
processes

Article

Computational Fluid Dynamics Modeling of Rotating Annular
VUV/UV Photoreactor for Water Treatment

Minghan Luo 1,2,*, Wenjie Xu 1, Xiaorong Kang 1 , Keqiang Ding 1 and Taeseop Jeong 3

����������
�������

Citation: Luo, M.; Xu, W.; Kang, X.;

Ding, K.; Jeong, T. Computational

Fluid Dynamics Modeling of Rotating

Annular VUV/UV Photoreactor for

Water Treatment. Processes 2021, 9, 79.

https://doi.org/10.3390/pr9010079

Received: 1 December 2020

Accepted: 29 December 2020

Published: 31 December 2020

Publisher’s Note: MDPI stays neu-

tral with regard to jurisdictional clai-

ms in published maps and institutio-

nal affiliations.

Copyright: © 2020 by the authors. Li-

censee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and con-

ditions of the Creative Commons At-

tribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

1 School of Environmental Engineering, Nanjing Institute of Technology, Nanjing 211167, China;
wenjiexu@njit.edu.cn (W.X.); feixiang2004@163.com (X.K.); dingkq@njit.edu.cn (K.D.)

2 Energy Research Institute, Nanjing Institute of Technology, Nanjing 211167, China
3 Department of Environmental Engineering, Chonbuk National University, Jeonju 561-756, Korea;

jeongts@jbnu.ac.kr
* Correspondence: leon96201@njit.edu.cn; Tel.: +86-25-86118963

Abstract: The ultraviolet photochemical degradation process is widely recognized as a low-cost,
environmentally friendly, and sustainable technology for water treatment. This study integrated com-
putational fluid dynamics (CFD) and a photoreactive kinetic model to investigate the effects of flow
characteristics on the contaminant degradation performance of a rotating annular photoreactor with
a vacuum-UV (VUV)/UV process performed in continuous flow mode. The results demonstrated
that the introduced fluid remained in intensive rotational movement inside the reactor for a wide
range of inflow rates, and the rotational movement was enhanced with increasing influent speed
within the studied velocity range. The CFD modeling results were consistent with the experimental
abatement of methylene blue (MB), although the model slightly overestimated MB degradation
because it did not fully account for the consumption of OH radicals from byproducts generated in
the MB decomposition processes. The OH radical generation and contaminant degradation efficiency
of the VUV/UV process showed strong correlation with the mixing level in a photoreactor, which
confirmed the promising potential of the developed rotating annular VUV reactor in water treatment.

Keywords: VUV; photoreactor; CFD; MB; water treatment

1. Introduction

Use of ultraviolet-based photoreactors in water-treatment processes is rapidly increas-
ing, and ultraviolet-based advanced oxidation processes (UV AOPs) have been studied
for over 30 years. The H2O2/UV process presents increased economic cost and technical
complexity due to the treatment of residual peroxide, leading to its application only in small
and medium-sized water treatment facilities. The VUV/UV process uses ozone-generating
mercury lamps that emit 185 nm VUV and 254 nm UV radiation, in which the 185 nm
radiation reacts with water to produce hydroxyl radicals (·OH). Therefore, VUV/UV pho-
todegradation is considered to be a simple and environmentally friendly water-treatment
technology with attractive economic potential, which has shown promising potential in
wastewater treatment [1]. Although plenty of experiments have yielded promising results
at lab-scale, the VUV/UV AOP has not yet been implemented at a full-scale plant in water
treatment. There are still problems that impede large-scale application of VUV/UV pho-
toreactors in the water-remediation field. For example, lack of a proper simulation model
to predict and analyze the performance of VUV/UV photoreactors is one of the problems
hindering their practical implementation. An effective modeling of the VUV/UV process
involves the simultaneous solution of momentum equations, mass transfer equations, and
radiation energy equations (UV and VUV radiations), along with a complex kinetic scheme
of more than 40 reactions.

Computational fluid dynamics (CFD) is an established and effective tool for modeling
complex fluid dynamic processes, and has been used extensively for the design, optimiza-
tion, and scale-up of UV disinfection and oxidation photoreactors in recent years [2,3].
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Previous studies have pointed out the importance of using a comprehensive kinetic scheme
and a detailed radiation model, including the reflection, refraction, and absorption of
photons in UV photoreactors, for CFD simulation. However, few studies about model-
ing of H2O2/UV using the CFD method have individually reported the role of 254 nm
irradiation in direct photolysis of water, or of the ·OH radical oxidation pathways in the
process of removing target pollutants [2,4,5]. Moreover, despite of the similarities between
the H2O2/UV and VUV/UV processes, the associated hydroxyl radical generation mech-
anisms are different [4–6]. The production of ·OH radicals in VUV/UV systems relies
on the photolysis of water at 185 nm irradiation, while hydrogen peroxide photolysis at
254 nm irradiation is the predominant mechanism for the generation of ·OH radicals in
H2O2/UV systems [5]. The direct photolysis of water will generate species such as ·OH,
·H and H+, whereas the UV photolysis of hydrogen peroxide produces only ·OH, therefore
causing different radical reaction schemes during H2O2/UV and VUV/UV processes. In
addition, the emissions at 185 nm and 254 nm synchronously contribute to the removal of
contaminants in a VUV/UV process. In contrast, H2O2/UV approaches primarily rely on
the degradation functions of 254 nm photons. UV light at a wavelength of 185 nm, which
plays the key role in ·OH production in VUV/UV AOPs, is transmitted a relatively short
distance in solutions. As a result, VUV/UV AOPs normally require better mixing within
reactors than UV AOPs, and the effective identification of mixing characteristics of the area
around UV lamps is therefore of particular significance for VUV/UV AOP studies.

In this context, this work aimed to develop a comprehensive CFD simulation tool able
to make an in-depth analysis of the VUV/UV process applied to water treatment. The
proposed computational model integrates a series of sub-models such as hydrodynamic
simulations, a multispecies mass transport model, chemical reaction kinetics, and irradi-
ance distribution within the reactor. The radiation field within the reactor was modeled
using a nongray discrete ordinate (DO) sub model, which allowed for independent and
simultaneous studies of the transportation paths of 185 nm VUV and 254 nm UV. The devel-
oped model was experimentally evaluated in a continuous-flow VUV/UV photoreactor for
the treatment of a selected pollutant: methylene blue (MB). Finally, we establish and discuss
a model for degradation pathways within VUV/UV photoreactors. The results from this
study revealed crucial hydrodynamic characteristics in the VUV/UV photoreactor, and
provide useful suggestions for the design and optimization of VUV/UV photoreactors,
promoting the practical application of VUV/UV techniques in the water-treatment field.

2. Materials and Methods
2.1. Hydrodynamics

Based on the principles of conservation of mass and momentum, the continuity
equations in a rotating annular VUV reactor (RAVR) were described. A three-dimensional
computational fluid dynamic model was developed to calculate the local hydrodynamics
in the photoreactor.

n

∑
i = 1

αi = 1 (1)

where n is the total number of phases; the subscript i represents the gas or liquid phase.
The conservation equations are written by performing an ensemble average of the local
instantaneous balance for each phase. The motion of each phase is governed by the
corresponding mass and momentum conservation equations.

Continuity equation:
∂(αi·ρi)

∂t
+ ∇·(αiρi

→
u i) = 0 (2)

where α, ρ, and
→
u stand for the volume fraction, density, and velocity vector, respectively.
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Momentum equation:

∂(αiρi
→
u i)

∂t
+ ∇·(αiρi

→
u i
→
u i) = −αi ∇Pi +∇·

(
αiµi(∇

→
u i − (∇→u i)

T
)

)
+ αiρi

→
g ±

→
F i (3)

where P, µ, and
→
g are the pressure, viscosity, and gravity acceleration, respectively.

→
F i is

the interfacial force acting on phase i due to the presence of the other phase, j.
The turbulent dispersion force is the result of the turbulent fluctuations of liquid

velocity. In this study, the standard k− ε model for single-phase flows was extended for
the two-phase flows to simulate the turbulence, which can be described as follows:

∂

∂t
(αlρlkl) +

∂

∂xi
(αlρl

→
u lkl) =

∂

∂xi

[
αl

(
µl +

µtl
σk

)
∂

∂xi
kl

]
+ αlρl − αlρlε l (4)

∂

∂t
(αlρlε l) +

∂

∂xi
(αlρl

→
u lε l) =

∂

∂xi

[
αl

(
µl +

µtl
σε

)
∂

∂xi
ε l

]
+ αl

ε l
kl
(Cε1pl − Cε2ρl ε l ) (5)

where Cε1, Cε2, σk, and σε are parameters in the standard k− εmodel and the following
values were selected: Cε1 = 1.44, Cε2 = 1.92, σk = 1.0, and σε = 1.3. In addition, the
turbulent viscosities µtl can be computed by other equations [7,8].

2.2. Radiative Transfer Model

The radiative transfer equation (RTE) for an absorbing, emitting, and scattering
medium at position

→
r in the direction

→
s is as follows:

dI(
→
r,
→
s )

ds
+ (a + σs) I(

→
r,
→
s ) = an2 σT4

π
+

σs

4π

4π∫
0

I(
→
r ,
→
s
′
) ∅(

→
s ,
→
s
′
) dΩ′ (6)

where
→
r and

→
s are position and direction vectors, respectively. I is the radiation inten-

sity, which depends on position and direction; n is the refractive index; σ is the Stefan–
Boltzmann constant (5.67 × 10−8 Wm−2K−4); α is the absorption coefficient; σs is the
scattering coefficient; ∅ is the phase function; and Ω′ is the solid angle. Additionally,
(a + σs)s is the optical thickness or opacity of the fluid (water mixture). The refractive
index n is important when considering radiation in semitransparent media [7].

2.3. Kinetic Reaction Model

In previous studies, detailed kinetic models for VUV systems have been studied to
find the perfect batch-scale mixing conditions [4,5]. In this study, 26 types of reaction
occurring in the VUV/UV photoreactor (i.e., equilibrium, photochemical, and radical
reactions) were summarized, as shown in Table 1, with reference to the previous study.
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
radiation, leading to radical chain reactions induced by 185 and 254 nm radiation.
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Table 1. Kinetic model of the VUV/UV photoreactor for degradation of MB.

No. Reaction Equation Rate Constant Reference

1 H2O + hv185nm → HO·+ H· ∅6 = 0.330 mol/ein Gonzalez et al., 2004 [9]
2 H2O + hv185nm → H+ + e−aq + HO· ∅7 = 0.045 mol/ein Gonzalez et al., 2004 [9]
3 H2O2 + hv185nm → 2HO· ∅8 = 0.500 mol/ein Gonzalez et al., 2004 [9]
4 H2O2 + hv254nm → 2HO· ∅9 = 0.500 mol/ein Gonzalez et al., 2004 [9]
5 O2 + H· → HO·2 k1 = 2.1× 1010 M−1s−1 Gonzalez et al., 2004 [9]
6 O2 + e−aq → O·−2 k2 = 2.0× 1010 M−1s−1 Gonzalez et al., 2004 [9]
7 H2O2 + OH· → HO·2 + H2O k3 = 2.7× 107 M−1s−1 Gonzalez et al., 2004 [9]
8 H2O2 + HO·2 → OH·+ O2 + H2O k4 = 5.3× 102 M−1s−1 Gonzalez et al., 2004 [9]
9 H2O2 + O·−2 → OH·+ O2 + OH− k5 = 1.6× 101 M−1s−1 Gonzalez et al., 2004 [9]

10 H2 + OH· → H2O + H· k6 = 6.0× 107 M−1s−1 Gonzalez et al., 2004 [9]
11 OH· + OH· → H2O2 k7 = 4.0× 109 M−1s−1 Gonzalez et al., 2004 [9]
12 HO·2 + HO·2 → H2O2 + O2 + H2O k8 = 2.6× 106 M−1s−1 Gonzalez et al., 2004 [9]
13 H·+ H· → H2 k9 = 1.0× 1010 M−1s−1 Gonzalez et al., 2004 [9]
14 OH·+ H· → H2O k10 = 7.0× 109 M−1s−1 Gonzalez et al., 2004 [9]
15 OH·+ O·−2 → O2 + HO− k11 = 7.0× 109 M−1s−1 Bielski et al., 1985 [10]
16 OH·+ HO·2 → H2O + O2 k12 = 6.6× 109 M−1s−1 Buxton et al., 1988 [11]
17 HO·2 + O·−2 → O2 + HO−2 k13 = 9.7× 107 M−1s−1 Buxton et al., 1988 [11]
18 e−aq + OH· → OH− k14 = 3.0× 1010 M−1s−1 Gonzalez et al., 2004 [9]
19 2O·−2 + 2H2O → O2 + H2O2 + 2OH− k15 = 3.0× 10−1 M−1s−1 Gonzalez et al., 2004 [9]
20 e−aq + H· + H2O → H2 + OH− k16 = 2.5× 1010 M−1s−1 Gonzalez et al., 2004 [9]
21 OH·+ HO−2 → HO·2 + OH− k17 = 7.5× 109 M−1s−1 Crittenden et al., 1999 [12]
22 OH·+ OH − → O·− + H2O k18 = 3.9× 108 M−1s−1 Buxton et al., 1988 [11]
23 H·+ OH− → e−aq + H2O k19 = 3.6× 108 M−1s−1 Draganic and Draganic, 1973 [13]
24 H2O2 + e−aq → OH ·+ OH− k20 = 1.1× 1010 M−1s−1 Basfar et al., 2005 [14]
25 e−aq + H+ → H· k21 = 2.3× 1010 M−1s−1 Basfar et al., 2005 [14]
26 e−aq + H2O → H·+ OH− k22 = 1.9× 101 M−1s−1 Basfar et al., 2005 [14]
27 H·+ HO·2 → H2O2 k23 = 1.1× 1010 M−1s−1 Basfar et al., 2005 [14]
28 H·+ H2O2 → H2O + OH· k24 = 9.0× 107 M−1s−1 Basfar et al., 2005 [14]
29 e−aq + HO−2 + H2O → 2OH− + OH· k25 = 3.5× 109 M−1s−1 Mak et al., 1997 [15]
30 H·+ O·−2 → HO−2 k26 = 2.0× 1010 M−1s−1 Mak et al., 1997 [15]
31 OH·+ MB → Products k27 = 6.9× 1010 M−1s−1 Buxton et al., 1988 [11]

2.4. Geometry of RAVR and System Setup

A simple three-dimensional geometry and a mesh structure developed for the RAVR
are shown in Figure 1a. The geometry was created using ANSYS DesignModeler software.
The RAVR consisted of a reactor with a total length of 500 mm, a 20 mm diameter lamp
and a 20 mm diameter inlet, a 30 mm diameter exit tube, and a 5 mm wall thickness. The
inlet exit tube was attached to the reactor in a tangential direction to increase the mixing
and reactivity of the reactor. The inlet and outlet entered the reactor tangentially to induce
rotational flow in the reactor. The RAVR volume was discretized into 132,529 structured
and unstructured volume cells using ANSYS Meshing software.

A flow-through, continuously operating RAVR was used to experimentally evaluate
the CFD results. The RAVR system is presented in Figure 1b. The reactor had a tangential
inlet and an outlet, with annular and rotation flow configuration, operated with a 17 W
low-pressure mercury lamp (G10T5VH, Light Sources Inc., Orange, CT, USA) longitudi-
nally placed at the axial center of the reactor. The inlet flow rate was adjusted to within
a 1.963–23.550 L/min range with a defined concentration of MB, and the hydraulic reten-
tion time varied from 10 s to 120 s. Flow rates of the MB solutions were controlled by
peristaltic pumps.
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Figure 1. The rotating reactor geometry (a) and the VUV reactor system scheme (b).

2.5. Boundary Conditions and Numerical Solution

The inlet velocity had a range of 0.104–1.250 m/s, which corresponded to a flow rate
of 1.963 to 23.550 L/min. The inlet concentration of the model contaminant MB was equal
to 0.5 ppm. A no-slip boundary condition was imposed on the walls. In addition, zero
diffusive flux of species was specified at the walls. As per radiation field boundary condi-
tions, the radiation of lamp was defined as a zero-thickness, semitransparent, nonreflecting
wall. The density and viscosity of water considered were 998.2 kg/m3 and 1.003 × 10−3 Pa,
respectively. The refractive indexes of 185 nm and 254 nm were assigned as 1.458 and
1.376, respectively, and the absorption coefficients 35.67 (m−1, UVT = 70%) and 12.78 (m−1,
UVT = 88%), respectively.

ANSYS 16.2 Fluent was employed to read the mesh and perform the CFD compu-
tations. The segregated steady-state solver was used to solve the governing equations.
Second-order upwind discretization schemes were applied except for pressure, for which
the standard scheme was selected. The semi-implicit method for pressure linked equa-
tions (SIMPLE) algorithm was chosen for the pressure–velocity coupling. The variation
of velocity magnitude, model contaminant concentration, and irradiation flux at several
points of the computational domain were used as indicators of convergence (at least 20 iter-
ations). Additionally, convergence of the numerical solution was assured by monitoring
the scaled residuals to a criterion of at least 10−4 for the concentration of MB. While the
simulation was always tracked with time, the solution algorithm was run with both steady
and transient flow simulations.

2.6. Chemicals and Analytical Methods

For the VUV reactor experiments, the chemicals used for experiments were reagent-
grade or higher, supplied by Sigma-Aldrich. MB powder was used as purchased without
further purification. The MB was diluted separately with ultrapure laboratory water. Dis-
tilled water was used in all experiments and analytical determinations. The concentration of
MB in the VUV reactor effluent was determined spectrophotometrically following the peak
at 664 nm using a UV spectrophotometric probe (UV1800, Shimadzu Co., Marlborough,
MA, USA, Kyoto, Japan spectrophotometer). The concentration of hydrogen peroxide was
determined via UV spectrophotometry utilizing the I−3 method [16].

3. Results and Discussion
3.1. Hydrodynamics

The fluid velocity magnitudes are shown in Figure 2 for selected cross-sections in the
designed RAVR. The results showed that the fluid entered the inlet at a high velocity and
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initiated a rotational motion along the wall of the RAVR. For the radial velocity distribution
of the reactor, the velocity on the wall of the reactor was higher than that on the surface of
central light source of the reactor. Because the rotational flow flowed tangentially onto the
reactor wall, part of the kinetic energy was consumed when it reached the light source.
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As shown by the streamline in Figure 3, the fluid maintained rotational motion from
the inlet to the outlet of the reactor, and thus the outflow also presented a rotating flow.
Obviously, the rotational flow in the vicinity of outer wall of the reactor showed an upward
motion; the rotation force was generated from the flowing force of fluid entering the
inlet without additional energy supply. The fluid from the inlet raised along the reactor
wall with a high movement velocity. The RAVR integrated the flow characteristics of a
continuous-flow stirred-tank reactor (CSTR) and a plug flow reactor (PFR). As mentioned
in Section 1, the RAVR is an economical reactor with good mixing function compared
with long tubular reactors [17–19] or reactors with internal baffles [3,20,21]. The rotating
flow along the VUV lamp in a RAVR reactor plays the role of mixing and extending the
fluid-retention time, and there is thus no dead zone in a RAVR reactor.

3.2. Pressure Field

Pressure contour analyses of the longitudinal section of the reactor and of Plane-1
to Plane-5 were conducted for the 3.925 L/min inflow rate, and the results are plotted in
Figure 4. Pressure increased from the inlet area to outlet area, and decreased along the
radial direction from the reactor wall to the central lamp. For Plane-1 (P-1), where the
rotation force of the fluid was induced, the entrance position and out-wall area presented
high pressure, indicating a whirl flow along the wall surface. The pressure distribution
on the cross-section (X–Y plane) of the reactor showed a low-pressure zone in the forced
vortex region at the central position due to a high fluid rotating velocity. Since fluid flows
from a high-pressure area to a low-pressure area, the longitudinal and radial distribution of
pressure in reactor revealed that two circulation flows formed in the reactor: (i) an upward
rotating flow along the out-wall surface and (ii) a downward stream adhering to the UV
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lamp from the outlet position to the inlet position. Moreover, the pressure distribution
shown in Figure 4 is consistent with the streamline shown in Figure 3. When the fluid
entered the reactor, it climbed up along the reactor out-wall surface in a rotating flow (outer
circulation ring) and flowed into the central part of reactor due to the pressure difference,
then went down along the UV lamp at a slow flow rate (inner circulation ring). In this way,
the retention time of introduced solutions in the RAVR reactor was extended through two
circulation flows, thus enhancing the treatment effect. Additionally, the pressure difference
of the RAVR system, which was identified by the ratio of maximum pressure to minimum
pressure, was found to change with inflow rates.
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3.3. UV Radiation

Figure 5 shows the contour distribution of ultraviolet radiation intensity on the X–Z
and X–Y cross-sections of the reactor. The ultraviolet radiation at 185 nm, which reacts
with and causes the formation of ·OH radicals, was decreased to almost zero in the wall
area around 4 cm away from the lamp due to the limited transmission ability of ultraviolet
radiation at 185 nm in water.
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3.4. Degradation Reaction

The prediction of the RAVR performance was based on CFD modeling simulations,
including the specific chemical kinetics of the reactions in the mass balance of involved
species. On the basis of the hydrodynamic distribution characteristics of the RAVR, the
kinetic responses of the VUV–H2O–MB reactions in Table 1 at 3.925 L/min inflow rate
are represented in Figure 6, with chemical reaction rates calculated by user defined func-
tion (UDF).
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The profiles of molar concentrations of ·OH radicals (Figure 6) showed a gradual
increase from the inlet position to the outlet position (Plane-1 to Plane-4), and then a
decrease to a low level on Plane-5. As the Plane-1 was located at the inlet with a small dose
of ultraviolet radiation, the concentration of ·OH radicals were accordingly low. More ·OH
radicals were generated from P-2 to P-4 with increased ultraviolet radiation. Similarly, the
amount of radicals was decreased from the center to wall area in the reactor due to the
diminished UV radiation. Moreover, comparing the change of ·OH radicals on different
cross-sections, the radical decrease rate from the UV lamp (center position) to the wall
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surface was slowed down for Plane-2 to Plane-4. In other words, the concentration gradient
of ·OH radicals on the same cross-section was decreased along the axial direction from
inlet to outlet in the RAVR, albeit not as much as in P-1 and P-5. This is mostly because
the upward flow accumulated ·OH radicals and weakened the concentration gradient. It
should be noted here that the presented concentration changes of ·OH radicals in Figure 6
do not reflect the quantitative amounts of ·OH radicals directly generated from water by
UV radiation: in fact, the radiation at 185 nm has a very low ultraviolet transmittance
(UVT) and reaches almost zero at a distance of about 3–4 cm from the lamp source. Thus,
the concentration profile of hydroxyl radicals reported in Figure 6 is rather a quantitative
result based on the advection and diffusion of fluid in the reactor. In addition, the same
distribution feature of ·OH radicals was observed for species like H2O2, ·H, ·HO2, and ·O−2 ,
except that the concentrations of ·H on Plane-2 to Plane-4 were very similar. As shown
in Table 1, the reaction characteristics of the H radical are quite different from those of
other species with higher kinetic parameters. Therefore, a gradient concentration along the
radial direction was observed for the H radical at the central position of the reactor (P-2,
P-3, and P-4), with higher concentrations near the light source. Furthermore, taking into
account that the P-2, P-3, and P-4 profiles fully overlapped, it is possible to state that no
appreciable gradient concentration occurred along the longitudinal direction in the central
part of the reactor. On the other hand, the MB concentration showed an opposite trend
to that of ·OH radicals as MB was decomposed and removed by the ·OH radicals. The
·OH-radical-rich zone coincided with active decomposition reactions of MB. Generally, the
low concentration of MB in outflow confirmed the good mixing properties of the designed
RAVR, which also implies that developing a process with excellent blending function to
enhance the contact between ultraviolet light and each reactant is one important route to
increase the efficiency of photolysis reactions.

3.5. Comparison of Experimental and Simulation Results

There are two major concerns to be faced in improving the photochemical reactions of
VUV/UV AOP. First, the water must be sufficiently irradiated with 185 nm ultraviolet light
for the production of ·OH radicals. In this study, the ·OH radicals were efficiently generated
near the UV lamp (which has a high intensity of ultraviolet radiation at 185 nm) and then
quickly diffused across the whole reaction tank. Second, the efficiency of VUV/UV AOP can
be significantly enhanced by increasing contact opportunities between the species (like MB)
to be treated and the ·OH radicals generated in the chain reactions. Various methods have
been developed based on the two mentioned routes. For example, a pipe-type reactor with
a small diameter has been explored for maximization of ultraviolet light intensity [17–19,22].
However, this method has the disadvantage that the long contact time (residence time)
required for the reaction can be only obtained by designing a long reaction pipe, which is
normally limited by actual situations. Another commonly studied method is the installation
of baffles to increase vortexes inside the reactor [5,21]. However, this is suitable only for
small-scale reactors (like the lab scale) and requires further considerations for application
at the industry scale. The adsorption method using an adsorption medium (catalyst) has
also been widely studied [21]. Its problem is that the catalysts utilized may hinder the
irradiation transmission of ultraviolet light. In conclusion, the design optimization of
photoreactors plays a key role in promoting the application of photochemical processes
based on ·OH radical generation in water-treatment or wastewater-treatment fields. The
study followed this idea and investigated the possibility of maximizing the utilization of
rotational force of the fluid in the designed photoreactor by adjusting the inflow velocity of
treated solutions.

The predicted and experimental degradation efficiencies of MB and CFD showed
good consistency for the 3.925 L/min inflow rate, as shown in Figure 7. In addition, the
pollutant abatement calculated by CFD modeling was slightly lower than the experimental
value for all tested inflow velocities.



Processes 2021, 9, 79 11 of 12

Processes 2021, 9, x FOR PEER REVIEW 11 of 13 
 

 

and then quickly diffused across the whole reaction tank. Second, the efficiency of 
VUV/UV AOP can be significantly enhanced by increasing contact opportunities between 
the species (like MB) to be treated and the ·OH radicals generated in the chain reactions. 
Various methods have been developed based on the two mentioned routes. For example, 
a pipe-type reactor with a small diameter has been explored for maximization of ultravi-
olet light intensity [17–19,22]. However, this method has the disadvantage that the long 
contact time (residence time) required for the reaction can be only obtained by designing 
a long reaction pipe, which is normally limited by actual situations. Another commonly 
studied method is the installation of baffles to increase vortexes inside the reactor [5,21]. 
However, this is suitable only for small-scale reactors (like the lab scale) and requires fur-
ther considerations for application at the industry scale. The adsorption method using an 
adsorption medium (catalyst) has also been widely studied [21]. Its problem is that the 
catalysts utilized may hinder the irradiation transmission of ultraviolet light. In conclu-
sion, the design optimization of photoreactors plays a key role in promoting the applica-
tion of photochemical processes based on ·OH radical generation in water-treatment or 
wastewater-treatment fields. The study followed this idea and investigated the possibility 
of maximizing the utilization of rotational force of the fluid in the designed photoreactor 
by adjusting the inflow velocity of treated solutions. 

The predicted and experimental degradation efficiencies of MB and CFD showed 
good consistency for the 3.925 L/min inflow rate, as shown in Figure 7. In addition, the 
pollutant abatement calculated by CFD modeling was slightly lower than the experi-
mental value for all tested inflow velocities. 

 
Figure 7. Comparison of removal rates of MB of experimental data and CFD-predicted results. 

4. Conclusions 
This study aimed to develop a novel rotating annular photoreactor with a tangential 

inlet and outlet to improve the performance of a VUV AOP for increased degradation 
efficiency of the photoreactor. The flow characteristics as well as the fluid dynamics were 
investigated and the kinetic model of involved species was simulated to evaluate the re-
action characteristics in the designed reactor. Meanwhile, the concentration profiles 
of ·OH radicals, target pollutant (MB), and other important reacting species were also de-
termined to assess the reactor properties. The results showed that the introduced fluid 
was in strong rotational movement inside the reactor across the wide range of influent 
velocities in this study. Moreover, the rotational movement was enhanced with the in-
creasing of inflow rates in the studied velocity range. The CFD modeling results corre-
sponded well to the experimental degradation of MB. They slightly underestimated deg-
radation due to the limited kinetic analysis about radical annihilation effect from by-prod-
ucts of MB degradation. The results from this study confirmed that the ·OH radical gen-

Figure 7. Comparison of removal rates of MB of experimental data and CFD-predicted results.

4. Conclusions

This study aimed to develop a novel rotating annular photoreactor with a tangential
inlet and outlet to improve the performance of a VUV AOP for increased degradation
efficiency of the photoreactor. The flow characteristics as well as the fluid dynamics were
investigated and the kinetic model of involved species was simulated to evaluate the
reaction characteristics in the designed reactor. Meanwhile, the concentration profiles of
·OH radicals, target pollutant (MB), and other important reacting species were also deter-
mined to assess the reactor properties. The results showed that the introduced fluid was in
strong rotational movement inside the reactor across the wide range of influent velocities
in this study. Moreover, the rotational movement was enhanced with the increasing of
inflow rates in the studied velocity range. The CFD modeling results corresponded well
to the experimental degradation of MB. They slightly underestimated degradation due
to the limited kinetic analysis about radical annihilation effect from by-products of MB
degradation. The results from this study confirmed that the ·OH radical generation and
contaminant degradation efficiency of a VUV/UV process showed strong correlation with
the mixing degree in a photoreactor. Therefore, the developed RAVR has high potential to
promote the scale-up of VUV/UV AOP systems.
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