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Keywords: Purification of wastewater is essential for human being as well as for the flora and fauna, and
Flat plate photocatalytic reactor sustainable environment. Photocatalytic reactor with TiO, coated layer can be used to degrade
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the pollutants but without proper pollutant mass transfer in the reactive surface, photocatalytic
reactor decreases its effectiveness. The baffles and rough surface in the flow path can improve the
fluid mixing to enhance pollutant mass transfer to improve the reactor’s performance. In this
study, a computational fluid dynamics (CFD) model has been developed to investigate the effect
of four top baffles and three rough surfaces (semi-circular, triangle, and rectangle) on pressure
drops, mass transfer and the hydrodynamic performance of the reactor. The experimental
investigation was carried out using Formic Acid (FA) as pollutant in feed water for model vali-
dation. The simulated result varies only within 5% with the experimental data of FA concen-
tration versus feed flow rate and fluid velocity. The model was run at fluid velocity of 0.15 m/s
and 0.5 m/s (Reynolds number of 2150 (laminar flow) and 7500 (turbulent flow), respectively.
The simulation result shows that the addition of baffles and roughness on the reactive surfaces
increases the turbulent kinetic energy (minimum increase 8%) and consequently increases the
mass transfer (maximum increase 37%) of the pollutant. The highest wall shear was observed to
be 40 Pa when both square and triangular elements were used as roughness elements at turbulent
flow condition. The results also shows that the highest pressure-drop of 8 kPa was found when the
square roughness element was used at turbulent flow condition. Overall, the photocatalytic
reactor performance is significantly enhanced by the application of combined baffles and
roughness elements in the reactive surface.

1. Introduction

Purification of water is outpost important for the flora and fauna as well as sustainable environment [1,2]. Among available the
processes heterogeneous photocatalysis is the most promising technique which does not require chemical to process as well as effective
to degrade a wide range of pollutant [1,3,4]. Although photocatalysis has drawn attention of research worldwide because it can use
solar energy to solve environmental problems by treating wastewater pollution [5-7], however the photocatalysis needs an appro-
priate catalyst to be effective to use the solar energy. The design of heterogeneous of photocatalytic reactor is complex and requires
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understanding of environmental, mechanical, and chemical engineering concepts [8]. Heterogeneous process which uses TiO, and UV
light for degradation of pollutant has higher efficiency compared to other process [9-12] hence has gained much attention to re-
searchers [13,14]. TiO5 based photo-anodes has good electrical properties, chemical stability, and light-dependent properties. The cost
is low cost, and it has environmental safety for this it is used in photo-electrochemical cells [15-18]. Rathna et al. [19] used nano-
particle to enhance the photocatalytic reactor’s performance. They incorporated TiO,-WO3 nanoparticles into the Polyaniline polymer
matrix and found that the nanoparticle incorporation improves degradation of photocatalytic membrane reactor. Zhuang et al. [20]
used carbon nanotube in TiO; to enhance its performance. They found that the removal of HgO, the adsorption and photocatalytic
oxidation of the rector have improved. Pei et al. [21] used novel composite nanofibers of TiO2/Zn0/Bi;0O3 as photocatalytic reactor for
NO and o-xylene degradation using solar radiation and found that the novel composite nanofibers of TiO5/Zn0O/Bi,O3 provides better
photocatalytic conversion than commercial one for the NO oxidation under the solar irradiation simulated. Riaz and Park [22] has
reviewed photocatalytic membrane reactors based on TiO; for wastewater and water purification and found that TiO, affects the
performance of membrane. They also found that the irradiation source and time also affects the performance of the membrane and
suggested that the solar light is better than that of the UV light. The performance of the reactor diminishes because the pollutant
contact with the reacting surface is hindered by the sediment deposition. Jafarikojour et al. [23] used imping jet to enhance the
immobilized photocatalytic reactor performance for the phenol degradation. Their results show that initial phenol concentration, the
liquid flow rate, nozzle-to-disc distance, and coating disc diameter affect the degradation and found 79% and 84% removal of TOC and
COD respectively. Bai et al. [24] developed a novel dual heterojunction Photocatalytic Fuel Cell system using ZnO/CuO nano-
wires/FTO photocathode and BiVO4/TiO2 nano tubes/FTO photoanode to decompose methylene blue, Congo red, and methyl orange.
Their novel Photocatalytic Fuel Cell is cost effective and achieved 90%,83%, and 76% degradation of methylene blue, Congo red, and
methyl orange respectively after 80 min reaction. Photocatalytic reactor was used by Tahir et al. [25] to convert CO2 and methane
(CHy) to fuel and suggests that this conversion process is environmentally friendly as it uses light source to convert. Hurtado et al. [26]
investigated the effect of silver on the Li; xAgxVMoOg on the photocatalytic performance and found that the Li; xAgyVMoOg shows
better performance of photocatalytic conversion than that of TiOs.

Degradation of organic compound depends on many parameters such as light intensity, photocatalyst, initial concentration of
substrate etc and a substantial amount of research has been carried out to improve the performance of reactor [27]. Mechanical device
such as baffles in an immobilized photocatalytic reactor is used to improve the fluid mixing and pollutant mass transfer on the TiOy
coated layer [28]. Baffle can effectively change the boundary layers and concentration by producing vortices or creating recirculation
zone in the flow field downstream of the baffle [29]. The flow reattachment behind the baffle creates scrubbing effect on the reactive
surface and increase in the mass transport rate and contact of pollutant with the reacting surface. Using of baffle and other types of
mechanical devices in engineering applications including immobilized photocatalytic reactor to enhance the mass transfer
enhancement has been reported by several researchers. The mass transfer enhancement elements such as repeated ribs or delta wing
mixer in an immobilized annular reactor enhance the performance of reactor degradation but increase the pressure loss. Several
authors investigated the use of internal mechanisms such as baffles and found that the baffles would promote the resistance of mass
transfer in an immobilized photocatalytic reactor [30-32]. As per author’ knowledge, there are virtually none investigations available
in the literature that have considered the mass transfer resistance under the influence of turbulence promoting solid baffles. The
pressure drop significantly depends on the height of baffles in the reactor module.

In general, the increase of turbulence using promoter/baffle can increase pressure loss due to increased skin friction. The pressure
drop will increase energy consumption therefore the minimization of pressure drop is important to enhance the design and to reduce
the operational cost by minimizing the energy. The spacing and height of baffle are deemed to be the most crucial parameters for the
improvement of the design of the reactor. The spacing and height of the baffle can affect the mass transfer of the pollutant at the same
time it can have an impact on the pressure drop or vice versa. So, the influence of baffle size and shape on the photocatalytic reactor
performance are not fully understood for a given configuration. The analysis of the combined influence of baffle and roughness on the
performance of photocatalytic reactor are limited in the literature. Optimum baffle design is not available in the current literature but a
baffle height of 0.5 and spacing of 2 times of the channel height is studied in many previous works. Lira et al. [33] investigated the
performance of a curved channel reactor and considered the effect of Dean flow and analysed the mass transfer characteristics and fluid
flow using CFD model. Moreira and Puma [34] investigated an annular photocatalytic reactor performance using CFD model. They
used the Six-Flux model (SFM) with isotropic scattering and the Discrete Ordinates Model (DOM) to solve the Radiative Transfer
Equation (RTE). They used to model predict the intrinsic reaction kinetics constant of photocatalytic oxidation of water contaminants
and found the good agreement with experimental data. Deng et al. [35] simulated the effect of baffles on heterogeneous photocatalytic
oxidation of gas-phase ethylene in three annular reactors using computational fluid dynamics. They found that the baffles can improve
the uniformity of flow and prolong the residence time.

In this study, a CFD model has been developed and numerical simulation has been conducted to examine the hydrodynamic
performance of a photocatalytic reactor with combined baffles and roughness elements in the reactive surface. The model was vali-
dated with the experimental data of pollutant concentration as a function of fluid flow rate and fluid velocity with respect to time.
Then, the baffles and roughness were added into the numerical models and the performance of the photocatalytic reactor was
investigated with roughness and top baffle and compared with the baseline model without baffle and roughness. Several types of
roughness were used in the model to examine the influence of the shape on the hydrodynamic performance of the photocatalytic
reactor. The combined effect of top baffle and roughness elements was studied to examine their role on the flow and mass transfer
pattern while ensuring sufficient mixing to enhance mass transfer. The arrangement of baffle and roughness is designated as combined
reactor which is designed to stretch and tilt the flow to increase both the residence time and mixing efficiency of the reactive species in
the reactor. In the present study, the numerical simulation was carried out at both low (laminar flow) and high (turbulent flow)
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Reynolds number for a range of top baffles fitted on the upper walls and roughness fitted on the bottom wall which is the reactive
section of the reactor to get an understanding on the observed flow pattern and mass transfer performance. Although, there are some
studies available on the effect of baffle on hydrodynamic performance of photocatalytic reactor, the novelty of this study is the
investigation of combined effect of baffles of different shapes and sizes, and roughness elements on the pressure-drop and the hy-
drodynamic performance of the reactor. The mass transfer and their correlation with the hydrodynamics of the flow is also investigated
in this study.

2. Modelling of baffle and roughness in photocatalytic reactor
2.1. Mathematical modelling and governing equations

The governing equation used for the modelling of the photocatalytic reactor is presented and discussed in this section. The fluid was
considered as incompressible with constant properties and the fluid flow was assumed to be governed by the Navier-Stokes and the
continuity equations. Turbulent flow in the reactive domain containing baffle and roughness elements with the consideration of the
species (i.e., formic acid FA) concentration variation was dealt with the time averaged governing flow equations. The concentration
field of FA under prevailing hydrodynamics were accounted using a convection-diffusion equation. The turbulent flow was modelled
using the RNG k-e model and enhanced wall treatment (EWT) was incorporated. EWT is a near-wall modelling method in FLUENT
software that combined a two-layer model applied in regions with fine near-wall meshes and enhanced wall functions in regions with
coarse meshes [36]. It is also essential to employ a fine mesh which will solve the governing equations near to the wall, when modelling
turbulent flow using either low Reynolds number turbulence model or enhanced wall treatment. In the present study, at the
wall-adjacent cell a y + smaller than 0.5, and at the viscosity-affected near-wall region (Rey = 200) at least 10 cells were defined in all
the simulations [37]. Based on the assumptions described above and the RANS turbulence modelling [38], the CFD model solves the
continuity Eqn. (1), RANS Egn. (2) and time-average conservation of species Eqn. (3) by a finite volume technique and the equations
can be expressed as:

(b)

Top Flange
(a) p Flang

Inlet Channel &< VR Water Layer Quartz Window

Bottom Flange Glass plate vith

Spraycoated fitania film

Titania Film

Reactor (top part) Reactor (bottom part) Reactor Tube light

Fig. 1. Schematic of the photocatalytic reactor (a) Top and bottom part; (b) cross section of reactive area and picture of (c) reactor (top and bottom
flange) (d) illumination system.
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In this model, mean velocity gradient and the Reynolds stresses with turbulent viscosity (u,) is related using Boussinesque approxi-

mation. In Equations (4) and (5), Px = ﬂtsz or P, = —pm@

U5+ is the turbulent kinetic energy producion term, and S is the strain tensor,

where S = (ZSUSU)U 2, Using the following equation y; the turbulent viscosity is estimated,

KZ
M= pcﬂ? (6)

Here C, = 0.0845 and the model constants are: Ci, = 1.42, Co; = 1.68, 17, = 4.38 and, = 0.012.

2.2. Geometry, meshing and methodology

The schematic of the experimental model is shown in Fig. 1(a)-(b). The numerical model developed for the simulation is same as the
reactive section of the experimental model as shown in Fig. 1(b). The picture of the experimental set up designed and built for the
experiment is shown in Fig. 1(c)-(d). The Hy0, solution was used to degreased glass plate and deionized water was used to cleaned it.
For better adhesion, the surface was etched with diluted nitric acid and the surface was cleaned and dried before applying the TiO,
coating. The solution was prepared by mixing TiO, powder with the reagent ethanol and the solution was sonicated for an hour for
homogenization. The suspension was agitated using a magnetic stirrer during the coating process. The TiO5 solution was deposited on
the surface using spray coating deposition technique and the surface was dried in an incubator for 2 h. This process was repeated
several times to achieve desired thickness. The coated surface was placed inside and oven at 400 °C to stabilize the TiO5 on the surface.
The thickness was measured using scanning electronic microscope (SEM). A total of five coated surface with thickness of approxi-
mately 0.52, 1.21, 2.24, 4.77 and 7.01 pm were prepared. Several experiments were carried out to find out the optimum thickness. The
experiment was conducted with a thickness of 4.77 pym based on the experimental results obtained.

The main part of the reactor are top and bottom flanges, TiO; films and reaction area. The glass was coated with TiO5 films (220 x
100 x 3.5 mm) and laid on the bottom flange and the upper part has glass windows which allow UV light. An array of tube light was set
at the top of the upper glass window. The model was run with irradiance of 70.6, 57.9, 37.1 and 20.4 W m2. Seven 15 W ultra-violet
lamps were used in this experiment whose position can be controlled vertically to change irradiance.

Baffle \| Roughiness ,
Inlet : Outlet
(a)
| 0 0 ‘ 0

Fig. 2. Schematic diagram of the reactive section (a) equipped with baffle and roughness elements (b) A) square B) triangle, and C) semi-circle.
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In the present simulation, a 2D model of the reactor was used for the CFD modelling as presented in Fig. 2. The main parts are
reactive area, the inlet, and outlet. A set of top baffles is placed on the upper wall and the roughness elements is on the lower walls
which can be seen in Fig. 2. The reactive section was considered 15 mm in height and 200 mm in length where a set of top baffles with
10 mm height and roughness with 1.5 mm height were specified for simulation. The baffles were positioned at 0.2 L, 0.4 L, 0.6 L and
0.8 L along the reactor top wall and the roughness elements were located at 0.1 L, 0.3 L, 0.5 L, 0.7 L and 0.9 L respectively on the lower
catalyst coated wall. The liquid opening at the baffle tip was 0.33H and the spacing was 0.2 L. Gambits 2.2.30, a meshing tool was
employed to generate the grid and quadrilateral cells were utilised to discretise the entire domain of the reactive module with top
baffle and roughness elements. A boundary-layer mesh was created at the catalyst coated bottom wall area where the reaction can take
place.

Governing equations were solved using the segregated steady-state solver based on control volume technique. Second order upwind
discretization method was used, and PRESTO was chosen for the pressure. The pressure-velocity coupling was resolved with SIMPLE
algorithm. For accuracy and high convergence of the simulation, the scaled residuals of 10~° for pollutant concentration and 10~ for
the continuity and momentum variables was ensured. In addition, a point was chosen in the computational domain where there is high
gradient of velocity to monitor the convergence criteria [31,37].

2.3. Boundary condition and grid independence

In this simulation, a no-slip boundary condition was assigned to all walls and baffles surface. The inlet was assigned as velocity-inlet
with the inlet velocity of 0.663 m/s, 1.32 m/s, 1.98 m/s and 2.65 m/s normal to inlet surface. The outlet was considered as pressure-
outlet boundary conditions at 101,325 Pa (Atmospheric). The hydraulic diameter of outlet and inlet boundary was specified at 15 mm
with turbulence intensity (TI) of 5%. A fully developed flow condition was assumed at the outlet. The model was run at constant
temperature and properties of the fluid. The summary of the model and the boundary condition considered in this experiment is
presented in Table 1.

The accuracy of the numerical solutions mostly relies on the size and number of the cells [39], therefore for the present simulation,
the grid dependency test was performed by refining the cell size on the wall and varying channel cell size. To minimise the influence of
the quality and size of mesh on the results, preliminary simulations were conducted with the gradual increase of resolution that
provides steady results. The best simulation mesh size for various combinations of baffle and roughness elements was determined by
changing the mesh size with the constant velocity. At high velocity, the model was simulated with three types of mesh sizes to evaluate
the mesh dependency. The three types of meshes considered for the simulation are a coarse mesh of 84,346 elements, a medium mesh
of 144,014 elements and a fine mesh of 329,239 elements. The profile of velocity results obtained at 2 mm inside the bottom wall with
three mesh sizes are shown in Fig. 3. No significant deviation is observed hence, the number quadrilateral elements for the combined
channel was chosen to be 329,239 for subsequent numerical simulation mesh.

3. Results and discussions

This section presents the CFD modelling results obtained with an inlet velocity of 0.15 m/s and 0.5 m/s for the combined top baffle
and roughness elements in the reactive section under laminar and turbulent flow regimes. The experimental investigation and CFD
modelling were carried out at inlet velocities of 0.663 m/s, 1.32 m/s, 1.98 m/s and 2.65 m/s for validation of CFD model. The fluid
flow in an empty reactor without baffles and roughness elements was also simulated for comparison and validation with experimental
results.

3.1. Experimental results and model validation

The results from the CFD modelling were validated against the experimental measurements without baffles at different inlet ve-
locities. The experimental investigation and CFD modelling were carried out at inlet velocities of 0.663 m/s, 1.32 m/s, 1.98 m/s and
2.65 m/s and the result obtained is presented in Fig. 4. Fig. 4 shows that the results from both the experiment and simulation are in
good agreement. The difference between the experimental and the simulated results were less than 5% which indicate that the
developed model can predict the performance of the reactor reasonably accurately.

The model was used to predict the formic acid mass concentration and the results obtained was contrasted with the experimental
result. The simulated concentration of formic acid at outlet of the reactor was close to the results obtained experimentally for different

Table 1
Model parameters and boundary conditions.
Model parameters Condition/Value
Inlet Velocity
Outlet Pressure (101,325 Pa)
Wall No slip
Turbulent intensity 5%
Mesh size 3 mm (84,346 elements), 2 mm (144,014 elements), and 1 mm (329,239 elements)

Fluid Water (Incompressible and constant properties)
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Fig. 3. Simulated result of velocity profile at 2 mm from the reactor bottom of three different meshes used.
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Fig. 4. Experimental and CFD modelling prediction [1].

feed water flow situations as shown in Fig. 5.

3.2. Simulated results of photocatalytic reactor with roughness

3.2.1. Effect of roughness elements on flow

A CFD model of photocatalytic reactor with the semi-circular, triangular, and square shapes roughness with 2.5 mm was developed
to examine the influence of bottom wall roughness on the flow field. A reactive section considered for the present simulation was 12
mm in height and 200 mm in length. The simulated results are presented in Fig. 6 which shows the effect of roughness elements on the
local streamlines and velocity fields at Reynolds number of 1500 and 7500. The results presented in Fig. 6(a) shows that the addition of
roughness elements remarkably perturbs the local flow close to the catalyst coated walls and the inertia causes the detachment
tendency.

The rough surfaces have a tendency to generate recirculation at the shadow of the roughness elements when the fluid flows over the
triangular and square roughness elements [40]. By assessing the magnitude of the streamline’s distortion caused by the types of
roughness elements considered, it is evident that the semi-circular roughness element produces smaller distortion area than that of the
triangular and square roughness elements. The boundary layer regeneration is normally associated with the recirculation and flow
separation caused by the roughness elements. As shown in Fig. 7, the velocity profiles near the bottom wall can provide an in-depth
insight of the impacts of roughness on the flow. Most part of the reactive segment has low velocity zones when the Reynold number was

o
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Fig. 5. Comparison of outlet formic acid between experiment and CFD.
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Fig. 6. Effect of roughness on local streamline at (a) Re = 2150 and (b) Re = 7500.
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Fig. 7. Effect of roughness on local velocity contours (m/s) at Re = 2150 (top figure) and 7500 (bottom figure) respectively.
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2150. At Re = 7500, small area of low velocity of 0.13 m/s exists in the downstream of all roughness elements. Square and triangular
elements at Re = 7500 has high alteration of streamlines than that of the semi-circular element. The pressure-drop for triangular
roughness and square roughness are same but more than the semicircular roughness features.

3.2.2. Effect of roughness elements on formic acid mass transport

The effect of roughness (square, semi-circle, triangle) on the mass transport of formic acid along the reactive section at Reynolds
number 2150 and 7500 is presented in Fig. 8 (a) and (b) respectively. From the figure at Re = 2150, FA concentration at the reactive
zone reduces when it moves toward the outlet of the domain for all the elements investigated. The figure also shows that the FA mass
fraction at the photocatalyst surface reduces considerably for the square element as compared with other elements for the conditions
simulated. The inlet FA mass fraction was 3.40 x 10~3 and the average mass fraction at the outlet was found to be 2.55 x 1073, 2.30 x
1073, and 2.3 x 102 at Re = 2150 for rectangular, triangular and semi-circular roughness elements whereas at Re = 7500, no sig-
nificant change was observed. The lower concentration of FA prevails over 50% of the reactive area for triangle and semicircle ele-
ments. This phenomenon could be attributed to the velocity condition in the domain which demonstrated a recirculation zone at some
locations that stimulates high velocity gradient areas across the flow. In contrast, a low FA mass concentration was found for the semi-
circular and square elements compared to that ascribed to the triangular element at Re = 7500. The degradation of FA was approx-
imately 25%, 32.5% and 32.5% when rectangular, triangular, and semi-circular roughness was used respectively. When baffle and
roughness was used combinedly, the degradation of FA was approximately 35%, 37% and 32% when rectangular, triangular, and semi-
circular roughness was used respectively. The higher velocity gradients in these zones causes the higher concentration zones [41].
Relatively the extent of the low concentration area is significantly smaller at turbulent flow than in laminar flow.

3.3. Simulated results of photocatalytic reactor with top baffle and roughness

3.3.1. Effect of top baffle and roughness elements on turbulence wall shear stress and pressure drop

The results of wall shear obtained from the simulation for high and low Reynolds number is presented in Fig. 9. The results show
that the wall shear stress fluctuates along the flow for all element of baffles and roughness studied except empty one which does not
show any variation. Higher wall shear stress was found at the 0.2 m, 0.3 m, 0.6 m, and 0.8 m from the inlet of reactor for square and
triangular roughness elements when fluid move toward the reactor exit. For the semi-circular element, the high shear stress at the wall
were observed to be at the positions of 0.05 m, 0.08 m, 0.12 m, and 0.16 m respectively from the inlet. The simulation results indicate
that the distribution of wall shear stress is maximum in the middle of the successive roughness elements and minimum at the position
of the roughness element for any rate of turbulent flow. At low Reynolds number, the higher shear stress 5.0 Pa is achieved with square
and triangular elements which extend over the maximum length of the reactive section. By contrast the higher wall shear stress for the
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Fig. 8. Effect of roughness on FA mass fraction at (a) Re = 2150 and(b) Re = 7500.
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Fig. 9. Effect of combined baffle and roughness elements on the wall shear stress distribution on the catalyst coated surface.

semi-circular element ranges from 2.8 to 4.5 Pa. At high Reynolds number, the maximum shear stress obtained using the square and
triangular elements was 25-35 Pa which stretches for the larger part of the reactive section. On the contrary, the higher wall shear
stress varies from 10 to 32 Pa for the semi-circular element at higher Reynold number. In comparison with the empty reactor, the
application of combined baffles and roughness elements would also lead to significant increase in the friction factor. Two minimum
friction force may be present due to the flow separation through the baffle; first one is around the baffle and the second one behind the
baffle at the reattachment point.

The turbulence kinetic energy (TKE) distribution along the reactive length is shown in Fig. 10. The existence of baffles and
roughness components along the flow produces the repeated variation in flow direction and the quick velocity variation, which
produces high turbulence. It can be found that the magnitude of TKE is lower at the upstream of the first top baffle position than in the
remaining section for both low and high Reynolds numbers. A strip of low TKE region exist downstream of each top baffle position
irrespective of the fluid flow rate through the combined reactive module. At low Reynolds number flow rate, the higher values of TKE
appear at the right side of the roughness element top for all the cases studied. In contrast to the smooth reactive section, the use of
combined baffle and roughness elements in the reactive section generates high TKE, which implies that the flow in the combined
baffled reactive zone is totally turbulent. The fluid remains highly turbulent in the entire domain and can change the concentration
boundary layer significantly and reduce the accumulation of pollutant and its degradation products on the catalyst coated surface.
Nevertheless, the local energy dissipation rate will be higher as well, that may add to the pressure drop in the reactive area because of
the turbulent energy dissipation. Duran et al. [32] suggested that the increase in turbulence intensity has substantial effect on
improving the contaminant degradation rate in an immobilized photocatalytic reactor. To elucidate the impact of turbulence intensity
on the contaminant mass transfer rate, the CFD simulated turbulence intensity in the plain reactor and that of the reactor equipped
with the square, triangular and semicircular roughness elements are investigated. Further, the difference of turbulence intensity
simulated at Re = 7500 all over the reactive section was compared with an empty reactive section. The predicted turbulence intensity
fields were different for the reactor equipped with the baffle and roughness element compared with the empty reactive module. The
simulation results indicate a significant difference between the turbulence intensities close to the wall and the middle of the reactive
module.

At Re = 2150, the maximum turbulent kinetic energy (TKE) was observed to be 4.43 x 1072, 3.25 x 1072 and 2.66 x 10~2 for
rectangular, triangular, and semi-circle roughness element. At Re = 7500, the maximum TKE was observed to be 4.77 x 10~2 behind
the second roughness element for all types considered. The use of top baffle and roughness elements inside the reactor shows the
pattern of turbulence intensity and it is found that the area near the bottom wall has higher intensities due to the sharp edges of the top
baffle. While the swirling flow pattern created by the semi-circular element was somewhat lower than that achieved with the square
and triangular elements. The enhanced fluid mixing and turbulence intensity as well as the fluid vorticity at the back of the square and
triangular edges exceeded the negative impacts of weakened swirls on mass transfer augmentation. This is crucial from contaminant
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Fig. 10. Effect of combined baffle and roughness elements on turbulent kinetic energy (m?2/s?) along the reactive section for (a) Re = 2150 and (b)
Re = 7500 respectively.

mass transfer point of view, and this may imply why more species mass fraction is transferred by the combined baffle and roughness
system than that was observed for the roughness element only. The higher turbulence intensity near to the reactor wall has been
appeared as one of the reasons that the highest TKE obtained by the square element insert.

Fig. 11 shows the change of static pressure in the reactive module for both Re = 2150 and 7500 respectively. In general, the increase
of turbulence is combined with the loss of increased skin friction which causes in higher pressure-drop. Pressure-drop is a phenomenon
that can’t be avoided in a baffle-filled reactive channel. The amount of pressure-drop in a reactive channel containing baffles is
dominated by the baffle shapes and the flow rates of fluid. Different types of roughness element combined with a top baffle can result in

10
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Fig. 11. Effect of combined top baffle and roughness elements on pressure drop.
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different degrees of pressure-drop in the reactive channel under the simulation conditions. The square elements which produce the
highest velocity at the lower section of the reactive section resulted in the highest pressure-drop followed by triangular and circular
elements.

It was observed that the static pressure reduced quickly for a distance from 0.8 L to the reactor exit for the square and triangular
elements. The liquid is pushed through the constricted zone and then expands after the top-baffle position to fill up the channel. This
periodic expansion and contraction in the flow area increase the fluid velocity which subsequently affects the eddy formation. This
phenomenon directly increases to the pressure-drop in this restricted channel. At high Reynolds number, higher unsteady hydrody-
namics grow which causes the square element to produce a higher pressure drop when compared with triangular and semicircular
elements [42]. With increasing Reynolds number, the variation in pressure drop caused by various combined reactor configurations
becomes more obvious. The triangular and square elements create relatively higher-pressure drop followed by the semi-circular
roughness element at Re = 2150. Moreover, present modelling methods generates different trends as compared to the reactor sys-
tem equipped with only a top baffle (triangular elements generate the highest pressure-drop followed by the square and semi-circular
elements) at higher Reynolds number.

3.3.2. Comparative evaluation of significant hydrodynamic parameters

To assess the effect of combined top baffle and roughness elements on the hydrodynamic performance of the reactive module,
several parameters that are hydro-dynamically important were compared for both low and high Reynolds number flows. Table 2 shows
the maximum, minimum and average values of hydrodynamic parameters simulated with an inlet velocity of 0.15 m/s and 0.5 m/s for
the square, triangular and semi-circular roughness elements respectively. Table 3 present the maximum, minimum and average values
of hydrodynamic parameters simulated with an inlet velocity of 0.15 m/s and 0.5 m/s for the combined top baffle and roughness
elements. The computed pressure-drop, turbulent kinetic energy, wall shear stress and turbulent energy dissipation rate for the square,
triangle and semi-circular elements are summarised in Table 2 and Table 3for both low and high Reynolds number respectively. In
terms of pressure drop, the top baffle and semi-circular system seems to be more realistic compared to the square and triangle elements
for both cases. In addition, the semi-circular element also seems to be more efficient with respect to the amount of % contact loss.
Therefore, it can be suggested that the top baffle combined with a semi-circular element would provide optimum hydrodynamic
performance with minimal pressure-drop and energy consumption for both low and high Reynolds number flows.

In contrast to the boundary layers that formed in the reactive section with only square, triangular, and semi-circular roughness
elements, there is a gradual increase of the separation of the boundary layers in the combined reactive module which increases the
creation of vortices in the flow, thereby improving the extent of mixing. The generated vortices tend to split up the streams into
multiple layers which curl in a different manner. The combination of splitting, curling, and the co-mingling of the centre streamlines
and the edge streamlines will lead to enhanced mixing and will enhance the performance of the reactor. In contrast, the smooth
channel or the channel with only roughness elements does not have this advantage. In the combined top baffle and roughness element
part, the fluid passing through the reactive channel is rotated as expected. Some variations are found that could result from the
variation in laminar and turbulent flows. At higher Reynolds number, fluid molecules were extensively mixed, and the interface of fluid
molecules became more distorted. As the fluid passes through the combined reactive section with a helically rotational shape, the fluid
molecules are elongated and folded because of inertial force. This convection can widen the area of interface, which starts fast mixing
of fluid particles at a higher Reynolds number. Reynolds number plays a crucial role in analysing the flow field. The degree of mixing
arising specially from the diffusion under pure laminar flow conditions reduced rapidly with increasing velocity, as the residence time
is decreased within the channel. As the Reynolds number becomes larger, recirculation arises in the flow of the combined reactive
section, the streamline becomes unsymmetrical, and the pressure in the channel undergoes a series of changes as well.

3.3.3. Combined top baffle and roughness elements on the velocity and mass flow of formic acid

All three roughness elements mentioned earlier were selected for simulation to explore the influence of bottom wall roughness on
the flow phenomena. Fig. 12 presents the effect of top baffles combined with the semi-circular, triangular, and square roughness
elements on the local streamlines and velocity fields at Re = 2150 and 7500 respectively. The predicted flow pattern for various
configurations seems to be similar except for flow zones close to the roughness. As presented in Fig. 12, the use of roughness on the

Table 2
Effect of roughness elements on hydrodynamic parameters.
Parameter Inlet velocity = 0.15 m/s (Re = 2150) Inlet velocity = 0.5 m/s (Re = 7500)
Square Triangle Semi-circle Square Triangle Semi-circle
Pressure-drop (KPa) 0 0 0 0 0 0
Turbulent kinetic energy (m?/S?) Max. 2.44 x 1072 0.39 1.92 x 1073 2.7 x 1072 0.426 2.08 x 1072
Min. 453 x 107" 8.17 x 107 3.48 x 107! 1.18 x 1078 1.1x10°® 1.21 x 107'°
Wall shear,z,, (Pa) Max. 2 3.5 2.0 8 10 7
Min. 0 0 0 0 0 0
Avg. 1 1.15 0.85 5 7 5
Turbulent dissipation rate (m?/S*) Max. 1x1073 4 x10° 2.5 x 1072 0.6 2 x 10% 0.4
Min. 1x1072 1x107* 1x1072 1x 1072 1x107* 1x1073
% Contact loss 87.5 87.5 43.75 81.25 85.0 81.25

11



M.G. Rasul et al. Heliyon 9 (2023) 19623

Table 3
Effect of combined top baffle and roughness elements on hydrodynamic parameters.
Parameter Inlet velocity = 0.15 m/s (Re = 2150) Inlet velocity = 0.5 m/s (Re = 7500)
Square Triangle Semi-circle Square Triangle Semi-circle
Pressure drop (KPa) 0.8 0.75 0.65 8 7.5 5.2
Turbulent kinetic energy (m?/S%) Max. 4x107° 2.5 x 107° 0.5 x107° 0.394 0.4 0.414
Min. 1x107° 1x10°° 5x107° 3.32 x 1077 3.08 x 1077 2.86 x 107°
Wall shear,t,, (Pa) Max. 5.0 5.0 5.0 40.0 40.0 39.0
Min. 0 0 0 0 0 0
Avg. 2.5 1.75 2 20 18 17.5
Turbulent dissipation rate (m?%/8%) Max. 6 3 0.5 100 50 48
Min. 0.25 0.25 1.0 0 0 0
% Contact loss 35 34 20 40 40 30

catalyst coated layer obviously disrupts the flow near the walls which results in a detachment tendency due to inertia.

When the fluid flows over the square, semicircular, and triangular roughness elements, the flow due to rough surfaces tend to
stimulate recirculation at the back of the roughness elements. The streamlines distortion caused by semicircle roughness element is
smaller than that of the triangular and square roughness elements at high Reynolds number. The regeneration of the boundary layer
typically relies on the flow separation and recirculation due to the roughness elements [40]. The boundary layer regeneration is one of
the main causes for the enhancement of the flow separation and convective mass transfer and the recirculation can be linked with the
increase in pressure drop. A large recirculation or a central vortex is found to be created at the top of the roughness elements for both
low and high flow rates. The central recirculation zone tends to expand between the inter-baffle region irrespective of the roughness
elements. At low Re, the vortices formed behind the triangular and semi-circular roughness elements seem to be larger compared with
that of the square element. However, the size of the vortex behind the semi-circular element is somewhat smaller than that produced
with the square and triangular elements at high Reynolds number. The central recirculation zone thus formed between the top baffle
results in the fluid to rotate with a strong motion which may cause the fluid near baffle and the wall to flow in the main region. It is
observed that the largest vortex is just situated at mid positions between the successive top baffles. The size of the central recirculation
area is larger as compared with the ones that produced in square and triangular roughness elements at the corner. It can be concluded
that the addition of the baffle creates longer flow path with a strong vortex because of the change in its orientation.

Fig. 13 presents the contours of velocity along the reactive zone at Reynolds numbers 2150 and 7500 respectively. The velocity

Re=7500

Fig. 12. Contours of local streamlines obtained with combined top baffle and semi-circular, triangular, and square elements for Re = 2150 (top) and
7500 (bottom) respectively.
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distribution close to the bottom wall can provide some insight about the role of roughness elements on the fluid flow. At Re = 2150, the
low velocity region seems to dominate a major part of the reactive zone. On the contrary, for Re = 7500 a low velocity strip of 0.15 m/s
to 0.27 m/s exists downstream of the triangular and square elements but the extent of the low velocity region is small for the semi-
circular element. The distortion of streamlines at Re = 7500, over the triangular and square elements are higher compared with
the semi-circular element. The impact of triangular elements on pressure-drop along the reactor surface was similar to the square
roughness elements, and their effect is higher than the semicircular roughness element. The flow produced by this combined
arrangement appears to be helical in pattern which flows along the channel and generates secondary flow to combat the formation of
deposited layer immediately above the catalyst TiOy coated surface. This flow results in helical flow vortices which create fluid in-
stabilities in the reactive medium and thus inevitably scarps the surface of the photocatalyst. The vortices formed by the settings are
anticipated to perform better by enhancing the mixing between the boundary layer and the bulk fluid to a larger extent than that
happens by only using the reactor with and without roughness elements.

The combined reactor will produce dispersion and spreading of mixed fluids that lead to further turbulent collisions, and lower
pressure drops than that of the smooth and top baffle reactors. The flow varies all over the reactive section for all the cases at both Re =
2150 and 7500 respectively. Under the conditions studied, the magnitudes of highest velocity seem to persist at the channel bottom for
all configurations. In contrast velocities with lower magnitudes prevail in the inter-baffle regions in the upper portion of the reactive
zone. The laminar flow was observed to become entirely unstable at the higher Reynolds number [43] and the instability threshold
would be the flow at Re around 2150. In general, as the fluid flow past the sharp turns, a transverse secondary flow to the primary flow
is formed [43]. As a result, the presence of the top baffles and roughness elements in the reactive section can lead to the formation of
vortices. This makes the mean flow velocity comparatively low, and thus, contributes to enlarging the residence time of the flow, in the
reactive channels. This periodical back flow results in a pressure gradient opposite to the flow, which might be related to the lower
pressure drop across the combined reactor compared with the top baffle and plain reactor.

To ensure a rapid and effective mixing, the design of a photocatalytic reactor is an essential step. In the laminar flow regime, the
mixing of fluids in a reactor is mainly driven by the diffusion process. Under the laminar flow condition, the mixing of fluid requires a
long enough path and wide space to ensure complete mixing or a complex geometry to raise, stretch, and tilt the fluid interfaces to
ensure complete mixing based on chaotic advection. But in areas where the turbulence is high, the lifetime of eddy, k/e, is short, mixing
is quick, and, consequently, the rate of reaction may not be constrained by the small-scale mixing. In this constraint, the kinetic rate
generally has the smallest value [44]. In contrast, in areas with low turbulence levels, small-scale mixing may be slow and reduce the
reaction rate. In this range, the mixing rates are more significant. When the mixing in the reactive section is efficient, diffusion ac-
tivities are significantly accelerated; organic pollutant close to the wall goes into the bulk and vice versa, thereby removing a slowdown
due to weakening concentration gradients.

Fig. 14 shows a comparison between the contours of formic acid concentration along the reactive zone at Reynolds number 2150
(top) and 7500 (bottom) under the impact of roughness elements such as semi-circle, triangle, and square respectively. The inlet FA
mass fraction was 3.40 x 10~ and the average mass fraction at the outlet was found to be 2.21 x 1073, 2.15 x 103, and 2.32x 1073 at
Re = 2150 for rectangular, triangular and semi-circular roughness elements whereas at Re = 7500, the average mass fraction at the
outlet was found tobe 2.11 x 1073, 2.15 x 1073, and 2.20 x 1072 for rectangular, triangular and semi-circular roughness elements. For
Re = 2150, figure shows that the FA concentration across the reactive zone varies significantly as the flow passes the channels and
approaches the exit in both cases for all the roughness elements examined. For the current simulation condition, the concentration of
FA at the shadow of square and triangular elements on the photocatalyst surface reduces significantly as compared with the semi-
circular roughness. The low FA concentration appears to spread over the 50% span of the reactive zone. This situation was
confirmed through assessment of the velocity in the domain which revealed a recirculation area at the upstream and downstream of the
triangular and square elements in the inter-baffle region that generates high velocity gradient. By contrast, at Re = 7500, a low FA
concentration present at the shadow of semi-circular, triangular, and square elements compared to that ascribed to the case with Re =
2150. These high concentration areas are the outcome of higher velocity gradients in this region [41]. Relatively the scale of the low
concentration area is noticeably smaller in turbulent flow than that in laminar flow. The reactor top and bottom wall featured with top
baffles and roughness elements respectively generates dispersion and spreading of mixed fluids that leads to more turbulent collisions
than plain straight channels. The main difference between plain and the combined reactor can be clarified by the fact that staggered
obstacle feature walls in the combined channel force the fluid particles near the walls to co-mingle with the fluid particles in the middle
of the channel which is also the reason for the better mixing efficiency.

4. Conclusions

In this study, a CFD model has been created and numerical modelling has been carried out to examine the hydrodynamic per-
formance of photocatalytic reactor with baffle and roughness. The baffles were placed at the top of the wall and the roughness element
were place at the bottom wall of the reactive area. ANSYS FLUENT software was used to simulate the model with two different flow
rates to study the role of fluid dynamics in the photocatalytic reactor at Reynolds numbers 2150 and 7500 respectively. The results
from the simulation show that the baffles and roughness element enhance the hydrodynamics performance. Based on the analysis and
comparison it is evident that the combined reactor appears to be a more promising approach in terms of turbulence and pressure drop
at low flow regimes which needs further investigation to determine its optimum residence time, turbulence phenomena, and better
mixing than that of the others. The combined baffles and roughness generate turbulence that enhance the mixing which will help
degradation of the pollutant. The results from the simulation were validated against the experimental data which show good
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Fig. 13. Contours of velocity field for Re = 2150 (top) and 7500 (bottom) respectively.

agreement, variation within 5%, therefore the model can be used to predict the flow phenomena and pollutant degradation. The
simulation result shows that the addition of baffles and roughness on the reactive surfaces increases the turbulent kinetic energy
(minimum increase 8%) and consequently increases the mass transfer (maximum increase 37%) of the pollutant. The highest shear was
observed to be 40 kPa during the CFD modelling when square and triangular elements were employed. The highest-pressure-drop of 8
kPa was found when the square element was used during the CFD modelling. The FA degradation was higher when both baffles and
roughness used combinedly compared to when only baffles were used. The degradation of FA was found to be approximately 35%, 37%
and 32% when rectangular, triangular and semi-circular roughness was used combinedly. Overall, the photocatalytic reactor per-
formance is significantly enhanced by the application of combined baffles and roughness elements in the reactive surface.
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