flow patterns:
continuous flow and cyclic flow. In both cases, over 300 million bubbles per mL were constantly

generated.
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Fine bubbles (gas bubbles of less than 0.1 mm in diameter) have the following important

features: an increase in the surface area per volume of gas; an increase in the
residence time in the liquid phase due to the decrease buoyancy; and an increase in
bubble internal pressure due to surface tension. These features imply: high mass transfer

and heat transfer, the gas can be immersed in the liquid for a long time, and fast size
reduction of gas bubbles.
Microchannels have the following important features: a decrease in the Reynolds number
(Re), resulting in laminar flow more easily; an increase in the surface area per volume of
fluid; and a decrease of the fluid volume in the containing channel. These features imply:
easy control of the residence time in mixing and reaction processes by keeping the laminar
flow, high mass transfer and heat transfer, and the reduction of equipment size and
space, which can help to make smaller equipment and processes.
Few studies try to understand the motion, dispersion, and gas-liquid mass transfer of FB in
batch-wise apparatuses[l]. Nevertheless, the motion, dispersion, and gas-liquid mass
transfer of FB in MC remain unclear. Batch processes have the disadvantages of batch-to-
batch variation in the products, small throughput, high initial cost, and unproductive time
spent in preparation of a new batch.
To overcome these issues, new processes that use FB must be done in a continuous way. In
this sense, MC can help to realize continuous process operation.

The first objective is to match the scale of FB and MC because current processes using FB
handle a big batch size (few liters to a few hundred liters) while processes using MC handle
small throughput (few ml/min).

The second objective is to change from batch-wise FB systems to continuous FB systems
because typical systems are done batch-wise [1]. The originality of this research is to develop
a FB system that can continuously generate FB by recirculating the liquid partially with FB.
It means part of the liquid with FB will continuously go through microchannels.

The performance of FB generation devices will be evaluated by measuring the dissolved
oxygen (DO) in water and by measuring the particle size distribution of FB. These results
can be used to derive the mass transfer coefficient value. To develop FB generation devices,
a 3D printer (Yokoito Co. Forms 2) and 3D printing software (Autodesk Fusion 360) were
used.

The motion and dispersion mechanism of FB in MC will become clear by doing the proposed
experiments. The results from this research will help to increase the applications of FB in
continuous processes as well as to the applications of FB for small flow throughput. Also, the
mass transfer enhancement in processes contacting gas and liquid can open the possibility to
increase applications of processes limited by mass transfer.

The FB size distribution and the number were calculated by using the Nano Tracking
Analysis (NTA) method. Also, the continuous generation of FB was done under two flow
patterns: continuous generation of FB cyclic generation of FB.

Several FB generation devices were designed in the software Fusion 360 and printed in the
3D printer Forms 2 (Yokoito Corp.). Several obstacles were included in the devices to enhance
contact between gas and liquid phases. Figure 1 shows the types of obstacles in the FB
generation devices. All the obstacles generated FB and surpass the saturation concentration
of dissolved oxygen at high gas flows as shown in Figure 2.
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Figure 1. Gas absorption performance of FB generation devices

Figure 2 shows a comparison of several FB devices at two different values of gas flow. The
best performance was obtained when a screw-type static mixer was used [2, 3]. At 50 mL/min
gas flow rate, the saturation concentration of oxygen (dotted line Fig. 1) was surpassed. It



means that the presence of oxygen in water is as dissolved oxygen and undissolved oxygen in
form or air fine bubbles.

Figure 3 shows the size distribution and amount of FB for some FB generation devices. The
NTA method was used to do the measurements. It was observed that the FB size distribution
is within 100 and 300 nm as reported by commercial devices. The FB amount was between
159 million bubbles/mL and 1.23 billion bubbles/mL for the screw-like A device. This latter
result outperforms current commercial devices.

Figure 4 shows the size distribution and amount of FB for two flow patterns. In Pattern 1,
FB are generated continuously when fresh distilled water enters the FB generation systems,
and water with FB exists from the system. In Pattern 2, FB are generated in a cyclic way
when fresh distilled water enters the FB generation for &1 minutes. Then, water with FB
exists from the system for . minutes. The process is repeated cyclically. In both flow patterns,
around 300 million bubbles/mL with size within 100 to 300 nm were generated. These results
are similar to those reported by commercial devices. Therefore, FB can be generated
continuously in small channels.
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Figure 2. Gas absorption performance of FB generation devices
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Figure 3. FB amount and size distribution for some generation devices
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Figure 4. Flow patterns for continuous generation of FB: continuous (left), and cyclic
(right)
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