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Abstract

Ocean-going cargo ships predominantly powered by diesel play a pivotal role in international trade. However, the CO:
emissions from their engine exhaust significantly pollute port cities and marine environments [1,2]. In response, the IMO has set a
target of achieving net-zero emissions for the shipping industry by around 2050 [3]. Among various ship decarbonization
technologies, chemical absorption has garnered considerable attention due to its technical maturity and minimal vessel modification
requirements. Nevertheless, traditional packed towers used in chemical absorption face limitations such as large volume, low mass
transfer efficiency, and poor adaptability to engine dynamic operating conditions, which severely hinder their large-scale
application [4]. Compared with packed towers, rotating packed beds (RPB) enhance gas-liquid contact through centrifugal force,
offering advantages including compact design, dynamic adaptability, high mass transfer efficiency, and rapid response flexibility.
These characteristics make them more suitable as mass transfer intensification devices for onboard carbon capture systems, with
their reliability validated by offshore platform experiments [5].

As shown in Fig. 1(a), the amine solution is ejected outward from the inner layer of the annular rotating packing and dispersed
into fine droplets under the shear and tension action of the steel wires. Meanwhile, CO2 exhaust gas is injected from the outer layer
of the wire packing toward the inner layer, enabling highly efficient countercurrent contact between gas and liquid phases within
the wire packing. During this process, CO: is transferred from the gas to the liquid phase through selective chemical reactions to
complete the absorption process. The key to improving mass transfer efficiency is to shear and stretch the amine liquid by the
rotating wire packing to increase the gas-liquid contact area. However, the opaque nature of wire packing and the environmental
complexity of high turbulence in centrifugal fields seriously hinder the development and optimization of gas-liquid interaction
mechanisms.

To reveal the amine droplet breakup dynamics and interfacial mass transfer mechanisms at the microscopic level, this study
proposes to deconstruct the complex wire packing as Fig. 1(b) into its fundamental unit - the micro-scale process of a single amine
droplet impacting on a steel wire, as shown in Fig. 1(c). A visualization system capable of precisely controlling the CO2/N:
atmosphere is developed. High-speed camera technology (8000 fps) is used to capture microsecond-scale droplet breakup processes.

* Corresponding author. Tel.: +86-135-2409-8406
E-mail address: IxI@sjtu.edu.cn


mailto:lxl@sjtu.edu.cn

PCCC5 Z. Fang et al. 2

A CFD model with CO2 absorption chemical reactions is developed to reveal the evolution of concentration fields. This microscale
mechanical decoupling method breaks through the “black box™ limitations of traditional macroscopic research on the RPBs,
enabling precise observation of interfacial liquid breakup and mass transfer. It provides theoretical foundations and design
guidelines for the structural optimization of next-generation high-efficiency RPBs.
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Fig. 1 Decoupling the breakup process of amine solution in wire packing into droplet-wire impact model.

In the RPBs, the continuous absorption of CO2 by the amine solution alters its viscosity, affecting its motion patterns.
Considering the above conditions, this study established the visualization system shown in Fig. 2, which enables precise control of
the CO2/Nz atmosphere. The system includes a high-speed camera (8000 fps), an LED source, a microfluidic pump with an injector,
a transparent acrylic box, and stainless wires of different diameters with optical glass support.

Fig. 2 The drop-wire impact visualization system.

During the experiment, the CO2/N2 mixed gas was continuously introduced into the acrylic box at a flow rate of 200 ml/min
to maintain a specific CO2 environment. The microfluidic pump drove the injector to generate droplets of constant size. By adjusting
the height, droplets impacted the stainless wire with different initial velocities. This velocity was mapped to the motion parameters
of droplets in the centrifugal force field of the RPB, establishing an experimental correspondence among “droplet release height -
droplet impact velocity - centrifugal force field effect”. The droplet impacting the stainless wire was recorded by the high-speed
camera. Changing the position of the high-speed camera allows images to be obtained from both perpendicular and parallel wire
views. Different droplets can be obtained by changing the type of needle. The correspondence between droplet size and needle is
shown in Fig. 3. In this study, the amine solution was selected as DMAPA-sulfolane-water biphasic absorbent with a high
absorption rate and large absorption capacity developed by our group [6]. The concentration of DMAPA was 2 M, and the volume
ratio of sulfolane to water was 6:4. As a supplement to the experiment, CFD simulation can obtain detailed information about the
CO:z2 concentration field. It can help to analyze the connection between the droplet dispersion characteristics and the mass transfer
enhancement effect. The CFD geometric model and mesh are shown in Fig. 4.
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Fig. 3 Correspondence between droplet size and needle type. Fig.4 CFD geometric model and mesh.

MATLAB and Image J were used to process the experimental images. As shown in Fig. 5, the image processing steps were:
background removal, binarization, and holes filling. The size of the image pixels was calibrated in the experiments using a film
ruler with an accuracy of 0.01 mm. Image processing calculates liquid retention, mass transfer area, and droplet stretch length.
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Fig. 5 Droplet image processing diagram.

A 14G needle generated droplets with a diameter of 3.39 mm. Adjusting the release height revealed three typical impact
patterns: merge-shaped, A-shaped, and inverted V-shaped. As shown in Fig. 6(a), when the droplet release height is low, that is, the
rotating packed bed speed is low, the droplet pattern is "merge-shaped". The main characteristic is that the droplet splits into two
main streams upon impact (1.625 ms), and then the two streams merge during the secondary expansion process (7.000 ms). Due to
surface tension, the merged droplets are connected to the stainless wire by an elongated liquid line as they fall (11.750 ms). Over
time, the elongated liquid line breaks into several fine droplets due to inertia, surface tension, and local pressure (12.375-14.875
ms), and the fine droplets randomly collide and merge (18.375 ms). Finally, the large droplets with followed fine droplets fall in
the direction of gravity (31.625 ms).

The A-shape is shown in Fig. 6(b)-(c). At the initial stage of the droplet impacting the stainless wire, the A-shaped is similar to
the merge-shaped, except that the two streams of the A-shaped are stretched longer under the gravitational potential energy (fig.
6(c) 4.125 ms). Meanwhile, the A-shaped also suffers from the secondary expansion effect, but the two streams are implicated only
at the tail (fig. 6(c) 4.875 ms). Then, the liquid line connecting the droplet with the stainless wire continues to extend, and together
with the two streams, it takes on a “A” shape (fig. 6(c) 6.250 ms). With the breakage of the liquid line, the two streams gradually
separated and fell in the direction of gravity.

The initial difference between inverted VV-shaped, merge-shaped, and A-shaped is mainly reflected in the droplet stretching
length, as shown in Fig. 6(d). With the increase of the stretching length, the two streams show fine necking at the tail, which leads
to the shrinkage of the secondary expansion area, and the two streams show a discrete state (3.875 ms) after the secondary expansion.
In addition, the duration of the liquid line in the inverted V-shape showed a significant height dependence: when the release height
was increased from 50 mm to 300 mm, its duration decreased sharply from 5.375 ms to 0.625 ms (-88.4%). High-speed images
show that the two streams and their accompanying liquid lines together form an inverted V-shape (4.125 ms). Typical characteristics
of this shape also include the formation of an elongated trailing structure on the droplets after the liquid lines break, which goes
through the phenomena of contraction, breakage, and fusion sequentially during the droplets falling (8.875 - 12.000 ms). Kinetic
analyses show that the increase in release height causes the droplet kinetic energy to dominate, thus breaking the constraints
imposed by surface tension and local pressure gradient on the droplet shape.

From merge-shaped, A-shaped to inverted V-shaped, corresponding to the low, medium, and high-speed of the RPBs
respectively, with large differences in contact area and maintenance time. Although the total contact area is larger for the inverted
V-shape, the maintenance time for the merge-shaped and A-shape is 19.625 ms and 9.125 ms, respectively, larger than that for the
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inverted V-shape. Considering that the chemical reaction rate depends on the reaction time and contact area, the increased
maintenance time may compensate for the lack of contact area.
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Fig. 6 Patterns after droplet impact the stainless wire.
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