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ABSTRACT

Ultraviolet (UV) chemical degradation is a low-cost, environmentally friendly, and sustainable
wastewater treatment technology. In this study, we designed an airlift photoreactor with internal
circulation and explored the effect of its flow characteristics (hydrodynamics) on the reaction to
improve the degradation efficiency of pollutants in water. The continuous flow vacuum ultravio-
let (VUV)/UV method was used to evaluate the degradation ability of pollutants in the reactor in
terms of computational fluid dynamics (CFD), mass transfer, and photoreaction kinetic models.
Results show that the turbulence intensity and circulation effect in the reactor are ideal in the range
of gas flow rate used in this study, and the chance of UV radiation can be effectively improved.
The formation of OH radicals and the decomposition efficiency of methylene blue (MB) in the
VUV/UV process is strongly correlated with the mixing strength in the reactor. The computational
results of the CFD model are close to the experimental results, but the efficiency of CFD in MB
processing is higher than the experimental results. This finding is because the scavenger effect of
MB decomposition by-products is not fully considered in CFD kinetic analysis.

Keywords: Vacuum ultraviolet/Ultraviolet; Photoreactor; Computational fluid dynamics; Water

treatment; Methylene blue

1. Introduction

Ultraviolet advanced oxidation processes (UV AOPs)
have been studied for more than 30 y. UV AOP disinfec-
tion technology has been widely used in drinking water
treatment plants. The degradation of harmful pollut-
ants in wastewater treatment shows great potential [1,2].
Therefore, the vacuum ultraviolet (VUV) process has
shown broad application prospects in wastewater treat-
ment. The VUV/UV process uses a mercury lamp that
produces ozone and emits 185 nm VUV and 254 nm UV
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radiation, where two radiations react with water and H,O,
to form hydroxyl radical (*OH). The photolysis of water
generates *OH, thereby preventing the need for auxiliary
chemical oxidants, such as H,O,, in the VUV/UV process
[3,4]. Therefore, VUV/UV photodegradation is considered
to be a simple and environmentally friendly water treat-
ment technology [5]. However, some problems are found
in the large-scale application of VUV/UV photoreactor in
water remediation. A suitable simulation model to predict
and analyze the flow field and reaction performance of the
VUV/UV photoreactor is lacking. The effective modeling of
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the VUV/UV process includes the simultaneous solution of
momentum, mass transfer, and radiation energy equations,
and more than 40 complex kinetic schemes of reactions are
found [6].

Computational fluid dynamics (CFD) is a mature and
effective tool for simulating complex hydrodynamic pro-
cesses and has been widely used in the design, optimiza-
tion, and amplification of UV disinfection and oxidation
light reactors in recent years [6,9-10]. To date, CFD simu-
lation of H,O,/UV technology is relatively extensive [7-11].
Although the reaction is similar to VUV/UYV, the formation
mechanism of hydroxyl radical in the two reaction pro-
cesses is completely different [7,11,12]. The generation of
*OH radical in the VUV/UV system depends on water pho-
todegradation at 185 nm. UV light with 185 nm wavelength
is transmitted in the solution in a short distance. It plays a
key role in the formation of *OH in VUV/UV AOPs, and the
photolysis of hydrogen peroxide at 254 nm is the main mech-
anism of *OH radical generation in the H,0,/UV system [7].

This study aims to integrate a series of submodels,
including fluid dynamics simulation, multicomponent mass
transfer model, chemical reaction kinetics, and irradiance
distribution in the reactor, and apply them to the airlift
internal circulation photoreactor with simple structure and
low-cost, so as to deeply analyze the application of VUV/
UV process in water treatment. Methylene blue (MB) was
studied experimentally in a continuous VUV/UV reactor
and compared with the predicted results of numerical sim-
ulation. The results reveal the important hydrodynamic
characteristics of VUV/UV photoreactor to provide use-
ful suggestions for the design and optimization of VUV/
UV photoreactor and promote the practical application
of VUV/UV technology in water treatment.

2. Materials and methods
2.1. Hydrodynamic, mass transfer

The hydrodynamic is an important step to calculate the
various species distribution in the reactor. The simulation
of hydrodynamic in the reactor was performed consider-
ing a two-dimensional and unsteady state. Assuming that
the fluid (water mixture) is Newtonian, incompressible,
isothermal, with constant physical properties and under
turbulent unsteady-state flow, the hydrodynamic and
species transport equations are as follows:

Mass conservation equation:

v-(V)=0 1)
Momentum conservation equation:
V-(pVV)=-VP-V.1 )
where the stress tensor is:
_u(vvva)—%w.vu ©)
Species conservation equation:
V-(pVm)=-V-],+R,

i=12..,N-1 4)

Where the diffusive flux of species i is estimated using
Fick’s first law of diffusion:

] = —DmV(pmi) ®)

In Egs. (1)-(5), p, V, P and 7 are fluid density, velocity
vector, pressure and viscous stress tensor respectively.
These equations combined with Newton’s law of viscosity
to the motion of the continuous fluid through computing
the velocity field within the reactor. In addition, u is molec-
ular viscosity, m, is the mass fraction of species i, |, is the
diffusive flux of species i, R, is the source rate of species i
(net reaction rate per unit volume) and D, is the molecular
diffusivity of species i in the mixture.

2.2. Interphase force models

There are various interchange forces such as the drag,
the lift force and the added mass force during momen-
tum exchange between the different phases. But these
forces can be neglected in comparison with drag and
turbulent dispersion forces [13,14]. Hence to reduce the
computational complexity and time, only the drag and
turbulent dispersion force was considered in this study.
Accordingly, the interfacial force F, is approximated to be the
drag force and interphase turbulent dispersion force:

EFreE ©)

where lfiD and ET are the drag force and turbulent dispersion
force, respectively.

The drag force between the gas and liquid phases
is calculated by the following equation:

= 3P % . . -
E; :CDI,ng‘Ug—Z)I‘(Ug—UI) )
8

where C, is the drag coefficient. The Grace relation is cho-

sen for the drag force coefficient because bubbles are

experimentally observed to be spherical and dispersed [15].
The turbulent dispersion force, ET, is calculated

by the model of Imoberdorf and Mohseni [16]:

Vo, v
:CTDCDUH( 8 _OLIJ 8)
Gyl o Q,

8

where C_ is the momentum transfer coefficient for the
interphase drag force, C is the drag coefficient as described
above, v, stands for turbulent viscosity, and o, is the liquid
turbulent Schmidt number. o, and o, are the gas and liquid
phase volume fractions respectively.

2.3. Radiative transfer model

The radiative transfer equation for an absorbing, emit-
ting, and scattering medium at position 7 in the direction 5 is:

dI(7,3)

ds

+(a+0)I(75)=a ZGT "jz

dQ’()
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where 7 and 5 are position and direction vectors, respec-
tively. I is the radiation intensity, which depends on
position and direction, n is the refractive index, o is
the Stefan-Boltzmann constant (5.67 x 10° Wm?2 K%),
o is the absorption coefficient, o_ is the scattering coef-
ficient, & is the phase function, and Q' is the solid angle.
Additionally, (a + 0 )s is the optical thickness or opacity of
the fluid (water mixture). The refractive index # is important
when considering radiation in semi-transparent media [17].

2.4. Kinetic reaction model

In previous studies, detailed kinetic models for VUV
systems have been studied for conditions of perfect mix-
ing of batch scale [7,11]. In this study, 26 types of reactions
occurring in the VUV/UV photoreactor (i.e., equilibrium,
photochemical, and radical reactions) are summarized
as shown in Table 1 with reference to the previous study.

Table 1
Kinetic model of the VUV/UV photoreactor for degradation of MB
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Thus, in the presence of VUV and UV radiation, the main
degradation pathways of the species are initiated by the
OH radicals produced by the decomposition of water
by 185 nm, leading to radical chain reactions by 185
and 254 nm.

2.5. Airlift photoreactor setup, geometry, and grid generation

A flow-through continuous operation of an airlift pho-
toreactor was used to experimentally evaluate the CFD
results. A simple 2D geometry for the airlift photoreactor
with internal circulation is shown in Fig. 1. It has a conical
bottom shape, is internally irradiated with a light source
placed at the central core axis, and has a draft tube with
internal circulation occurring around the light source. The
reactor is divided into the central circulation area, bottom
air, and water distribution area. It is operated with a 54 W
low-pressure mercury VUV/UV lamp (customized) that

No. Reaction equation Rate constant References
1 HO+hv, —HO"+H" J, =0.330 mol/ein [18]
2 HO+hv, —H"+ e, HO* J,=0.045 mol/ein [18]
3 H,O,+hv, —2HO* J, = 0.500 mol/ein [18]
4 H,O,+hv,, —2HO* J, = 0.500 mol/ein [18]
5 O,+H* - HO; k =21x10"M"s™ [18]
6 O,+e, > O; k,=2.0x10°"M"s?! [18]
7 H,O, + OH* — HO; + H,0 k,=27x10"M"s™ [18]
8 H,0,+HO; - OH* +O,+H,0O k,=5.3x10*M"s™ [18]
9 H,0,+0;-— OH" + O, + OH~ k,=1.6x10'M"'s™ [18]
10 H,+OH' > HO+H k,=6.0x10"M"s™ [18]
11 OH*+OH* - H,O, k,=4.0x10°M"s™ [18]
12 HO; +HO; - H,0,+0,+H,0 k,=2.6 x10°M™"s™ [18]
13 H*+H* > H, k,=1.0x10"M"s™ [18]
14 OH*+H*— H,0 k,=7.0x10°M"s" [18]
15 OH® +0;"— O,+HO" k,=70x10°M"s" [19]
16 OH® +HO; - H,0+0, k,=6.6x10°M"s" [20]
17 HO; +O;- — O, + HO;, k,=97x10M"s™ [20]
18 e, +OH" - OH" k,=3.0x10"M"s" [18]
19 20;"+2H,0 - O,+ H,0, + 20H" k. =3.0x10"M"s™ [18]
20 e, tH +HO—>H,+OH k,,=2.5x10"M"s" [18]
21 OH"* + HO, — HO; + OH~ k,=75x10°M"s? [21]
22 OH*+OH — O +H,0 ky=3.9x10*M"s?! [20]
23 H'+OH —e, +HO k,=3.6 x108M"'s™ [22]
24 H,0, +e,, —» OH' +OH" k,,=11x10"M"s™ [23]
25 e tH->H k, =23 x10"M"s™ [23]
26 e, +H,O—~H"+OH" k,=19x10'M"s™ [23]
27 H*+HO; - H,0, k,=11x10"M"s™ [23]
28 H*+H,0; - H,0+OH" k,=9.0x10M"s™ [23]
29 e, +HO;+H0O — 20H + OH" k,,=35x10°M"s" [24]
30 H*+0;-— HO, k,,=2.0x10"M"s™ [24]
31 OH* + MB — Products k,,=6.9x10"M"s™ [20]
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Fig. 1. Schematic diagram of the internal airlift circulating
photoreactor for the simulation (cm).

is approximately 2.3 cm in diameter and 50 cm in length
and longitudinally placed at the axial center of the reac-
tor. In this study, the position of the draft tube was set
to 0.4 of /R, where r is the distance between the reactor
wall and the draft tube, and R is the distance between the
reactor wall and the light source (R) [15].

The geometry was created on ANSYS Design Modeler
software. Given the characteristics of the axially sym-
metric structure of the reactor, the flow field simulation
can be reasonably simplified with a 2D axial symme-
try model. An unstructured numerical grid was imple-
mented with a total of 14,462 elements, where the min size
of the grid is 0.15 mm, and the max face size is 5.0 mm.

2.6. Initial and boundary conditions

For the initial conditions, the liquid and gas phases
enter the reactor from the bottom at different flow rates.
The gas and liquid phases were air and water in a stan-
dard state. A uniform air velocity Ug (0.01, 0.04, 0.07,
and 0.10 m/s) was simulated for the gas inlet, and the
liquid velocity was set to 0.3 m/s. The inlet MB concentra-
tion as model contaminant equaled 5 ppm. The diameter
of air is 0.2 mm, the dynamic viscosity of air and water

are set to 17.9 x 10 Pas and 1.005 x 1073 Pa-s at 20°C,
respectively.

A no-slip boundary condition was imposed for the
walls. Zero diffusive flux of species was specified at the
walls. For radiation field boundary conditions, the lamp
radiation was defined as a zero-thickness wall, semi-trans-
parent, and non-reflecting walls. The density and viscosity
of water were 998.2 kg/m?® and 1.003 x 107 Pa, respectively.
The refractive indices of 185 and 254 nm were assigned at
1.458 and 1.376, respectively. The absorption coefficient
was 35.67 (m™, UV transmittance (UVT) = 70%) and 12.78
(m™, UVT = 88%), respectively.

2.7. Numerical solution

ANSYS Fluent 16.2 was used to read the mesh and
perform the CFD computations. A segregated steady-
state solver was used to solve the governing equations.
A second-order upwind discretization scheme was
applied, except for pressure where a standard scheme
was selected. The SIMPLE algorithm was chosen for the
pressure-velocity coupling. The variation of velocity mag-
nitude, model contaminant concentration, and irradiation
flux at several points of the computational domain were
used as indicators of convergence (at least 20 iterations).
The convergence of the numerical solution was assured
by monitoring the scaled residuals to a criterion of at
least 10™* for the MB concentration. The simulation was
always tracked with time, and the solution algorithm was
run under steady and transient flow simulations.

3. Results and discussion
3.1. Hydrodynamics, velocity, and holdup

The airlift photoreactor with internal circulation is pow-
ered by air, which can keep the liquid circulating in the
rising and falling regions of the reactor. Fig. 2 shows the
streamlined distribution of the liquid phase in the airlift
photoreactor with internal circulation. The gas enters the
photoreactor from the bottom inlet. In the central position
of the reactor, the local liquid density is lower than the lig-
uid outside the baffle plate and then flows upward along
the surface of the light source until it reaches the reactor
outlet and leaves the reactor. The liquid on the outer side
of the baffle with high density is to supplement the lig-
uid lifted up by the gas so as to flow down the reactor
wall to the inlet. This repeated internal circulation flow
can make the liquid in the reactor achieve a full mixing
effect and provide better contact opportunities between
the material components. In other words, the full mixing
and contact between the various material components in
the reactor liquid can receive uniform light source irra-
diation. This condition is conducive to the complete and
effective reaction between the substances in the liquid
phase.

Fig. 3 shows the radial data (Section 1 in Fig. 1) at
the key position of the reactor middle height, indicating
the distribution of turbulence intensity at different gas
velocities. Figs. 3a and b show the contours of turbulence
intensity and radial distribution data under different gas
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velocity conditions. Combined with 3a and b diagrams,
the intensity of turbulence in the reactor increases with the
increase in gas velocity. The intensity in the rising region
of the reactor is greater than that in the downflow region.
The turbulence intensity in the rising region increases with
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Fig. 2. Liquid-phase streamline in the vertical plane of the
internal airlift circulation photoreactor.
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the increase in gas velocity. This condition is because the
gas phase in the reactor mainly concentrates on the light
source surface in the rising region. The higher the gas
velocity from the bottom inlet of the reactor is, the stron-
ger the turbulence intensity along the reactor longitudinal
direction close to the light source surface. The turbulence
intensity is the highest when the gas velocity at the inlet
is 0.10 m/s. The large turbulence intensity can effectively
make the material components in the liquid to be fully
mixed and evenly irradiated by the light source. This con-
dition greatly promotes the chemical reaction efficiency
between the pollutants and oxidation free radicals in the
liquid. However, the residence time of reactants in the reac-
tor and the chance of contact with light source are reduced
if the turbulence intensity is extremely high, thereby lead-
ing to a poor sewage purification effect.

Fig. 4 shows the radial data (Section 1 in Fig. 1) at the
key position of the reactor middle height, representing the
distribution of liquid velocity and gas holdup at different
gas velocities. Figs. 4a and b show the radial distribution
data of liquid velocity and gas holdup under different gas
velocities. Combined with 4a and b diagrams, the liquid
velocity distribution and gas holdup tend to be higher near
the light source and gradually decrease to the reactor wall
with the increase in gas velocity entering the reactor. This
condition is due to the great force exerted on the mixture
by gas injection and gas expansion at the inlet. The liquid
velocity in the down-flow zone has certain velocity distribu-
tion characteristics. This condition is conducive to the inter-
nal circulation effect of the reactor and increases the circu-
lation times of the liquid in the ascending and descending
regions. This effect is the core of the airlift internal circula-
tion reactor. However, excessive gas velocity can increase
the liquid velocity and gas holdup in the reactor, which is
unconducive to the residence time of reactants in the reactor.
The gas holdups of 0.10 and 0.07 m/s are slightly the same,
but a large difference is found compared with 0.04 m/s.
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Fig. 3. The contours (a) and the radial distribution (b) of turbulent intensity at different gas inlet velocities in section 1.
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Fig. 4. The radial distribution of water velocity (a) and gas holdup (b) at different gas inlet velocities in section 1.

3.2. Radiation

All types of reactions in the photoreactor mainly
depend on the energy of the light source. Thus, the loca-
tion of the light source and its radiation intensity deter-
mine the degradation efficiency of pollutants. Fig. 5 shows
the longitudinal distribution characteristics of the radia-
tion intensity of the UV lamp in the photoreactor. The UV
radiation intensity maps of al (185 nm) and a2 (254 nm)
represent the UV distribution of two different wave-
lengths of VUV/UV light source, respectively. These wave-
lengths correspond to the data plots of b1l (185 nm) and b2
(254 nm), respectively. The radiation in water decreases
with the increase in horizontal distance from the light
source. The reaction of most reactants is intense on the
wall near the light source. The baffle position in the reactor
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does not obstruct the radiation area of the light source,
and the liquid phase in the reactor can continue to circu-
late [15]. Therefore, the baffle position in the reactor and
the distance between the light source are appropriate.

3.3. Chemical reaction

The degradation effect of pollutants in the airlift pho-
toreactor with internal circulation was numerically simu-
lated in terms of the CFD model and the kinetic process of
a chemical reaction. A user-defined method was established
in terms of the characteristics of water dynamics distribu-
tion in the airlift photoreactor and the response relationship
between VUV/UV-MB kinetic parameters in Table 1. The
chemical reaction results of numerical simulation are shown
in Figs. 6 and 7. In this study, simulation in an unsteady
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Fig. 5. Local values of ultraviolet radiation dose calculated in the whole reaction zone of photoreactor (W/m?).
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environment was used to study and analyze the data after
steady-state calculation. Fig. 6 shows the contours (a) and
radial distribution data (b) of *OH at the reactor outlet
(Section 2 in Fig. 1) at different gas velocities.

In this reaction system, the formation of hydroxyl
radicals is mainly generated by VUV radiation, and the
hydroxyl radical can efficiently degrade the organic pol-
lutants in water [25]. Different from UV/H,O,, VUV does
not need to add additional chemicals and is easy to oper-
ate; this UV-AOP has been widely investigated [26]. The
distribution of hydroxyl radical concentration at different
gas velocities is shown in Fig. 6. With the increase in gas
velocity, the concentration of hydroxyl radicals in the ris-
ing zone of the reactor shows a decreasing trend. Many
hydroxyl radicals are generated because low gas velocity
drives the liquid to pass through the rising zone for a long
time. From the radial distribution of the cloud image, the
concentration of hydroxyl radical is higher at the distance
from the light source, and the concentration decreases with
the distance from the light source. This condition indi-
cates that the reaction near the light source is strong, and
many hydroxyl radicals can be generated. From the ver-
tical distribution of the contours, the liquid water enter-
ing the reactor from the inlet is gradually irradiated by
UV light to generate hydroxyl radicals. The liquid enters
the reactor from the bottom of the reactor and flows out
to the outlet at the top of the reactor through the tubular
light source. Thus, OH radicals began to form around the
light source near the entrance of the reactor and gradu-
ally increased, the highest concentration of hydroxyl rad-
icals is found near the outlet of the reactor. When the gas
velocity is 0.01 m/s, the maximum concentration reaches
3.53 x 102mol/m? (Fig. 6b), whereas the maximum concen-
tration is 2.11 x 10 mol/m® at the maximum gas velocity
of 0.10 m/s. The residence time of the liquid phase in the
reactor increases with the decrease in gas velocity, thereby
leading to the formation of many hydroxyl radicals in the
liquid phase due to VUV/UV radiation. In other words, the
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185 nm UV light and water in the reactor generate hydroxyl
radicals, and the hydroxyl radicals are consumed by the
degradation of organic pollutants (MB) in the reaction sys-
tem. Thus, they maintain a certain concentration level in
the two directions of generation and consumption.

Figs. 7a and b show the data of MB concentration
distribution. In this study, MB enters the reactor quantita-
tively from the inlet at the bottom of the reactor whether in
simulation or experiment. Therefore, the MB concentration
is the highest at the entrance. It is degraded by hydroxyl
radicals generated by water photolysis when it passes
through the ascending region and gradually decreases
to the outlet. MB was reacted and degraded by OH rad-
ical, but the radial concentration distribution of Figs. 6
and 7 showed the same trend. This is because the high
concentration MB near the light source is caused by the
continuous rising of high concentration MB at the bottom
entrance of the reactor along the light source surface. The
contours and data show that the CFD numerical method
can effectively simulate the distribution of pollutant con-
centration in the reactor. From the vertical distribution of
contours, the MB concentration in the rising zone of the
reactor increases gradually with the increase in gas veloc-
ity. The maximum concentration reaches 7.24 x 10 mol/m?
and 4.4 x 10 mol/m® under the conditions of maximum
and minimum gas velocity, respectively. The MB concen-
tration in this reaction system is mainly reduced by the
degradation of hydroxyl radicals. Specifically, the best
degradation effect is obtained when the gas velocity is
0.01 m/s. However, extremely small gas velocity reduces
the circulation speed in the reactor. With the increase in
gas velocity, the internal circulation speed of liquid in
the reactor is accelerated, and the chance of producing
hydroxyl radicals by UV light radiation is reduced. Thus,
at low gas velocity, the water molecules passing through
the light source have sufficient time to be irradiated by
UV light for producing hydroxyl radicals. The gas flow
rate of 0.01 m/s is the best condition for water purification.

| —»—0.10m/s

0.0
0.00

0.10 0.15

Radial distance (m)

0.05 0.20

Fig. 6. The contours (a) and the radial distribution (b) of the molar concentration of OH radicals at a different gas velocity in section 2.
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Fig. 7. The contours (a) and the radial distribution (b) of the molar concentration of MB at a different gas velocity in section 2.

3.4. Comparison of experimental and simulation results

The MB solution was treated in an airlift photore-
actor with internal circulation. The comparison of the
degradation effect and numerical simulation results by
continuous experiment under four different gas veloc-
ity conditions is shown in Fig. 8. The degradation effi-
ciency of MB in this study is inversely proportional to
the gas velocity at the reactor inlet. At the gas velocity of
0.10 m/s, the numerical simulation results can reach 74%,
and the highest removal rate in the actual experiment is
approximately 59%. The structure of the reactor is rea-
sonable and can effectively play the advantages of photo-
catalytic reaction and improve the degradation efficiency
of MB. The experimental data are lower than the numer-
ical prediction data, the difference range is small, and
the overall prediction results are relatively good.

4. Conclusions

This study aimed to design an airlift photocatalytic
reactor with internal circulation to improve the reaction
performance of VUV-AOP and the degradation efficiency
of the reactor. The effects of turbulence intensity, liquid
velocity distribution, and gas holdup in the reactor were
investigated by simulating the fluid flow characteristics
and chemical reaction kinetics in the reactor. The distri-
bution of hydroxyl radical and MB with gas velocity was
analyzed and studied. The results show that the fluid flow
characteristics show a certain trend with the change in gas
velocity. Appropriate gas velocity increases the circulating
flow effect in the reactor, but large gas velocity reduces
the residence time of liquid in the reactor. Thus, the reac-
tion cannot be conducted completely. The minimum gas
velocity condition (0.01 m/s) in this study has the best
degradation efficiency for MB. The results of the CFD
simulation are in good agreement with the removal rate
of MB in the continuous experiment. Unfortunately, there
are not enough measured data (such as the concentration

0.0+ T T T
0.00 0.05 0.10 0.15 0.20
Residence time (s)
100
B Experimental
804 B CFD modeling
a? 74
@ 63
= 604 32 &l 57
; 49 46
E 404 41
1]
3
g
& 20
0 = L I T -
0.00 0.02 0.04 0.06 0.08 0.10

Flow rate of Ue (L/min)

Fig. 8. Comparison of experimental data and CFD predicted
results.

of free radicals, the flow characteristics in the reactor, etc.)
to fully explain the distribution and variation of various
physical quantities in the reactor. However, the numeri-
cal value is slightly larger because the kinetic analysis
of the free radical annihilation effect of MB degradation
by-product is limited. The results show that the formation
of *OH radicals and the degradation efficiency of pollut-
ants in the VUV/UV process have a strong correlation
with the gas velocity entering the reactor. Therefore, these
findings can serve as a reference for the establishment
of a chemical reaction model for this type of reactor.
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