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In this paper, a flow field test of a plug flow electrochemical reactor with a mesh plate electrode was
carried out by particle image velocimetry (PIV) technology. The internal axial velocity field and the
electrode plate surface velocity fields under the simulated conditions of the reactor were analyzed under
different flow rates and different plate layouts. The influencing factors of the internal flow field
distribution of the reactor were investigated. A numerical fitting of unknown resistance parameters in
the reactor was carried out. The experimental results showed that the internal flow field of the reactor
was mainly affected by the axial flow of the liquid phase and the escape of the bubble group on the
surface of the plates. At higher flow velocities, the energy loss between the reactor electrodes was mainly
attributable to the energy loss caused by the mesh plate electrodes. The special geometry and mesh
structure of the plate surface had a horizontal guiding effect on the axial flow of the liquid phase.

Keywords: plug flow electrochemical reactor, particle image velocimetry, mesh plate electrode, flow
field, gas-liquid two-phase flow

1. INTRODUCTION

In today's society, environmental pollution is worsening. Electrocatalytic oxidation is an effective
treatment for wastewater [1-5]. The structure of an electrocatalytic oxidation reactor has a strong
influence on the progress of the electrocatalytic oxidation process[6-8]. The hydrodynamics of parallel
plate electrochemical reactors have been studied. The results of Lopez-Garcia [9] indicated that the plug
flow dominates between the plates. Colli A N[10] found that the axial dispersion coefficient increases
linearly with the volumetric flow rate, and an increase in the flow rate is beneficial to mass transfer.
Rodriguez G[11] found that the Reynolds number suitable for electrochemical reactor applications is
2200 and proposed CFD as a good method to evaluate the performance of electrochemical reactors. For
the structural design of electrochemical reactors, Walsh F C [12] illustrated different electrode formats
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and reactor designs. The turbulence intensity can be easily enhanced by including 3-dimensional
electrodes, structured electrode surfaces and bipolar electrical connections. The plug flow
electrochemical reactor (PFER) is widely used. Bisang J M [13] presented an analysis of the dynamic
behavior of a plug flow electrochemical reactor for a step change in flow rate. Ibrahim D S[14]
investigated the performance of a plug flow electrochemical reactor with a cylindrical mesh electrode.
The presence of a dead volume and short circuiting in the reactor decreased with an increase in the flow
rate. The results obtained show the positive influence of the mesh electrode on the flow dynamic
behavior. For a mesh plate electrode plug flow electrochemical reactor (MPE-PFER), Sato Kazuhiko[15]
proposed a reactor with a similar structure but did not conduct in-depth research. Wang J[16] compared
it with the traditional tubular electrochemical reactor, and the results showed that the turbulence intensity
is clearly increased by 200% around the electrode surface.

The flow inside the electrocatalytic oxidation reactor is a gas-liquid two-phase flow. During the
working process, the reactor generates gas on the surface of the electrode plate. Gas precipitates after
nucleation to form a small bubble group. Wu W S[17] studied the effect of bubbles on the dispersion in
the fluid close to the wall in a parallel plate electrochemical reactor. The results showed that the average
residence time is almost unaffected by gas bubbles. Li Tingting[18] used CFD to study bubble behavior
and believed that bubbles can enhance the degree of turbulence in the internal flow field. However, there
are no effective experimental research results on bubble behavior under actual conditions.

Particle image velocimetry (PIV) is an emerging effective technique for measuring flow field
conditions[ 19-22]. Flow field testing using PIV has become an effective method to study the motion of
the flow field[23-27]. In the existing research results, hydrodynamics in a laboratory-scale VPERGE
reactor — for three different current densities — was carried out[28]. The gas velocity field was obtained
by using PIV. Measurement errors related to the use of this technique were discussed. A full flow field
test of the MPE-PFER using PIV was proposed[29]. However, in these research results, only the single-
phase flow field test was carried out, and the influence of the bubbles generated on the electrodes on the
flow field under actual working conditions was not considered. There are few data on the flow field of
the new type of plug flow electrochemical reactor with mesh plate electrodes, especially the flow field
data of gas-liquid two-phase flow. We hope to obtain the flow characteristics of this kind of reactor to
provide a reliable basis for future research.

Fluorescent tracer particles were used instead of polystyrene tracer particles, which could emit
strong fluorescence under the excitation of a laser source and be captured by a high-speed camera to
accurately reflect the flow of the liquid phase in a gas-liquid two-phase flow under bubble disturbance.

In this paper, particle image velocimetry technology (PIV) was used to test the flow field of an
MPE-PFER under simulated working conditions, and the flow field data in the reactor under different
working conditions were obtained. Flow field analysis was carried out, and based on the results of this
analysis, the structure of the reactor was optimized to improve the processing capacity of the reactor.
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2. MATERIALS AND METHODS

2.1. Experimental equipment

The experiment was carried out in a plug flow electrochemical reactor with a total length of 1 m
and a longitudinal section length and width of 0.1 m, as shown in Fig. 1:
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Figure 1. Schematic diagram of PIV experimental device: (1) Electrolytic cell, (2) Rotameter, (3) Pump,
(4,5) Mesh plate electrode, (6) Power supply, (7) High-speed camera

The material is plexiglass with good light transmission, which is conducive to experimental
observation. The electrocatalytic system consists of an electrode pair and a constant voltage/constant
current DC power source. The electrode is a mesh electrode with a length of 0.1 m and a width of 0.1 m,
as shown in Fig. 2. The opening ratio of the electrode was 0.25.

S S S
<
<

Figure 2. Mesh plate electrode structure

The electrodes are arranged in parallel in the vertical direction in the electrochemical reactor, and
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the circulating flow rate is controlled by the rotameter. The data of the PIV test system devices are shown
in Table 1. The liquid phase of the reactor is distilled water, which is filled with the reactor. Anhydrous
sodium sulfate (0.3 mol) was added as a supporting electrolyte, and an appropriate amount of fluorescent
tracer particles was distributed.

Table 1. PIV test system devices

Devices Specification/model
Pulsed laser source LPY700
High speed camera 4AMX
Camera lenses Nikon 50 mmf/1.8 D
PIV data processing system Davis

2.2. Experimental setup

The devices are connected with silicone hoses, as shown in Fig. 1. The components of the test
system are fully mixed and poured into the reactor. The mesh electrodes are positioned in parallel. The
gap between the electrodes is 10 cm. The anode is made of titanium and coated with lead dioxide. The
cathode material is titanium. The mesh electrodes are connected to the DC power supply to maintain the
current at 1 A. The actual working condition is simulated by means of bubble generation in electrolytic
water.

The presence of a jet at the inlet of the reactor will affect the experimental observation. To reduce
the influence of the jet on the flow field, a jet baffle was made using transparent PVVC and placed at the
inlet of the reactor, as shown in Fig. 3.

Figure 3. Jet baffle

The internal flow rate of the reactor was controlled by a rotameter, as shown in Table 2.
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Table 2. Experimental flow rates

Rate of flow L/h Reactor flow velocity m/s Inlet flow velocity m/s
0 0 0
40 0.0011 0.1415
80 0.0022 0.2831
120 0.0033 0.4246

After the flow field is stabilized, the laser light source is used to illuminate the laser at different
cross-section positions, and the cross-sectional position is as shown in Fig. 4.

@ Section A
[ Section B
[ Section C
Bl Section D
@8 Section E

Figure 4. Section position diagram

The laser frequency is irradiated at 100 Hz, and the flow field image is recorded using a high-
speed camera. The recording frequency of the camera is the same as the laser frequency. The recording
time of each group of flow fields is 30 s, and the number of recorded pictures is 3,000. Using the Davis
system, using the cross-correlation algorithm[30-31], the average flow field is calculated through 3,000
pictures during the recording time to obtain flow field data such as the velocity vector and the velocity
contour.

2.3. Fitting formulas

When the fluid passed through the electrodes, energy loss occurred due to resistance. Due to the
slow flow velocity, the influence of fluid viscous force was negligible. The energy loss of the fluid
flowing from section A through the horizontal direction of section B can be expressed as[32]:
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H, =2H, +H, +H, =2 (1)
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The expressions in Eq. (1) are:

2
H, =19 (2
2Rg
2
H, =&-2 (3)
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According to the calculation in reference 33, the wall resistance coefficient of the open square

groove is calculated as follows!!:

R )

B
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B is the width of the reactor, which is 0.1 m. A is the wall roughness. 7 is the dimensionless width-

depth ratio, and the expression is

2H
r:? (5)
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H is the reactor depth, which is 0.1 m. Substituting the above values into Eq. (4), the expression
for A is:

A= : (6)
(25In 0.34375)2
A
For the plexiglass used in the reactor, A is 0.01 mm. The expression for R is:
A
R=— (7)
X

Ais 0.01 m?, and x is 0.3 m. @ is the opening ratio of the electrode. The expression for u> is:

ul
=5 ®

3. RESULTS AND DISCUSSION

3.1. The effect of flow rate on the flow field

To investigate the effect of flow rate on the flow field in the reactor, the inlet side anode and the
outlet side cathode had reactor flow velocities of 0.0011 m/s, 0.0022 m/s and 0.0033 m/s, respectively;
the flow field velocity distribution was measured in different sections; and the velocity data at different
positions in the flow field were obtained.
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Figure 5. Longitudinal section velocity contours
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Figure 6. X-direction (a) and Z-direction (b) velocity at different positions under a flow velocity of
0.0011 m/s, X-direction (c) and Z-direction (d) velocity at different positions under a flow
velocity of 0.0011 m/s, X-direction (e) and Z-direction (f) velocity at different positions under a

flow velocity of 0.0033 m/s
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As shown in Figs. 5, 6a, and 6c, at X-coordinates from 0-100 mm, before the liquid phase flowed
through the electrode, the flow pattern was a plug flow. This finding was consistent with the results of
the study on the flow of a single phase in MPE-PFER[16]. As shown in Fig. 6e, at the X-coordinate of
0-100 mm, the flow velocity was 0.0033 m/s, the baffle was insufficient to completely counteract the
jet, the flow in front of the electrode was unstable, and a turbulent zone occurred. At the X-coordinate
of 90-110 mm, where the liquid passed through the first electrode, the flow velocity in the X direction
was reduced by 40%-60% due to the structure of the electrode and the blockage of the bubble group on
the surface (Fig. 6e; Z-coordinate less than 90 mm). This finding was consistent with Shao's research[29]
that the mesh electrode will block the axial flow and produce a certain backflow. Due to the escape of
the bubble group, the surrounding liquid was moved, and the velocity in the Z direction was increased
by approximately 0.002-0.003 m/s (Fig. 6e; Z-coordinate equal to 90 mm). As shown in Fig. 5, at the X-
coordinate of 100-200 mm, as the flow velocity increased, the flow leading to this region changed from
the eddy current caused by the bubble group to the plug flow. As shown in Fig. 5, at the X-coordinate of
200-250 mm (section E in Fig. 4), after passing through the second plate, the gas of the electrode surface
was pushed by the liquid and escaped, and the bubble accumulated at the angle between the electrode
and the upper liquid surface. As shown in Figs. 6a, 6¢, and 6e, at the X-coordinates of 200-300 mm, the
horizontal flow velocity of the upper layer was greatly increased, and the flow velocity difference was
not large as in other regions. As shown in Figs. 6b, 6d, and 6f, at the X-coordinates of 200-240 mm, the
velocity in the Z direction increased significantly near the plate. After flowing through approximately
20 mm, the velocity decreased and changed to the negative Z direction. After passing through the
electrode, the upward escape of the bubble accumulated near the liquid level, so the liquid moving
upward with the bubble produced different degrees of reflux, thus producing different degrees of velocity
component along the negative direction of Z. Thereafter, the flow pattern was a plug flow with a
relatively high upper flow velocity and a smooth lower flow velocity. With increasing velocity, the X
direction velocity decreased as the electrode and bubbles blocked the flow. For the liquid in Fig. 6, after
passing through the electrode, bubbles accumulated near the liquid level, so the liquid moving upward
with the bubble produced different degrees of reflux, thus producing different degrees of velocity
component along the negative direction of Z. Under the condition of a lower flow rate, as shown in Fig.
6b, the X-coordinate was 90-110 mm, and the Z direction velocity increasing effect of the first plate was
more obvious. At higher flow rates, as shown in Figs. 6d and 6fb, the X-coordinates at 190-210 mm
were more pronounced at the second electrode. Under low flow rate conditions, the horizontal driving
force of the liquid phase was insufficient to dominate the flow. The flow field between the electrodes
was mainly dominated by the escape of the bubble group. In general, due to the rising effect of the
bubbles, eddies appear to different degrees behind the plates. Compared with the research results of
Wang and others[16,18,29], the effect of bubbles on the flow field was very obvious, and the plates were
not ideal single-phase columns. As for plug flow, different liquid layers had different flow rates, and the
flow in the lower part of the reactor was relatively slow, so the generation and movement of bubbles
should be considered in future research. As the flow velocity increased, the horizontal driving force
exceeded that of the bubble group. The action caused the flow field in the reactor to be mainly a
horizontal plug flow. When the flow velocity was higher, the flow in the reactor became more unstable.
The increase in the flow rate was beneficial to accelerate the detachment and escape of the bubbles on



Int. J. Electrochem. Sci., Vol. 15, 2020 6671

the electrode surface and alleviate the decrease in the effective reaction area caused by the bubbles
adhering to the electrode surface. At the same time, the regeneration rate around the electrode was
accelerated. Therefore, increasing the flow rate in an appropriate range was beneficial to the efficient
development of electrocatalytic reactions.

3.2. Numerical analysis of energy loss between electrodes

To obtain the resistance coefficient € of the new mesh electrode and the resistance loss Hg caused
by the bubble group blocking effect, the values of v4 and vz under different given flow rate conditions
were obtained from the PIV test results, and when Eqgs. (2-8) were substituted into Eq. (1), then Eq. (1)
became:

9 29 2Rg

where ¢ and Hg were unknown, numerical fitting was performed, and the fitting formula was obtained.

2

:HW_Hf 9)

The results were as follows:
2

0.07024 -2 +1.74638x107 =H, —H, (10)
g

The R-squared was 0.96654. In this formula, u; was substituted for the theoretical value. The
average flow velocity between the plates was obtained from the flow field distribution, as shown in Table
3:

Table 3. Theoretical and experimental flow velocities

Rate of flow L/h Theoretical values m/s Experimental values m/s
40 0.0011 0.001531
80 0.0022 0.002504
120 0.0033 0.003699

Substituting the experimental values into Eq. (9) and performing numerical fitting, the fitting

formula is as follows:
2

0.0701°2-+1.73646x107 =H, —H, (11)
g

The R-squared was 0.96656. Comparing the € and Hg obtained by fitting Eq. (10) and Eq. (11),
the deviations were 0.2% and 0.6%, respectively. It could be considered that the experimental value of
u1 was not much different from the theoretical values and could be used to substitute the theoretical
values for fitting. Then, the experiment was carried out by changing the position of the electrodes, and
the flow field data were measured for numerical fitting to obtain the fitting results:
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Table 4. Fitting results under different conditions

Working condition € Hg R-squared
a electrode-anode 0.07024 1.74638E-7 0.96654
a electrode-cathode 0.07235 6.80636E-7 0.92289

The difference in the & value obtained by the fitting was not large, the fitting result of the o
electrode-anode condition was better than the cathode condition, and the R squared was the higher than
the cathode condition. Therefore, the data under this condition are used for analysis.

As shown in Figs. 7 and 8, substituting u; values of 0.0001-0.008 m/s into Eq. (2) and Eq. (3),
the histogram and percentage histogram of Hm, Hg and Hs at different velocities were obtained.
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Figure 7. Energy loss histogram
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With increasing velocity, the main energy loss changed from Hg to Hm. Although H¢ increased
with velocity, it could be negligible compared with total energy loss. When u; was greater than 0.0013
m/s, the proportion of Hm exceeded Hg, indicating that at higher flow velocities, the energy loss between
the reactor electrodes was mainly attributable to the resistance loss caused by the mesh plate electrodes.
In Shao's research[29], the pressure drop at the outlet of the reactor increased with increasing flow rate.
Consistent with the conclusion obtained in this section, the increase in the flow rate will increase the
energy loss of the fluid. Under the same axial inlet mode and flow rate of 0.006-0.008 m/s, the pressure
drop in the study increased by approximately 30%. In this study, the energy loss increased by
approximately 60% because Shao's research did not consider the effect of bubbles on the flow and the
kinetic energy loss of the fluid and only calculated the pressure drop, resulting in a small increase. In
practical engineering applications, there were multiple sets of electrodes in the reactor. By changing the
structure or arrangement of the electrodes to reduce the drag coefficient, the internal pressure drop of the
reactor could be effectively reduced, the turbulence intensity could be enhanced, and the energy
dissipation could be reduced.

3.3. The diversion effect of mesh holes

The normal direction of the mesh plane of the mesh electrode was not perpendicular to the liquid
flow direction but had a certain angle, as shown in Fig. 9:

—~=m— Free-stream direction
—=— Mesh plane normal direction

Figure 9. Mesh structure diagram

It was speculated that this geometry might produce a horizontal velocity component to the flow.
Under the inlet-side anode and outlet-side cathode conditions, the velocity vector diagram of the parallel
electrode cross-section was obtained according to different flow velocities and analyzed.

For the parallel section of the inlet side electrode, the liquid impinged on the electrode, forming
a backflow that was disturbed by the bubbles on the surface of the plates. As shown in section A of Fig.
10, as the flow velocity increased, the electrode guided the liquid more effectively, and the horizontal
velocity increased. For the parallel section of the outlet side electrode, the flow field was mainly
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dominated by the bubble group escaping movement. The bubble group on the electrode surface moved
with the flowing liquid phase, partially passed through the mesh hole, and then escaped to the liquid
surface. A smooth, vertical upward flow was generated on the upper part of the electrode. As shown in
section B of Fig. 10, the flow area became larger as the inlet flow rate increased. After the flow of the
bubble group passed through the electrode, it was guided by the mesh of the electrode, and a velocity
component in the horizontal direction was generated. As the flow rate increased, the magnitude of the
velocity component increased, as shown in Fig. 11. This is different from the symmetrical velocity
distribution results presented by the cross-section of parallel plates in Wang's and Li's research[16,18].
This was because their study simplifies the mesh structure in the mesh model and does not reflect
whether the mesh structure actually has a diversion effect. Through observation, the special mesh
structure of the mesh electrode used in this paper was consistent with the speculation, which confirmed
the authenticity and reliability of the PIV experimental results.
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The results show that the unique structure of the electrode had a diversion effect on the liquid
flow. In practical engineering applications, this horizontal guiding effect could be utilized to change the
internal flow field shape of the reactor, design the flow channel, increase the average residence time, and
improve the performance of the reactor.

3.4. The effect of bubble behavior on the flow field

In the existing research results[34-36], the influence of bubbles on the flow field and mass
transfer performance in the reactor cannot be ignored. During the working process of the MPE-PFER,
the bubbles generated on the surface of the electrode would disturb the flow field in the reactor, as shown
in Fig. 12.

Figure 12. Bubble distribution in the reactor under a flow rate of 80 L/h

To study the effect of bubble behavior on the internal flow field, the following investigation was
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carried out.
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The results showed that when there was no liquid phase flow, the bubbles generated on the
surface of the electrodes continuously gathered on the plates, precipitated, and moved vertically upward
under the action of buoyancy. A large number of bubbles formed a group of bubbles, which disturbed
the liquid phase around the surface of the electrode and drove the liquid phase to move vertically upward.
The bubbles were mainly generated at 2/3 of the upper electrode, and bubbles at the lower portion of the
plates were hardly generated. This was consistent with the conclusion of Hreiz's research in 2015[28],

as shown in Figure 1 of his research article.
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Figure 15. Longitudinal section velocity contours under different electrodes placed

As shown in Fig. 13, for the A section anode, bubbles were mainly generated between the
electrodes, and some bubbles passed through the mesh electrode and were guided by the horizontal
direction of the mesh to generate a vortex on the inlet side. For the B section cathode, the amount of
bubble generation was large, and the escape of the bubble exceeded the guide effect of the mesh.
Approximately 2/3 of the upper plate supported a stable vertical upward flow, and the lower part was
the flow stagnation area.

As shown in Fig. 14, as the amount of bubbles increased, the bubbles accumulated at the angle
between the electrode surface and the upper liquid surface and moved in the direction away from the
electrode at the liquid level. Bubbles were generated in both electrodes, and the two streams at the liquid
level collided with each other. Therefore, a vortex was formed on the upper surface of the electrodes.
The amount of cathode gas (hydrogen) generated by electrolysis of water was twice that of the anode
(oxygen), so the vortex velocity at the cathode was higher than at the anode.
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Figure 16. Longitudinal section velocity vectors under different placed electrodes

When the reactor was under actual conditions, as shown in section E of Fig. 15, the liquid flow
with bubbles flowed horizontally and acted together with buoyancy to make the bubbles flow diagonally
upward. As shown in Fig. 16, at the X-coordinate of 200-240 mm, the vortex between the plates
disappeared, and bubbles finally accumulated on the liquid surface, resulting in a higher horizontal
velocity of the upper part of the liquid. When the amount of bubble production increased, as shown in
Fig. 15b, the inlet side was the cathode, and the bubble layer on the surface of the plate was thicker,
which had an obvious blocking effect on the liquid flow. This was consistent with the conclusion of
Cavalcanti[37] that bubble film is generated on the surface of the plate as the speed of the upper part of
the reactor increased, and the same conclusion was reached in similar studies conducted by
Mandroyan[38] and Qureshy[39]. The horizontal liquid flow drove the bubbles away from the electrode
surface, which increased the effective plate area and facilitated the efficient electrochemical reaction.
This phenomenon has been described in detail in the study of Eigeldinger[40]. The flow pattern after
passing through one electrode was consistent with that of the two electrodes in Fig. 15a. It could be
confirmed that when the generated amount of bubbles was larger, the flow field between the electrodes
was more likely to be stable and consistent.
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Figure 17. Schematic diagram of the general flow of the reactor

According to the above analysis, the flow field between the electrodes was formed by the
horizontal plunger flow, the bubble group escaping from the electrode surfaces, and the joint influence
of the electrodes and the bubble group on the axial flow barrier. The general rule of the flow field
between plates is shown in Fig. 17. The upper part of the space between the electrodes was the bubble
accumulation area, and the lower part was the dead flow area. The bubble drove the liquid phase to flow
in an inverted U shape between the electrodes. Under stable working conditions, a characteristic flow
field between the electrodes was formed. In the reactor optimization process, the structure optimization
could be carried out to eliminate the upper bubbles and utilize the lower dead zone between the electrodes
to improve the reactor efficiency.

4. CONCLUSIONS

Flow fields at different positions inside the MPE-PFER with bubble escape conditions were
analyzed. The results showed that the reactor flow velocity was the most important factor affecting the
internal flow of the reactor. The increase in the flow velocity was beneficial to drive the bubbles on the
surface of the electrodes to escape faster, reduce the eddy current generated by the bubble movement,
and make the dominant flow a horizontal plug flow, thus enhancing the internal turbulence and the mass
transfer. The reactor structure affected the internal flow pattern of the reactor. The energy loss caused by
the grid plate electrode structure accounted for the main part of the total energy dissipation under the
actual condition of a higher flow rate. The particularity of the mesh electrode structure changed the flow
state through the electrodes, and the horizontal guide effect could be used to design different electrode
arrangements. The generation and escape of bubbles are important factors. The upward movement of
buoyancy drove the surrounding liquid to move and eventually accumulate on the liquid surface. Under
this influence, the general rule of reactor flow was as follows: smooth plunger flow in front of the plate,
inverted u-shaped flow between the electrodes, a bubble accumulation area in the upper part, a dead flow
area in the lower part, plunger flow in the back of the plate, and fast flow velocity in the upper part. The
performance of the MPE-PFER should be optimized by eliminating the dead flow zone at the bottom of
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the reactor, increasing the average residence time by designing a flow passage with net plate

conductivity, and optimizing the structure to accelerate bubble detachment.
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