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Abstract: Mass transfer is often the rate determining step for solid-liquid chemical reactions. De-
crease of the concentration boundary layer thickness is essential to intensify the chemical reaction.
Because the concentration boundary layer exists in the velocity boundary layer, force imposition in
the concentration boundary layer by superimposing an electrical current and a magnetic field was
proposed. Through, flow can be directly excited in the concentration boundary layer. The previous
result indicates that by superimposing a DC current and a gradient magnetic field, the development
of the concentration boundary layer was suppressed, because of a macro-scale flow excitation in the
whole vessel. And by superimposing the gradient magnetic field with a modulate current, the de-
velopment of the concentration boundary layer was further suppressed. This is because of the
macro-scale flow enhancement and the excitation of a micro-scale flow near the solid-liquid inter-
face. However, the mechanism for the micro-scale flow excitation has not been clarified. To clarify
this, a uniform magnetic field was superimposed with the DC current or the modulate current. By
this means, only the micro-scale flow was excited near the anode surface. The results found that the
non-unform electromagnetic force distribution is the main reason for the micro-scale flow excitation.
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1. Introduction

The enhancement of solid-liquid chemical reaction rate is important for the time and
energy saving. For solid-liquid chemical reactions, mass transfer is often the rate deter-
mining step. For instance, a refining process in the metallurgy industry and an electro-
plating process in the aerospace industry [1-4]. To enhance the solid-liquid chemical reac-
tion rate, the enhancement of mass transfer in a concentration boundary formed near the
solid-liquid interface is important.

The mass transfer in the concentration boundary layer is dependent on the diffusion
and the convection [5, 6]. Fick’s first law indicates that the intensity of the former part
positively relates to the diffusion coefficient and the concentration gradient [7]. The en-
hancement of mass transfer by intensifying the diffusion coefficient is difficult, because
the diffusion coefficient is one of the physical properties of the liquid. This means that the
intensification of the concentration gradient near the solid-liquid interface is effective for
the enhancement of the mass transfer. On the other hand, the convection contributes to
enhance the mass transfer, because it increases the concentration gradient by decreasing
the concentration boundary layer thickness [6]. Thus, traditional methods like mechanical
agitation excite a flow in the bulk region to enhance the solid-liquid chemical reaction rate
[8-10].

By exciting the flow in the bulk region, a velocity boundary layer forms in the vicinity
of the solid-liquid interface. The velocity in it increases form zero velocity at the interface
to a maximum in the mainstream of flow [11,12]. The relative thickness between the ve-
locity boundary layer and the concentration boundary layer is a function of Schmidt num-
ber as shown in the following equation [13]:
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Here, v is the kinematic viscosity and D is the diffusion coefficient.

For liquids, the Schmidt number is usually much larger than unity [14]. Thus, the con-
centration boundary layer is in the velocity boundary layer, and the traditional methods
decrease the concentration boundary layer from its outside. These mean that the flow in
the concentration boundary layer is limited, and a strong agitation in the bulk region is
required to enhance the mass transfer. The excessive agitation in the bulk region also re-
sults in some problems. For instance, the injury of the vessel.

Because the concentration boundary layer exists in the velocity boundary layer, a direct
force imposition in the concentration boundary layer is a promising way to enhance mass
transfer. Through this, a direct flow excitation in the concentration boundary layer is ex-
pected, which enhances the mass transfer in the concentration boundary layer by convec-
tion. Based on this concept, a new method of exciting flow in the concentration boundary
layer by imposing an electromagnetic force was proposed [15-17]. Because the force is
imposed by superimposing an electrical current and a magnetic field, the application of
this method on industrial process dealing with a conductive liquid is expected [18, 19].
Compared to the traditional methods, force can be directly imposed near the solid-liquid
interface without physical contact. Therefore, the problems caused by the excessive bulk
liquid agitation and the contamination of the liquid phase due to the wear or corrosion of
the agitator can be prevented.

In the previous study [16], Yokota et.al evaluated the Cu?* concentration time varia-
tion in a Cu?* concentration boundary layer with high Cu?* concentration formed by dis-
solving a Cu anodic electrode into a Cu?* electrolyte solution. They found that by impos-
ing a DC current with a gradient magnetic field, the development of the concentration
boundary layer was suppressed compared to that with only the DC current imposition.
And by superimposing the gradient magnetic field and a modulate current composed of
the DC current and an AC current, the development of the concentration boundary layer
was further suppressed. The same phenomena were also observed in the whole vicinity
of the anode surface [17]. These are because that by superimposing the gradient mag-
netic field with the current, the difference in the intensities of the electromagnetic force
near the anode and near the cathode led to the excitation of a macro-scale flow in the
whole vessel. By this means, liquid with initial Cu?* concentration flowed from the bulk
region to the vicinity of the anode surface, which suppressed the increase of the Cu?
concentration. And by imposing the gradient magnetic field with the modulate current,
the development of the macro-scale flow was enhanced, and a micro-scale flow was ex-
cited near the anode surface. However, the mechanism for the micro-scale flow excita-
tion has not been clarified. To clarify this, a uniform magnetic field was superimposed
with the electrical current. Because the electromagnetic force difference between near the
anode and near the cathode was suppressed, the suppression of the macro-scale flow
excitation and the excitation of only the micro-scale flow are expected.

2. Experimental Methods

Figure 1 indicates the bird-eye view of the experimental apparatus. A transparent
vessel was filled by a 0.3 mol/L CuSOs + 0.1 mol/L H2504 aqueous solution. The inner
length and the inner depth of the vessel is 20 mm and 4 mm, respectively. A Cu anodic
electrode and a Cu cathodic electrode were set in the lower and upper parts of the ves-
sel, respectively. And the left and right sides of the lower part electrode were covered by
5 mm length insulators. Fig. 1 also shows the definition of the coordinate system in this
study. Its origin is defined as the center of the anode. The horizontal, vertical, and depth
directions were indicated by the x-axis, y-axis, and z-axis, respectively.
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Figure 1. Bird-eye view of experimental apparatus.

The five experimental conditions with their abbreviations are shown in Table 1. Four
current conditions were used in this study. One was a 25 mA DC current. The others are
modulate currents of the superimposition of the 25 mA DC current and a 2 Hz, 30 mAp-
p or a 6 Hz, 30 mAp-p AC current, and the superimposition of the 25 mA DC current
and a 2 Hz, 50 mAp-p AC current. The average current intensities of these four current
conditions were 25 mA. The experimental condition of only the 25 mA DC current impo-
sition was expressed as the ‘DC condition’. The experimental condition of the superim-
position of the DC current and a uniform magnetic field is expressed as the ‘DC+MF
condition. The uniform magnetic field was in the negative z-direction, and its intensities
near the anode and near the cathode were the same of 0.26 T. The experimental condi-
tions of the simultaneous imposition of the uniform magnetic field and the 2 Hz, 30
mAp-p, the 6 Hz, 30 mAp-p, or the 2 Hz, 50 mAp-p modulate current was expressed as
the ‘2 Hz, 30 mA condition’, the “6 Hz, 30 mA condition’ or the ‘2 Hz, 50 mA condition’,
respectively.

Table 1. Experimental conditions
Experimental condi- DC current AC current AC current Magnetic field  Magnetic field

tion abbreviation intensity amplitude frequency  intensity near intensity near
(mA) (mA) (Hz) anode (T) anode (T)
1 DC condition 25 0 none 0 0
2 DC+MF condition 25 0 none 0.26 0.26
3 2 Hz, 30 mA condition 25 30 2 0.26 0.26
4 6Hz 30 mA condition 25 30 6 0.26 0.26
5 2 Hz, 50 mA condition 25 50 2 0.26 0.26

Because of the current imposition, the Cu anodic electrode dissolved into the Cu?*
aqueous solution. By this means, a Cu?* concentration boundary layer with higher Cu?
concentration compared to that of the bulk liquid formed near the anode surface. Based
on the Lambert-Beer’s law [20,21], the brightness of the Cu* aqueous solution decreases
with the increase of Cu?* concentration. And the Cu?* concentration can be evaluated by
measuring the liquid brightness based on the following equation.
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where A is a constant, c is the Cu?* concentration, I1 is the brightness of objective liquid, I
is the brightness of a standard liquid, [ is the optical path length, and € is the molar ab-
sorption coefficient, respectively.

The time variation and the non-uniform distribution of natural light intensity might
lead to the experimental errors on the brightness measurement results. To exclude these
experimental errors, the experiments were conducted in a dark curtain, with a flat light
source set at the back of the vessel for a uniform light incident. The brightness of the aque-
ous solution was recorded by a video recorder set in front of the vessel with a frame rate
of 50 frames per second and a pixel size of 40 um x 40 um. Because the shape of the vessel
was symmetric, the brightness was measured in the x-range of -1 mm to 5 mm. The vertical
distance between the brightness measurement position and the right end of the anode
surface with the y-range of 160 pm to 200 pum.

The velocity of the liquid was measured in the y-range of 120 um- 280 um by using
polystyrene particles with a diameter of 80pum. The measurement method was similar
with the previous research [15-17].

3. Results and discussion

3.1. Concentration measurement results

Figure 2(a) shows the measured Cu? concentration distribution results under the DC
condition. The average Cu? concentration in the x-ranges of from -1 mm to 1 mm, from 1
mm to 3 mm and from 3 mm to 5 mm was measured. For an expression convenience, these
x-ranges were named as the x-positions of 0 mm, 2 mm and 4 mm, respectively. The Cu?*
concentration increased with increasing the x-position. And this corresponds to the pre-
vious results [17]. Because of the surface area difference between the cathode and the an-
ode, current concentration occurred near the right end of the anode surface. That is, the
current intensity near the right part was larger than that near the middle part. In addition,
the concentration difference between at 4 mm and at 2 mm or at 0 mm increased with
time. Because of the positive relation between the electrical conductivity and the Cu?* con-
centration [23,24], the current intensity difference between at 4 mm and at 2 mm or at 0
mm was enhanced. The Cu?* concentration at 5 s was the minus value at 0 mm. This might
be caused by the irregular light reflection on the uneven anode surface, which might result
in the slight increase or decrease in the measurement concentration compared to the actual
concentration. On the other hand, the irregular light reflection might be suppressed at the
right end due to the relatively dark liquid solution. Because of the relatively large concen-
tration difference of more that 0.02 mol/L between at 4 mm and 2 mm or 0 mm from 5 s,
it is considered that the higher Cu?* concentration at 4 mm compared to that at 0 mm and
2 mm is not caused by the experimental error.

Figure 2(b) shows the comparison between the average Cu?* concentration measure-
ment results in the x-range of from -1 mm to 5 mm and the theoretical Cu?* concentration
under the DC condition. The theoretical Cu?* concentration was calculated at the y-posi-
tions of 160 um and 200 pm. For the theoretical Cu?* concentration calculation, the diffu-
sion phenomenon was simplified as a one-dimensional model in positive y-direction. And
the boundary condition and the dissolved Cu?* concentration near the anode surface when
imposing a current from 0 s is shown in the following equations [25]:

Cy=0,t=0) = Co 3)

Cly=oo,t=t) = Co 4)
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Here, co is the initial concentration, D=5.5 X 1071% m?/s [26, 27] is the Cu?* diffusion
coefficient, F is the Faraday’s constant, ] is the current density, f is the time, and y is the
vertical position respectively.
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Figure 2. (a) Concentration distribution and (b) comparison between the theoretical Cu?*
concentration at 160 pm, 200 um and measured Cu?* concentration under DC condition
in y-range of 160 um-200um

The measured average concentration at 5 s was larger than the theoretical value at
160 pm and 200 pm. The reason might be caused by the experimental error due to the
irregular light reflection on the uneven anode surface as mentioned above. And it is
considered that this experimental error was suppressed with time because the liquid
brightness near the anode surface decreased with time, which contributes to suppress the
light reflection on the uneven anode surface. The measured average concentration from
10 s to 20 s was between the theoretical concentration calculation results at 160 pm and
200 um. This is because the measured concentration was the average concentration in one
pixel with the height of 40 um. The concentration difference between the measured value
and the theoretical value at 160 um increased, and between the measured value and the
theoretical value at 200 um decreased from 10 s to 20 s. This is contributed to the inverse
relationship between the Cu? concentration and the Cu?* diffusion coefficient [23,24]

3.2. Velocity measurement results and liquid flow pattern observation results

Flow was not excited under the DC condition. Because of the uniform magnetic field
imposition, electromagnetic force intensity difference between near the anode and near
the cathode was suppressed. Consequently, the macro-scale flow in the whole vessel was
not observed, and only a micro-scale flow was excited near the anode surface. Fig. 3 shows
the maximum velocity and the minimum velocity measurement results under the DC+MF
condition. The maximum velocity and the absolute value of the minimum velocity are
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very close. In addition, the magnitudes of the maximum velocity and the absolute value
of the minimum velocity increased with time. This indicates the development of the flow.
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Figure 3. Velocity measurement results under DC+MF condition.

Because the magnitudes of the maximum velocity and the absolute value of the min-
imum velocity were essentially the same under the experimental conditions with the su-
perimposition of current and magnetic field, only the maximum velocity measurement
results under these experimental conditions were shown in Fig. 4. The maximum velocity
under the experimental conditions with the AC current imposition was larger than that
under the DC+MF condition. This means that by adding the AC current, the micro-scale
flow excitation was enhanced. The higher maximum velocity under the 2 Hz, 30 mA con-
dition compared to that under the 6 Hz, 30 mA condition indicates that by decreasing the
AC current frequency, the micro-scale flow development was enhanced. On the other
hand, the maximum velocity under the 2 Hz, 50 mA condition was larger than that under
the 2 Hz, 30 mA condition. And its value was the largest among the four experimental
conditions shown in Fig. 3. These mean that by increasing the AC current amplitude, the

micro-scale flow development was further enhanced.
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Figure 4. Maximum velocity measurement results.

The liquid flow pattern under the DC+MF condition is shown in Fig. 5. The micro-
scale flow essentially parallel to the anode surface was observed just above the anode sur-
face. The flow in the center of the depth direction was in the positive x-direction. And near

the front and back walls, the flow was in the negative x-direction.
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Figure 5. Liquid flow pattern under DC+MF condition from 5 s to 20 s in the y-range of 120 um to
280 pm.

Figure 6 shows the liquid flow patterns under the 2 Hz, 30 mA condition and the 6
Hz, 30mA condition. The liquid flow pattern under these two conditions were essentially
the same within 20 s, and the flow region extended with time. The micro-scale flow was
observed just above the anode surface at the initial stage, as shown in Fig. 6(a). It firstly
extended above the upper part of the left side insulator as shown in Fig. 6(b), and it ex-
tended above the upper part of the right side insulator at around 20 s as shown in Fig.
6(c). The reason for the essentially same flow region under these two conditions though
the maximum velocity under the 2 Hz, 30 mA condition was larger than that under the 6

Hz, 30 mA condition might because of the limitation of the experimental time.

Figure 6. Liquid flow pattern under 2 Hz, 30 mA and 6 Hz, 30 mA conditions (a) at initial stage, and
(b) and (c) with time development in the y-range of 120 um to 280 pm.

The liquid flow pattern under the 2 Hz, 50 mA condition was different from those
under the DC+MF condition, the 2 Hz, 30 mA condition, and the 6 Hz, 30 mA condition,
as shown in Fig. 7. The micro-scale flow was observed not only just above the anode sur-
face, but also above the left and right sides insulators from the initial stage.
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Figure 7. Liquid flow pattern under 2 Hz, 50 mA condition from 5 s to 20 s in the y-range of 120 um
to 280 pm.

Figure 8 shows the mechanism of the micro-scale flow excitation. Because the surface
area of the cathode was two times larger than that of the anode, the current concentration
took place near the side parts of the anode surface [22]. And the current directions near
the left and right parts of the anode surface were not perpendicular to the anode surface,
as shown by the dashed arrows in Fig. 8(a). Thus, the electromagnetic force directions
were oblique upward, parallel and oblique downward to the anode surface near the left,
middle and right parts respectively. Near the left part of the anode surface, the upward
electromagnetic force component led to an upward motion of liquid with high Cu?* con-
centration around the center in the depth direction, because the upward liquid motion
near the side walls was suppressed due to the friction, as shown in Fig. 8(b). Therefore,
the non-uniform Cu?" concentration distribution took place in the depth direction, in
which the Cu? concentration near the side walls was smaller than that in the center of the
vessel, as shown in Fig. 8(c). Because of the positive relationship between the Cu?* concen-
tration and the electrical conductivity [23, 24], the horizontal electromagnetic force com-
ponent intensity around the center of the depth direction was larger than that near the
side walls as shown in Fig. 8(d), and this force difference increased with time. The electro-
magnetic force difference in the depth direction is the driving force of the micro-scale flow
excitation. Because of the larger horizontal electromagnetic force component in the center
of the depth direction, the micro-scale flow direction in the center was the positive x-di-
rection and near the side walls was the negative x-direction. On the other hand, the max-
imum current intensity under the experimental conditions with the superimposition of
the modulate current and the uniform magnetic field was larger than that under the
DC+MF condition. This means that the driving force for the micro-scale flow excitation
was enhanced by adding the AC current. Thus, the extension of the micro-scale flow re-
gion and the higher maximum velocity were observed under the experimental conditions
with the superimposition of the modulate current and the uniform magnetic field in com-
parison to that under the DC+MF condition. Because the micro-scale flow originated from
the left part of the anode surface, time for the flow region to extend above the upper part
of the left side insulator was shorter than that to the right side insulator. However, the
reason for the increase of the AC current frequency led to the decrease of the maximum
velocity was not clarified. And this will be investigated in the future work. In addition, by
increasing the AC current amplitude, the driving force for the micro-scale flow was fur-
ther enhanced. Thus, the micro-scale flow under the 2 Hz, 50 mA condition was observed
not only just above the anode surface, but also above the upper part of the insulators from
the initial stage, and the maximum velocity under the 2 Hz, 50 mA condition was larger
than those under the DC+MF condition, the 2 Hz, 30 mA condition and the 6 Hz, 30 mA
condition.
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Figure 8. Schematics of (a) current and electromagnetic force distributions, (b) right side view of
upward liquid motion near the left side, (c) concentration distribution in z-direction and (d) electro-
magnetic force horizontal component distribution near left part.

4. Conclusions

To study the mechanism for the micro-scale flow excitation, a uniform magnetic was
superimposed with an electrical current. And the following results were obtained:

1. By superimposing the current and the uniform magnetic field, micro-scale flow parallel
to the anode surface was observed. The reason for the micro-scale flow excitation is be-
cause of the non-uniform electromagnetic force distribution.

2. By superimposing the modulate current with the uniform magnetic field, flow region was
extended, and the maximum velocity increased compared to that under the superimposi-
tion of the DC current and the magnetic field. This is because the driving force for the
micro-scale flow excitation was enhanced.

3. The decrease of the AC current frequency led to an increase of the maximum velocity.
However, the obvious influence of the AC current frequency on the liquid flow pattern
was not observed within 20 s.

4. By increasing the AC current amplitude, the largest maximum velocity and the extension
of the flow region compared to those under the DC+MF condition, the 2 Hz, 30 mA con-
dition and the 6 Hz, 30 mA condition were observed from the initial stage.
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