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Internals Design of Continuous Stirred Tank Electrochemical Reactor Based
on the Residence Time Distribution Approach
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Abstract

The design of the reactor internals of the two-phase Continuous Stirred Tank Electrochemical Reactor was studied under
different conditions. Two types of air distributors were tested (cubic and circular) according to the bubble size produced by
each, measured by a high-speed camera. Two impeller types were tested (Rushton turbine 4 and 6 blades). The results indicate
that the bubble size increases with increasing airflow, but the cubic distributor has a smaller bubble diameter than the circular
distributor under all conditions. The value of average time for the 4-blades turbine was more than it for the 6-blades turbine at

a lower mixing speed, but at 600 rpm, the 6-blade turbine has a value of average time closer to the ideal space-time.
Keywords: Electrochemical, advanced oxidation, reactor, hydrodynamics, bubble size, mixer

1. Introduction

Many industrial processes generate toxic and
polluted wastewaters that are difficult to degrade and
require costly physical or physiochemical treatments
[1]. Traditional treatment methods have become
inadequate because of their limitations when used
individually [2]. Various techniques have been
applied, such as electro-advanced oxidation
technologies (EAOP). EAOP is distinguished by its
capacity to make use of the high reactivity of hydroxyl
radicals, which are produced from chemical precursors
such as light irradiation [3].

Pollutants can be removed during electrochemical
treatment by either direct anodic oxidation [4], [5], or
indirect oxidation [11]. The electro-Fenton technique
has sparked a lot of attention among indirect EAOPS
for wastewater remediation. In the electro-Fenton
method, oxygen is necessary to generate hydrogen
peroxide (H, O ). H, O, decomposes catalytically
to produce the strong *OH radicals that mediate the
degradation of organic contaminants [6].

In ideal reactors like the Continuous Stirred Tank
Reactor (CSTR), perfect mixing is assumed to study
reactor performance [7]. However, most fluid flow
through the chemical reactors used in industry is not
ideal [8].

Understanding the non-ideal behavior is essential
when designing a reactor. Reactor designers aim to get
real reactors to behave as closely as possible to the
ideal reactors [9]. In addition, hydrodynamics, fluid
flow behavior, and mixing conditions are critical

parameters for meeting system requirements and
overcoming troubles that typically result in reduced
reactor performance [10]. Non-ideal behavior is
caused by a variety of factors, including fluid
channeling as it moves through the reaction vessel,
longitudinal mixing caused by vortices and turbulence,
the presence of staghant regions inside the reactor,
bypassing or short-circuiting, impeller, or other
mixing device failure to supply perfect mixing and so
on [11], [12]. Studying the flow behavior and mixing
conditions through reactors using residence time
distribution (RTD) studies has been one of the most
critical aspects of  understanding  vessel
hydrodynamics. RTD is a property of mixing in the
chemical reactor that determines how long the reaction
mixture has been in the reactor [13], [14].

The bubbles behavior in gas-liquid stirred tanks is
critical, particularly in supplying oxygen from the gas
phase to the liquid phase, which is required for the
electro-Fenton oxidation to generate *OH radicals
[15]. One of the most critical parameters impacting the
efficiency of this form of operation is the contact time
of air bubbles with the liquid. The contact time is
dependent on the size of the bubble, its terminal
velocity, diffuser submergence, and water velocity
[R]. The bubble size distribution is a significant
parameter in a bubble reactor and has a great impact
on the performance of gas-liquid contactors [16], [17]
thus, understanding the flow dynamics and mass
transfer processes between phases [18], [19]. Bubbles
rising in a highly turbulent fluid are likely to have a
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more complex behavior [20].

Mixing and agitation of liquids in stirred tanks are
used by many industries, including chemical,
biotechnological, = pharmaceutical, and  food
processing, to increase heat and mass transfer rates,
prevent particle settling, obtain emulsions, and
unification all physical property gradients [21]. The
mixing processes in an agitated tank are influenced by
hydrodynamics. As a result, evaluating the level of
mixing and the overall behavior and performance of
agitated tanks and analyzing agitation hydrodynamics
are crucial for process quality and economics [22].

Because of the complicated nature of impeller-
induced turbulence in agitated vessels, inconsistencies
in mixing quality might be linked to a lack of clear
understanding of the mixing processes [23]. In order
to determine mixing efficiency and carefully
anticipate the total performance of these systems, in-
depth research is required. The performance of mixing
processes has been proven to be a function of mixing
time, impeller type, number of impeller blades, blade
size, working angular speeds, and vessel
configurations [24].

The work aims to characterize the best design for
the electrochemical reactor with two-phase flow based
on the choice of the best air distributor via the bubble
size distribution, and the best mixer using RTD
approach.

2. Experimental work
2.1. Bubble size measurement

In order to choose the best air diffuser, the
dimensions of the bubbles were photographed using a
camera (Nikon D750, 1/20000s); images were
captured near the reactor's wall nearest to the camera,
which was pointing at the reactor's centerline, to
reduce image distortion. The bubbles along the wall
are assumed to be typical of those within the reactor in
this situation. Two types of distributors were tested,
cubic and circular, as shown in Figure (1). Each air
distributor was photographed at 0.3, 0.5, and 1 L/min
airflow rate then the images were processed by
program ImageJ [25] to calculate the size of bubbles.

@ (b)

Fig. 1. Type of air distributor (a: circular; b: cubic)
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2.2. Reactor setup

Two types of Rushton turbine (4 and 6 blades)
shown in Figure 2 were tested as a mixer. The mixer
is installed at the bottom of the rotating electrode (1.5
cm in diameter and 6 cm in length) to preserve its
surface area. RTD was studied with these impellers at
100 ml/min water flow rate (as test fluid) and 300, 450,
600 rpm. The diameter of the reactor was 15 cm, its
length was 24 cm (filled up to 80%), and it had 4
baffles with a width of 1.5 cm. The pulse response
technique was used to measure the RTD of the liquid
age distribution using methylene blue as a tracer. At
time zero, 30 mL of the tracer (500 ppm concentration)
was injected, and the computer in-line photometer
measured the resistance of the outflow stream. The
outlet concentration versus time (Cp) can be
measured.

3. Results and discussion

3.1. Bubble size measurement

The photographic method is used to determine the
size of the bubbles at a different air flow rate (0.3; 0.5;
1 L/min).

Figures (3) and (4) show the photographed bubbles
at 0.3; 0.5; 1 L/min for cubic and circular distributors,
respectively. The only clear images in all photographs
are of bubbles near the vessel wall. Some bubbles do
not have a perfect sphere shape, but an oblate spheroid
can be used to approximate it. It can also be observed
that the bubble size is not uniform in all images. The
imageJ program processed the images, and the average
diameters of the bubble size for each distributor were
calculated.

Table (1) represents the average diameter value for
the bubbles of cubic and circular distributors. At 0.3
L/min, the size of the bubbles for the cubic distributor
was equal to 1.1692 mm, which is smaller than the size
of the bubbles for the circular distributor (1.4248 mm).
As the airflow increases, the bubble size of both
distributors increases from 1.1692 mm to 1.3159 mm
for the cubic distributor and from 1.4248 mm to
1.8083mm for the circular distributor, but the bubble
size of the cubic distributor remains smaller than the
bubble size of the circular distributor.



INTERNALS DESIGN OF CONTINUOUS STIRRED TANK ELECTROCHEMICAL ... 441

Fig. 2. Type of air distributor (a: circular; b: cubic)

©
Fig. 3. Cubic distributor bubbles (a: 0.3L/min; b: 0.5 L/min; c:
1L/min)
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(©
Fig. 4. Cubic distributor bubbles (a: 0.3L/min; b: 0.5 L/min; c:
1L/min)

This increase in the size of the bubbles occurred
because the airflow rate directly contributes to the
bubble expansion process during bubble formation.
The higher the flow rate, the faster the bubble formed,
resulting in a larger bubble size. Since it is known that
the smallest bubble size is the best air distributor thus,
the cubic distributor has been selected for the exit age
experiments.

Table 1
The value of average diameter for the bubbles of cubic and circular
distributor

Average diameter (mm)

A"T_I(/)nquir:ate’ Cubic distributor Circular distributor
0.3 1.1692 1.4248
0.5 1.2983 1.7677
1 1.3159 1.8083
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3.2. Choice the best mixer
The experimental exit age distribution (RTD) can
be determined by using Eq. (1)

0

E,=—"— @
(t) o
.[oc(t)dt
The average time is given by Eq. (2).
t=| tE,dt 0

If the reactor is free of dysfunctions (dead volume,
short circuit), the average time will equal the ideal
space-time, which is calculated by Eqg. (3).

T=— (3)

Figure (5) represent the experimental exit age
distribution value versus time at different mixing
speed (a: four- blades turbine; b: six-blade turbine).

As expected for a perfect CSTR, all of these curves
exhibit a rapid increase at the beginning, followed by
an exponential fall. In addition, as shown in Figure 5
(@) that the highest peak (less residence time
distribution) at 300 rpm and the lowest peak (higher
residence time distribution) at 600 rpm. But the results
are almost equal in the case of the six-blade turbine at
all mixing speeds (Figure 5 (b)).
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Fig. 5. The experimental exit age distribution value versus time at
different mixing speeds (a: four-blade turbine; b: six-blade turbine)

Table 2 shows the value of the average
experimental time for both, four-blade turbine and the
six-blade turbine. It can be seen from the table that
when the mixing speed increases, the average time
increases from 33.83 min to 34.06 min for the four-
blade turbine and from 33.63 min to 34.58 min for the
six-blade turbine. The value of average time increased
with increased mixing speed because in a bubbling
reactor, mixing promotes gas bubble rotation, which
increases the flow route of gas bubbles in the bubbling
reactor. As a result, the gas bubble's residence time
increases, and the chemical reaction between the gas
bubble and mixed liquid oxidants are more fully
completed, increasing the efficiency of the
electrochemical reactor [26].
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Table 2: The value of average experimental time for four and six-
blade turbine

Mixing Ideal average time Average time

speed, space- using four-blade six-blades
rpm time, min. turbine, min. turbine, min.
300 33.83 33.63
450 34.64 34.02 33.99
600 34.06 34.58

In addition, it can be observed from Table 2 that the
value of the average time of the four-blade turbine at
300 rpm (33.83 min) is more than that of the six-blade
turbine (33.63 min). At 450 rpm the value of the
average time of the four-blade turbine (34.02 min) is
also more than that of the six-blade turbine (33.99 min)
but it still less than the ideal space-time (34.64 min).
At 600 rpm the results were reversed where the six-
blade turbine has a higher average time value than the
four-blade turbine, which is equal to 34.58 min and
34.04 min, respectively.

Although the average time value for the four-blade
turbine is more than the average time for the six-blade
turbine at 300 rpm and 450 rpm, the six-blade turbine
was chosen because at 600 rpm it gives an average
time value equal to 34.58 min which is closer to the
ideal space-time value (34.64 min).

4. Conclusions

Various tests were carried out to evaluate
hydrodynamics and mixing behavior in the continuous
stirred tank electrochemical reactor under various
operating conditions (type of distributer, type of
impeller, mixing speed, and airflow rate), as well as to
identify the best set of variables.

Two types of distributors were tested, cubic and
circular, by photographing the bubbles at 0.3; 0.5; 1
L/min by using high-speed camera. The results
indicate that the average diameter for the cubic
distributer was less than it for the circular distributor,
where it was 1.1692 mm for cubic distributer at 0.3
L/min but for circular distributor equal to 1.4248 mm
at the same airflow. When the airflow increases, the
bubble size increases to 1.3159 mm for the cube
distributor, but still smaller than the bubble size for the
circular distributor (1.8083 mm)

Two types of the mixer were tested (Rushton
turbine) 4, 6 blades. The results show that the average
time for the 4-blades impeller was more than it for the
6-blades impeller at 300 and 450 rpm. But at 600 rpm
this result was reversed where the average time for the
4-blades impeller was less than the 6-blades impeller.
However, the four-blade mixer was chosen for the
remainder experiments because it gives the value of
the average time close to the ideal one at a lower
mixing speed.
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