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Control of Concentration Boundary Layer Development by Time-Varying Electromagnetic Force
Imposition near Solid-Liquid Interface
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For solid-liquid chemical reactions, the mass transfer in a concentration boundary layer formed near
the solid-liquid interface is often the rate-determining step. The mass transfer in it depends on diffusion
and convection. The former positively relates to the diffusion coefficient and the concentration gradi-
ent. The diffusion coefficient control is difficult because it is one of the physical properties. Increasing
the concentration gradient is an effective way to enhance the mass transfer. Convection increases the
concentration gradient because it decreases the concentration boundary layer thickness by introducing
the liquid with the initial concentration from the bulk region to the adjacent region of the solid-liquid
interface. Therefore, a flow excitation in the bulk region has been used as traditional methods to
enhance the mass transfer.

By exciting the flow in the bulk region, a velocity boundary layer forms near the solid-liquid interface
because the velocity at the solid-liquid interface should be 0. The concentration boundary layer is
usually thinner than the velocity boundary layer. The flow in the concentration boundary layer must
be weak and it reduces the efficiency of enhancing the mass transfer. Thus, a strong force imposition
in the bulk region is required. This degrades product qualities. The involvement of slags into a liquid
metal in a refining process of the metallurgical industry and the void formation in the deposition layer
in an electroplating process of the surface treatment industry due to the strong force imposition in the
bulk region have been reported.

A new method was proposed to avoid these problems, which directly excited the flow in the concen-
tration boundary layer by imposing an electromagnetic force. Because the force is induced by super-
imposing an electrical current and a magnetic field, this method is a powerful candidate for enhancing
the mass transfer in industrial processes, such as the refining process in the metallurgical industry and
the electroplating process in the surface treatment industry.

Regarding the newly proposed method, a Cu?* aqueous solution system was used to visualize the
time-variation of the concentration boundary layer. The results found that the concentration bound-
ary layer development was suppressed by imposing the electromagnetic force without a time-varying
component compared to that by imposing only the current at a point above the solid-liquid interface.
The concentration boundary layer development was further suppressed at the same position by impos-
ing a time-varying electromagnetic force. These results proved that the time-varying electromagnetic
force imposition might be a promising method to enhance the mass transfer. However, because the
solid-liquid interface in industrial processes is usually a plane, the result evaluated at one point is not
enough to optimize the condition for enhancing the solid-liquid chemical reaction, and the clarification
of whether the concentration boundary layer development could be suppressed or not in a plane above
the whole solid-liquid interface by imposing the electromagnetic force is required. Therefore, the ob-
jectives of this dissertation are: (1) To study the concentration boundary layer development in a plane
above the whole solid-liquid interface under the electromagnetic force imposition; (2) To optimize the



condition of the solid-liquid chemical reaction enhancement by controlling the operating parameters
of the electromagnetic force; (3) To study the mechanism of the time-varying electromagnetic force
on suppressing the concentration boundary layer development.

The outline of this dissertation is as follows:

Chapter 1 describes the problem statement and the objectives of this dissertation.

The objective of chapter 2 is to investigate the concentration boundary layer development in a plane
above the whole solid-liquid interface by evaluating the time variation of the solute concentration. By
imposing only the current, the solute concentration increased with time, because of the dissolution
of the solid into the liquid. In addition, the non-uniform solute concentration distribution with higher
solute concentration near the side parts than that near the middle part was observed, because of the cur-
rent concentration near the side parts. By imposing the electromagnetic force without the time-varying
component, the increase of the solute concentration was suppressed. This means that the concentra-
tion boundary layer development was suppressed, because of the excitation of a macro-scale flow in
the whole vessel. The high solute concentration was observed near the side parts of the solid-liquid
interface because of the formation of stagnant zones near the side parts. In addition, the concentration
boundary layer development was further suppressed by imposing the time-varying electromagnetic
force, and the solute concentration uniformly distributed in the measurement plane. These were be-
cause of the enhancement of the macro-scale flow development and the excitation of a micro-scale
flow near the solid-liquid interface.

The objective of chapter 3 is to optimize the condition for enhancing the solid-liquid chemical reac-
tion by studying the effect of the time-varying electromagnetic force frequency on the concentration
boundary layer development. The results showed that the development of the concentration boundary
layer was suppressed by decreasing the time-varying electromagnetic force frequency because of the
enhancements of the macro-scale flow development and the micro-scale flow development.

The objective of chapter 4 is to investigate the mechanism of the time-varying electromagnetic force
imposition on suppressing the concentration boundary layer development by studying the reason for
the micro-scale flow excitation. The micro-scale flow was excited due to the non-uniform electromag-
netic force distribution near the solid-liquid interface caused by the non-uniform solute concentration
distribution and the positive relationship between the solute concentration and the electrical conduc-
tivity. By imposing the time-varying electromagnetic force, the non-uniform solute concentration
distribution was enhanced. Therefore, the micro-scale flow development was enhanced. Decreasing
the time-varying electromagnetic force frequency or increasing the time-varying electromagnetic force
amplitude further enhanced the micro-scale flow development.

Chapter 5 is the general conclusions of this dissertation.

Overall, the results of this dissertation prove that the imposition of the time-varying electromagnetic
force is a promising way to enhance the solid-liquid chemical reaction. Compared to that by imposing
the electromagnetic force without the time-varying component, the flow development is enhanced in
both the macro-scale and the micro-scale. In addition, the flow can be controlled by controlling oper-
ating parameters. Therefore, the control of concentration boundary layer development by controlling
operating parameters of the time-varying electromagnetic force is expected. These results are useful
to optimize the condition of solid-liquid chemical reaction enhancement in industrial processes.



