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ABSTRACT OF THE THESIS 

Simulation of a Photocatalytic Microreactor with COMSOL Multiphysics 

 

      by  

        Kairui Xia 

 

Master of Science, Graduate Program in Mechanical Engineering  

University of California, Riverside, September 2018  

Dr. Masaru Rao, Chairperson 

 

Producing enough drinkable water for long-term deep space missions is a great 

challenge. A small scale photocatalytic microreactor with nano-porous TiO2 coated 

titanium micropillar arrays is designed to solve the problem. The COMSOL Multiphysics 

is used to simulate several parts of the microreactor. The first objective is to model the tree-

branched bifurcating flow distribution design and the diamond-shaped flow distribution 

design, then subsequently compare the pressure drop between the two. Based on simulation 

results, the tree-branched bifurcating flow distribution design can provide a longer 

residence time for the waste liquid due to the lower pressure drop inside the distribution 

channels which increases the photocatalytic efficiency. However, the extension of channels 

increases the area that this design takes up, thus reducing the size of the reactor chamber. 

The diamond-shaped distributor is more compact in size because of its geometry which 

gives more space to the reactor chamber. However, the pressure drop in the microreactor 

increases about 256% compared to the pressure drop of tree-branched bifurcating 

distributor which reduces the residence time. The second objective is to simulate photon 
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interaction among micropillars and light intensity along the micropillars under UV 

irradiation, then find how the micropillar height influences the light intensity on the 

micropillar. According to simulation, light intensity on the 50 µm height micropillar creates 

an ideal photocatalytic efficiency. For the 100 µm height micropillar, 50% of the 

micropillar has low light intensity which causes low photocatalytic efficiency. And 66.67% 

of the 150 µm height micropillar’s surface has low light intensity. As the height of the  

micropillar increases, a larger percentage of the micropillar’s surface will have low light 

intensity. This leads to a decrease in photocatalytic efficiency. 
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1. Introduction 

1.1   Motivation 

70% of the Earth’s surface is covered by water, only 2.5% of it is fresh and 

drinkable. Research shows that this limited resource of water will need to support a 

population of approximately 9.7 billion in 2050 (Guppy & Anderson, 2017). What makes 

the situation worse is water pollution, according to the Water.org, 1 in 9 people does not 

have the access to safe and purified water ("Water Crisis - Learn About The Global Water 

Crisis | Water.org", 2018). Water pollutions come from lots of places, and there are two 

main types of pollutants, the disease-causing agents and the industrial wastes. Industrial 

wastes usually contain asbestos, lead, mercury, oils, etc. For the disease-causing agents, 

most of them are bacteria and viruses. For some developing countries, building large-scale 

water decontamination facilities is difficult due to the lack of money and technology. Small 

scale and less expensive water purification devices are good for helping people in some 

developing countries purify the water. 

Producing purified drinkable water is also a big challenge for the international 

space station (ISS) ("Water on the Space Station | Science Mission Directorate", 2018). 

Storing drinkable water in the ISS for a long period of time is challenging due to its volume 

and cost, recycling used water is the best choice to get purified water (NASA, 2000). The 

technology used now on the ISS is the Water Processor Assembly (WPA), the elimination 

of volatile organic compound is fulfilled by an oxidization catalytic reactor using high 

temperature and pressure (John Steele, Mark Wilson, Janice Makinen, 2018). However, 

the challenge with this device is that the high operation temperature and pressure cause 
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frequent exchange of vulnerable parts. For overcoming these challenges, a new 

photocatalytic water purification microreactor which operates under standard temperature 

and pressure is designed. This paper talks about using COMSOL Multiphysics to simulate 

two different shaped flow distributors and photon interaction with micropillars of the 

microreactor. This simulation saves time and material, the result can be used to compare 

the pressure drop within two flow distributors as well as investigate the photon interaction 

with micropillars.    

 

1.2   Objectives 

This project concentrates on developing simulations using COMSOL Multiphysics 

and has two objectives. The first is to model the tree-branched bifurcating flow distributor 

and the diamond-shaped flow distributor, then the pressure drop and water flow in these 

two flow distributors are compared. The second objective is to simulate photon interaction 

with micropillars and find light intensity along the micropillars under UV irradiation, then 

understand how the micropillar height influences the light intensity along the micropillar. 

For our lab’s microreactor, two significant factors which affect the efficiency of 

this microreactor are the flow distribution design and the heights of the micropillars. The 

flow distributor influences the throughput of the microreactor, and the heights of 

micropillars decide how deep active photons can penetrate. There are two types of flow 

distributors, the tree-branched flow distributor and the diamond-shaped flow distributor. 

For finding the advantage and disadvantage of these two distributors, COMSOL 
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Multiphysics is used to develop simulations, the pressure drop within two flow distributors 

would be gathered and compared.  

The second objective is to find photon interaction with micropillars and how the 

micropillar heights influence the light intensity along the micropillar. Photons are absorbed 

when they have contact with TiO2 which results in the reduction of the number of active 

photons, this reduction leads to the decrease in photocatalytic degradation rate (Egerton, 

2014). The absorption of photons also limits the depth to which photons can penetrate. The 

light intensity on the lower part of micropillars will decrease when less active photons 

penetrate to that area which leads to a reduction of the photocatalytic degradation rate. 

Simulating photon interaction with TiO2 micropillars can help find how micropillar heights 

influence the light intensity along the pillar. The COMSOL Multiphysics 5.2 is used to 

develop all the simulations.  

 

2. Literature Review and Theory 

2.1   Principles of Photocatalysis  

Photocatalysis is a light induced reaction for which the presence of catalyst 

accelerates the photoreaction. The studies on using photocatalysis with TiO2 to treat 

organic impurities in water began about three decades ago (Matthews, 1987). Figure 1 

illustrates the mechanism of photocatalysis.  
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Figure 1: Mechanism of photocatalytic reaction (Xu, Rangaiah, & Zhao, 2014). 

 

TiO2 semiconductor is taken as an example, the electron will become excited and 

jump to the conduction band from the valence band when a photon (ℎ𝑣) with energy higher 

than the band gap (∆𝐸) of the semiconductor hits the semiconductor. This movement leads 

to a positively charged hole in the valence band. This movement can be described in 

equation 1 (C. H. Wu & Chang, 2006):  

𝑇𝑖𝑂2  +  ℎ𝑣 →  ℎ𝑉𝐵
+  +  𝑒𝐶𝐵

−                                                                      (1) 

In this equation, ℎ𝑣 is the photon, ℎ𝑉𝐵
+  is the positive charged hole in the valence band, 𝑒𝐶𝐵

−  

is the electron which excites in the conduction band. Recombination may happen during 

the photocatalysis process, the excited electron loses the energy, goes back to the valence 

band and recombines the hole. Apart from recombination, some reactions as described in 

equation 2 and equation 3 can occur (C. H. Wu & Chang, 2006):  

ℎ𝑉𝐵
+  +  𝐻2𝑂 →  𝐻+ + · 𝑂𝐻                                                                      (2) 

       𝑒𝐶𝐵
−  +  𝑂2  → · 𝑂2

−                                                                               (3) 
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In equation 2, the water molecules are oxidized by positively charged hole, the hyper-

reactive hydroxyl free radicals (· 𝑂𝐻) is formed. In equation 3, the electron can react with 

the oxygen to form the oxygen radical (· 𝑂2
−). These electrons and excited oxygen species 

lead to the degradation of  microorganic pollutants (Zhao, Chen, & Ma, 2005).  

 

2.2    Titanium Dioxide 

Titanium dioxide (TiO2) is the naturally occurring oxide of titanium. TiO2 was 

discovered in 1821 and it was used to replace the toxic lead oxides as pigments for white 

paint in the beginning of 20th century ("Pigments through the Ages - History - Titanium 

Dioxide Whites", 2018). As technology develops, it is used as pigments in lots of areas 

such as paints, plastic, paper, and leather. TiO2 is also approved as food coloring under the 

EU legislation on safety of food additives (Carp, Huisman, & Reller, 2004). Due to its high 

refractive index, TiO2 is used as anti-reflection coating in many devices and it is also used 

in the sunscreen cream (Jacobs, van de Poel, & Osseweijer, 2010).  

Since photocatalysis with TiO2 has been a very popular research subject in recent 

years, it has been used in many application areas such as water purification systems, 

hydrogen evolution, sterilization and self-cleaning surfaces (Nakata & Fujishima, 2012). 

The catalyst is one of the most important issue for photocatalysis and various of materials 

can be used such as TiO2, ZnO, CeO2, ZrO2, etc. TiO2 is the most widely studied and used 

photocatalyst material (Ren, Koshy, Chen, Qi, & Sorrell, 2017). The relatively low price 

and the non-toxic property are the main reasons why TiO2 is widely used (Skocaj, Filipic, 

Petkovic, & Novak, 2011). TiO2 has highly stable chemical and mechanical characteristic 
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which makes it perfect to be the catalyst (Hamad, Catlow, Woodley, Lago, & Mejías, 2005). 

On an illuminated surface, TiO2 can provide the UV-induced superhydrophilicity which 

makes the water contact angle can approach 0°. This property is applied to some areas such 

as anti-fogging and self-cleaning process (Fujishima, Zhang, & Tryk, 2007; R. Wang & 

Hashimoto, n.d.).  

The TiO2 photocatalysts have several different structural design such as spheres, 

fibers, channels and nanosheets (Nakata & Fujishima, 2012). The most widely studied and 

used TiO2 photocatalyst is the Degussa P25 which is a TiO2 nanoparticles powder. These 

nanoparticles can provide high specific area and high pore volume which benefits the 

photocatalytic degradation. However, the nanoscale size makes filtration be needed for 

removing TiO2 nanoparticles from purified water which makes the process more time-

consuming. The nano-porous TiO2 has the potential to overcome these drawbacks, and it 

can provide high surface-to-volume ratio as well as good fluid accessibility owing to its 

3D porous structure. 

 

2.3    Nano-porous Titanium Dioxide  

The photocatalysis has been proven to be one of the most efficient methods for 

degrading organic pollutants in waste water (Fujishima, Rao, & Tryk, 2000; Gaya & 

Abdullah, 2008; Herrmann, 1999). Slurry and immobilized are two major types of 

photocatalytic reactors. In the slurry photoreactor, the photocatalyst is mixed with the 

solution. Filtration is needed after the photoreaction for separating photocatalyst 

nanoparticles and purified water. Filtering nanoparticles is a time-consuming process and 
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the complexity of design for slurry reactors is added. The slurry reactor is not good for the 

continuous flow system (Sakkas et al., 2004). In the immobilized reactor, thin-film 

photocatalyst is utilized to accomplish the photoreaction. One advantage is that the thin-

film TiO2 is easily adopted and configured to continuous flow system. Another advantage 

is that the immobilized reactor does not have any particle aggregation. However, the 

photocatalytic efficiency of the immobilized reactor is lower than the slurry reactor due to 

the photocatalyst in slurry reactor having larger reaction area.  

For finding a better solution, the nano-porous TiO2 (NPT) could be used. Hydrogen 

peroxide solutions are used to oxidize the titanium, and the NPT is grown directly from the 

titanium substrate which makes the adhesion between NPT and titanium substrate strong 

(J. M. Wu, 2004). Meanwhile, M. DeRosa et al. found that  oxidation of patterned thin 

titanium films in aqueous hydrogen peroxide can fabricate crack-free NPT (DeRosa, 

Zuruzi, & MacDonald, 2006).  NPT fabricated by using hydrogen peroxide solutions shows 

some advantages of large surface area, good scalability and fine fluid accessibility. The 

higher surface-to-volume ratio compared with flat thin-film TiO2 increases the organic 

degradation efficiency.   

Research shows that NPT can be used in a variety number of applications. A. S. 

Zuruzi et al. found the nanostructured TiO2  fabricated by directly oxidizing titanium films 

in aqueous hydrogen peroxide solution has the potential to be used as a vehicle for gene 

therapy, and it could also be applied to areas such as energy conversion, separation, 

photocatalysis and gas sensing (Zuruzi & MacDonald, 2005). Song et al. researched using 

TiO2 thin-films with various nanostructures of quasi-aligned nanorods and nanochannels 
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to photodegrade three different dyes in water under UV illumination and compared the 

result to only using the thin-film TiO2.  Results showed that the thin-film TiO2 with 

nanostructure TiO2 on the top had better degradation efficiency (Song, Wu, & Yan, 2009). 

Researches demonstrate the NPT’s potential for photocatalytic water purification which 

makes NPT an ideal material for use in the microreactor. 

 

2.4 Photocatalytic Microreactors 

Photocatalytic microreactors are very promising devices where photocatalytic 

reactions can take place. However, the flurry reactors and immobilized reactors both show 

some disadvantages such as low mass transfer rate, low photon transfer efficiency and 

deficiency of dissolved oxygen. The microfluidic microreactor was found to have many 

advantages over the traditional flurry and immobilized reactors. The photocatalysis could 

be benefit from large surface area, short diffusion length, uniform residence time, uniform 

irradiation as well as the easy-controllable operating conditions (N. Wang, Zhang, Wang, 

Yu, & Chan, 2014). Lots of research shows many photocatalytic microreactors with 

different geometries.  

The work by L. Li et al. presented an optofluidic microreactor with the TiO2-coated 

fiberglass immersed in the microreactor chamber. At first, the TiO2 was coated onto the 

surface of the fiberglass. The coated fiberglass was loaded into the microreactor after the 

first step. The tree-branched bifurcating distributors were placed at two sides of the 

microreactor, and the reactants flowed in through the distributor and had contact with the 

photocatalyst coated on the fiberglass during the working process. The 2 x 10-5 M 
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methylene blue solution was used as the reactant. As a result, this microreactor had 40% 

maximal increment of the degradation efficiency than the normal microreactor where TiO2 

was coated on walls of the microreactor chamber (Li et al., 2013). The good points of this 

design of microreactor were reducing the transport length and induction of perturbation to 

the liquid flow. The drawback was the real reaction surface was not large enough. After 

one year, L. Li’s group reported another photocatalytic microreactor with micropillars 

arrays in the microreactor chamber. This microreactor was made of polydimethylsiloxane 

(PDMS) and the micropillars were made of SU-8 functioning as the substrate for the 

catalyst Pt/TiO2. Figure 2 shows the geometry of this microreactor.  

 

Figure 2: (a) Schematic of the microreactor. (b) Cross section of the reactor chamber (Li et al., 2014). 
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The catalyst was directly sprayed onto the substrate and the target reactant was 80 mM 

iodine solution due to photoreaction being used to do water splitting in the project. The 

flow distributors were still tree-branched-shaped. The result of this experiment showed that 

the maximal increment of reaction rate could reach 56% compared to the normal planar 

microreactor (Li et al., 2014). Compared with the microreactor they made in 2013, the 

surface area of photocatalyst was increased, but the method used to coat the TiO2 was 

proved to be problematic which reduced the durability of this microreactor a lot. In 2015, 

a new microreactor was published by L. Li’s group, the geometry of the microreactor was 

different from the microreactor built in 2014. Instead of using the micropillars arrays, the 

microgroove was used to enhance the reaction area, these microgrooves had 2 cm length, 

200 µm width and 180 µm depth, and there were 8 microgrooves in the microreactor 

chamber. Because of low durability of the 2014 model, the fabricating process changed 

from directly spraying Pt/TiO2 onto the substrate to a casting-transfer method which gave 

the microreactor higher mechanical strength and durability. The result of this experiment 

showed that this microreactor had higher hydrogen production rate compared to the 2014 

model (Chen et al., 2015). Although the durability and mass transport enhanced, the area 

of surface where photocatalysis happened reduced due to the microgroove structure, the 

surface-to-volume ratio was lower than the ratio of microreactor with micropillars in it.  

 More papers report lots of photocatalytic microreactors with different geometries. 

One group used ultrasonic to fabricate thin film TiO2 inside a fluoropolymer channel 

(Colmenares, Nair, Kuna, & Łomot, 2018). Another group introduced gas into the 

microreactor which combined photocatalysis and ozonation (He et al., 2016). 
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In our project, a microreactor with more intense titanium micropillar arrays is 

fabricated to provide higher surface-to-volume ratio, NPT is grown on titanium 

micropillars to produce the better photocatalytic degradation efficiency. COMSOL 

Multiphysics is used to model this microreactor.    

 

2.5 COMSOL Multiphysics 

COMSOL Multiphysics is a commercial general-purpose platform software for 

engineering modeling ("The COMSOL® Software Product Suite", 2018). It is widely used 

in optimizing and verifying the real-world devices and processes. The user interface is well 

arranged which makes it very easy to learn for a new user. 

COMSOL Multiphysics has a core package and lots of add-on modules, if the 

simulation cannot be developed by the core package, these add-on modules can be used to 

fulfill various fields of simulation such as electromagnetics, structural mechanics, fluid 

flow, heat transfer and chemical engineering behavior ("The COMSOL® Software Product 

Suite", 2018). The add-on modules use several methods such as finite element analysis, the 

finite volume method, the boundary element method and the particle tracing methods. 

Lots of research groups used COMSOL Multiphysics to do simulation in a variety 

of research areas (Cheng, Ji, Zhu, & Shi, 2010; Diaz-Viera, Lopez-Falcon, Moctezµma-

Berthier, & Ortiz-Tapia, 2008; Rebiai, Bahouh, & Sahli, 2013). Two microreactor groups 

used it to examine how convection and diffusion of reactant molecules affected the 

performance of microreactors (Jayamohan et al., 2015; Yusuf, Garlisi, & Palmisano, 2018).  



12 
 

In this project, the fluid flow module was used for the flow distribution design structure 

simulation and ray optics module was used for the light intensity simulation.  

 

3. Experimental Photocatalytic Microreactor 

3.1 Current Lab Design 

The photocatalytic microreactor in this project was formed by three parts which 

were the reactor chamber, inlet and outlet, and the microreactor cover. Titanium 

micropillars were fabricated with 20 µm diameter, 40 µm pitch in the microreactor chamber. 

The micropillars fabricated by this process had two advantages, the smooth sidewalls and 

high aspect ratio (Parker, Thibeault, Aimi, Rao, & MacDonald, 2005). These micropillars 

were placed in an offset manner and they were formed into arrays. NPT was oxidized onto 

titanium micropillars using hydrogen peroxide solutions under a low temperature of 353 K 

(J. M. Wu, 2004). Figure 3 shows a cut view of the micropillar arrays.  

 

Figure 3: Solidworks model of micropillars cut to show the titanium core. 
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In figure 3, the substrate and the interior of micropillars which show color in grey 

are titanium, the exterior of micropillars and the thin layer on substrate which show color 

in brown are NPT. During the experiment, target liquid would flow through and have 

contact with the micropillars, UV light would enter from the top of the microreactor. Due 

to the refraction of water and the angle of light which comes out from the UV lamp, UV 

light would not go vertically when it transmits in the microreactor among the micropillars. 

Some photons would be absorbed after having contact with micropillars which decreases 

the light intensity of UV rays. This phenomenon makes the height of micropillars one of 

the most influential issues that could influence the efficiency of photocatalysis.  

 

4. Method and Simulation Theory 

4.1    Flow Distribution Design Simulation 

4.1.1 Experimental Method 

In this simulation, the pressure drop and flow velocity magnitude in two different 

flow distributors were compared. The Laminar Flow interface from the Fluid Flow add-on 

modules of COMSOL Multiphysics was used. The flow and pressure of liquid and gas 

could be simulated by using the Fluid Flow module. In this model, water flew through the 

flow distributor into the reaction chamber, then water flew through all the micropillars into 

several outlets. Time dependent study was chosen because it could show how flow and 

pressure changed after a certain time.  

These two models were the microreactor with tree-branched bifurcating flow 

distributor and the microreactor with diamond-shaped flow distributor. The tree-branched 
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bifurcating flow distributor is commonly used in many microreactors (Azzouz et al., 2018; 

Li, Tang, Song, & Jiang, 2018; Liao et al., 2016), this distributor has the advantage of low 

pressure-drop and uniform filling of water. However, the tree-branched bifurcating shape 

requires larger channel by tiers. In this simulation, the width of channel was decreased by 

a factor of 1.6 which would lead to gradually slowing down of the flow according to the 

report (Vangelooven et al., 2010). It makes the tree-branched bifurcating design take up 

more space on the wafer. For the diamond-shaped distributor, it has an advantage of saving 

space for reactor chamber in a microreactor. The design of the diamond-shaped bifurcator 

model in this project was based on figure 4. Studies mostly focused on comparing the flow 

velocity of two different flow distribution design (Vangelooven et al., 2010). In this project, 

simulation was used to find the difference of pressure drop. 

 

Figure 4: Diamond-shaped distributor model (Vangelooven et al., 2010). 

 

  For comparing the two flow distribution design, two COMSOL Multiphysics 

models were made and the pressure drop was measured.  
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4.1.2 Assumptions 

The models were built under the assumptions listed below. Due to these 

assumptions, the models differed from theory in terms of: 

• UV light was not concerned in the simulation. 

• The inlet water flow rate was considered as a constant. 

• Any heat exchange was neglected in the simulation. 

• Small particles in the water was neglected in the simulation.  

 

4.1.3 COMSOL Multiphysics Model 

4.1.3.1    Geometry 

The models made in the simulation were smaller than the real microreactor due to 

simulating the whole microreactor would reach the limitations of the hardware. All 

simulations were performed at 2D dimension in a top view of the microreactor. The 

geometry was consisted of the flow distributor, the microreactor chamber, micropillars and 

outlet channels. Micropillars were placed in an offset manner which could enhance the 

contact area with water and made the flow slightly slower (Chang, Lee, & Liepmann, 2005). 

Figures of these models are shown below.   
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Figure 5: Geometry of tree-branched bifurcating distributor simulation model. 

The geometry of tree-branched bifurcating distributor model is shown in figure 5. 

There were four tiers of branches in the flow distributor. The width of channels which 

directly connected with the chamber was 20 µm and the distance between these channels 

was 40 µm. The widths of channels on other tiers were increased by a factor of 1.6 

(Vangelooven et al., 2010). In this simulation, the place where micropillars appeared was 

emptied, these blank circles functioned as micropillars while running the simulation. The 

boundary conditions of all the walls were set as no-slip. There were 16 outlet channels 

because the inlet and outlet distribution structure were supposed to be the same. Water flew 

in from the top of model and flew out from the bottom. 
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Figure 6: Geometry of diamond-shaped distributor simulation model. 

The geometry of diamond-shaped distributor model is shown in figure 6. This 

distributor model also had four tiers of channels to match the tiers in tree-branched 

bifurcating distributor model. The width of channels in the distributor was 20 µm. The 

dimension design of this model was inspired by the dimension in figure 4 (Vangelooven et 

al., 2010). Assuming the diamond-shaped flow distributor in figure 6 was consisted of lots 

of rhombuses, each rhombus had the small inner angle of 11.42118° and big inner angle of 

168.57882°. In this simulation, the place where micropillars appeared was emptied, these 

blank circles functioned as micropillars while running the simulation. The size of 

micropillars were same as the size of micropillars in the tree-branched model. Only 4 outlet 

channels were built according the number of channels which connected the distributor and 

reactor chamber.  
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4.1.3.2    Navier-Stokes Equation 

The equations which the Laminar Flow interface of COMSOL Multiphysics uses 

to calculate the flow velocity and pressure are equation 4 and 5, which are also known as 

the Navier-Stokers equation.   

𝜌
𝜕𝑢

𝜕𝑡
+ 𝜌(𝑢 · 𝛻)𝑢 = 𝛻 · [−𝑝𝐼 + 𝜇(𝛻𝑢 + (𝛻𝑢)𝑇 −

2

3
𝜇(𝛻 · 𝑢) )] + 𝐹       (4) 

𝜌𝛻 · (𝑢) = 0                                                                                              (5) 

In these equations, 𝜌 is the density, 𝑢 is the flow velocity, 𝑡 is time, 𝛻 is divergence, 

𝑝 is the pressure, −𝑝𝐼 is the volumetric stress, 𝐹 is 𝜌𝑔 which is the body force. Equation 5 

is the continuity equation. The left side of equation 4 corresponds to the inertial forces. The 

−𝛻𝑝𝐼  corresponds to the pressure forces. The 𝛻 · [𝜇(𝛻𝑢 + (𝛻𝑢)𝑇 −
2

3
𝜇(𝛻 · 𝑢) )] 

corresponds to the viscous forces. During simulation, the Navier-Stokes equation is solved 

using no-slip boundary conditions, and it calculates the pressure and fluid velocity in the 

model. In this simulation, the density 𝜌 of water and the initial velocity 𝑢 were provided. 

The time was set to be 1 second and value of time step was set to be 0.001 s. COMSOL 

Multiphysics used changing time 𝑡 to calculate the flow velocity and pressure in every 

domains of the mesh during every timestep. 

 

4.1.3.3    Parameters Used 

The parameters used for tree-branched bifurcating distributor model are listed in 

the table 1. The distributor channels are described from top to bottom. In table 1, W is 

width, H is height, D is distance between neighbor micropillars’ centers. 
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Description Value 

W and H of first channel 131.072 µm        81.92 µm 

W and H of second channel 721.12 µm          81.92 µm 

W and H of third channel 81.92 µm            40 µm 

W and H of fourth channel 371.2 µm            51.2 µm 

W and H of fifth channel 51.2 µm              40 µm 

W and H of sixth channel 192 µm               32 µm 

W and H of seventh channel 32 µm                 40 µm 

W and H of eighth channel 100 µm               20 µm 

W and H of ninth channel 20 µm                 40 µm 

Radius of micropillars 10 µm 

Horizontal D 40 µm 

Vertical D 40 µm 

W and H of outlet channels 20 µm                 40 µm 

Initial flow velocity 0.0001 m/s 

                                               Table 1: Parameters of tree-branched bifurcating distributor model. 

 

The parameters used for diamond-shaped distributor model are listed in the table 2. 

The distributor channels are described from top to bottom. In this table, W is width, H is 

height, L is length, D is distance between micropillars’ centers.  

 

 

 

 

 



20 
 

Description Value 

W and H of first channel 100 µm                100 µm 

W and H of second channel 1746 µm              100 µm 

W and L of first oblique channel 20 µm                  250 µm 

Angle of inclination of first oblique 

channel 

5.71059 deg 

Radius of micropillars 10 µm 

Horizontal D 40 µm 

Vertical D 40 µm 

W and H of outlet channels 20 µm                   40 µm 

Initial flow velocity 0.0001 m/s 

                                               Table 2: Parameters of diamond-shaped distributor model. 

 

For both models, the material was set to be water in all the areas. The boundary 

conditions of all the walls were set to be no-slip. Initial flow velocity was 0.0001 m/s, this 

value would be changed when the specific value for physical experiment was determined. 

The time steps for both models were set to be 0.001 second with 1 second total time, which 

provided 1000 time-elements while running the simulation.  

 

4.2    Light Intensity Simulation 

4.2.1 Experimental Method 

The objective of this simulation is to find photon interaction among micropillars 

and how the height of micropillars influences the light intensity along the micropillar. The 

COMSOL Multiphysics was used to fulfill the target. The Geometrical Optics interface 

from Ray Optics add-on module was selected. The idea of this simulation was inspired by 

two COMSOL examples (Comsol, n.d.; Definition, n.d.). Geometrical Optics had the built-
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in tools for computing the intensity, phase and optical path length of rays which made it a 

perfect selection for this simulation. The Ray Tracing Study was selected because it could 

compute the trajectories of rays which gave us a direct view of how photons moved among 

the micropillars. In an optical system, ray tracing happens in two steps ("How Does the 

Choice of Ray Tracing Algorithm Affect the Solution?", 2018):  

1. Set an initial ray position and direction, the ray tracing algorithm will trace the 

movements of rays until they hit the next boundary.  

2. When rays hit the boundary, the ray tracing algorithm will adjust the ray direction, such 

as reflection or refraction, according to the boundary condition. Then this ray will be traced 

again through the subsequent media by ray tracing algorithm.  

At first, a microreactor 2D model was made. However, the 2D model was too 

limited for simulating the movements of photons because photons could be reflected into 

different angles while 2D model could only simulate the photon movements in one plane. 

Then, a 3D microreactor model with 324 micropillars was made. This 3D model showed 

the complex movements of photons among the micropillars. However, this model had some 

disadvantages. First, the movements of photons were in a mess and it was hard to extract 

any data from the simulation results. Second, the number of rays was not large enough 

compared with the size of the model. In the end, a simplified model was decided to develop 

the simulation. In this model, only one micropillar was used and the boundary conditions 

of the surrounding walls were set to be specular reflection. The purpose of this setting was 

using this one micropillar to simulate a whole micropillar matrix. The theory of this model 

design is explained in the following geometry section.  
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4.2.2 Assumptions 

  The model was built under the assumptions listed below. Due to these assumptions, 

the model differed from theory in terms of: 

• There was no any heat exchange inside the system. 

• The small difference of distances between micropillars did not affect the result. 

• Surface roughness of the micropillar was not considered. 

• Small particles in the water was neglected in the simulation.  

 

4.2.3 COMSOL Multiphysics Model 

4.2.3.1    Geometry 

The simulation was performed at 3D dimension. The model could be divided into 

two parts: the first part was the inner cylinder, it functioned as the micropillar while running 

simulation; the second part was the circular ring outside the small cylinder, it functioned 

as water while running simulation. Figure 7 shows the geometry of this model. 
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Figure 7: Top left and top right pictures are side view and top view of model; picture below shows the top view of the 

model in micropillar arrays.  

 

In figure 7, the radius of inner cylinder was 10 µm, and the radius of circular ring 

was 20 µm. As mentioned above, this one micropillar was used to simulate all the 

micropillars. The boundary condition of the outboard surface was set to be specular 

reflection. Without this reflection boundary, photons would go straight and hit a micropillar. 

However, when the reflection boundary was set, photons would be mirror reflected and hit 

the only micropillar in the model. The distance between two neighbor micropillars in one 

row was 40 µm, the radius of cylinder ring was set to be 20 µm so the specular reflection 

boundary could be set in the middle of two neighbor micropillars. This geometry was used 

because we tried to have the maximum number of rays in a small model to make the results 
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more accurate, the hardware ability limited the number of rays which could be used in this 

simulation. The material of inner cylinder was TiO2, and material of circular ring was water.  

For finding the light intensity on the surface of inner pillar, the intensity 

computation interface was used. This interface was set to “compute intensity and power”. 

The intensity of each ray was computed along its trajectory which could help us record the 

light intensity when rays hit surface of the micropillar. The freeze boundary condition was 

set for the surface of inner cylinder and it allowed light intensity data to be obtained when 

rays hit that surface. The average light intensity on surface of inner micropillar was 

calculated every 10 µm in vertical direction. The heights of micropillars were changed for 

analyzing how micropillars heights influenced light intensity on micropillars. 

 

4.2.3.2 Ray Tracing Equation 

COMSOL Multiphysics ray tracing method uses a set coupled first-order ordinary 

differential equations as equation 5 and 6 to fulfill the function.  

𝑑𝑞

𝑑𝑡
=

𝑑𝜔

𝑑𝑘
                                                      (6) 

𝑑𝑘

𝑑𝑡
= −

𝑑𝜔

𝑑𝑞
                                                   (7) 

In equation 6 and 7, 𝑞 is the instantaneous ray position. 𝑘 is the wave vector which 

points in the direction in which the wave propagates and it equals to 
2π

𝜆
 where 𝜆 is the 

wavelength. 𝜔 is the angular frequency which equals to 
2π

𝑇
. The speed of wave travels in 

one direction equals to 
𝜆

𝑇
 which can be represented by 

𝜔

𝑘
. When rays transmit in one media, 

𝑑𝑘

𝑑𝑡
 = 0  and it keeps the speed and direction of rays. When rays have contact with another 
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media, COMSOL Multiphysics computes the direction of the refracted rays using Snell’s 

law. The initial ray position and the initial ray direction were known, time was set to be 1 

ns with 8500 time steps. The ray tracing algorithm used changing time to decide the 

position and direction of rays. This is also a time-dependent study, the rays at different 

instances of time are shown in the results.  

 

4.2.3.3 Parameters Used 

Some numerical parameters are listed in table 3. In this table, R is radius, H is height. 

Description Value 

R of inner cylinder 10 µm 

R of circular ring 20 µm 

H of cylinder and ring 50, 100, 150 µm 

Total source power 6.10726 x 10-7 W 

Inlet light angle π/12.94 rad 

                                          Table 3: Parameters used in light intensity simulation. 

The reason why height was chosen for 50, 100, 150 µm was because simulations 

on 200, 300, 400 and 500 µm micropillars were done and it showed that the light intensity 

along the pillar was too low compared with the data from studies of the relationship 

between light intensity and photocatalytic efficiency (Benabbou, Derriche, Felix, Lejeune, 

& Guillard, 2007; Pansamut, Charinpanitkul, & Suriyawong, 2013). The low light intensity 

If a large part of the micropillar’s surface had low light intensity, the photocatalytic 
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efficiency could be reduced. Therefore, the final simulation focused on micropillars with 

heights of 50, 100, 150 µm. 

The total source power of inlet light source was calculated by using light intensity 

of UV lamp multiplying the top area of the model. The light intensity of UV lamp was 486 

W/m2 with 365 nm wavelength and the area of top surface was 400 π µm2. After calculation, 

the total source power of light which illuminated the model was 6.10726 x 10-7 W. 

The total number of rays was 15000. There were 150 point light source points in 

total, and each point had 100 rays sent out. These 150 light source points were arranged 

uniformly on the top of model except the inner cylinder’s top area. The left picture in figure 

8 shows how light sources were arranged on the top of model. The largest number of rays 

that could be chosen was 15000, which was limited by the hardware ability.  

 

 

Figure 8: Left picture shows top view of model with 100 light source points; right picture shows rays released from one 

light source point with light angles. 

 

The cone inlet light angle was measured manually. A paper was placed under the 

UV lamp, and a circle was drawn along the edge of light spot on the paper. Combined with 
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the distance between UV lamp and paper, the cone light angle was calculated using the 

Pythagorean theorem and it was π/12.94 rad. All the rays were set with a cone light angle. 

The right picture in figure 8 shows how light was sent out from one light source point in 

the simulation.   

 

The value of time step was set to be 1.17647 × 10-4 ns, and the total time was 1 ns. 

The time was chosen because the light speed was 2.25 × 108 m/s in water and the size of 

this model was small, 1 ns was long enough for all the rays propagated inside the 

microreactor. This time step provided 8500 time-elements during simulation. A study was 

made by measuring transmission probability while the number of time-step elements was 

changing to find which value of time-step to choose.  Figure 9 shows the result of the study. 

 

                                                                   Figure 9: Result of time elements number study. 
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Table 4: Change of transmission probability between 7500 and 8500 time elements. 

 

The transmission probability was calculated by using the number of rays hit the 

model’s bottom dividing the total number of rays. Figure 8 showed that after 8500 elements, 

this curve almost went to flat, and table 4 showed the change of transmission probability 

from 7500 elements to 8500 elements. It showed that the transmission probability 

difference between adjacent time-step numbers became small after 8000 elements. 

Therefore, 8500 time-elements and time step with a value of 1.17647 x 10-4 ns were chosen.  

Because the bottom of model was also NPT, the boundary condition on the bottom 

was set to be diffuse scattering with absorption coefficient of 0.00172. The absorption 

coefficient of thin-film materials could be calculated by equation 7 (Ilican, Caglar, & 

Caglar, 2007):    

𝛼 = 2.303 ·
𝐴𝑏𝑠𝑜𝑟𝑏𝑎𝑛𝑐𝑒

𝑇ℎ𝑖𝑐𝑘𝑛𝑒𝑠𝑠
                                                                  (8) 

In this equation, 𝛼 was absorption coefficient, absorbance and thickness were provided by 

an experiment, the absorbance of 1600 nm thick NPT under 365 nm UV light was 1.196 

A. After calculation, the absorption coefficient of NPT was 0.00172. The surface of the 

inner cylinder was set to be freeze, when rays hit it the light intensity data stored in rays 

would be obtained. The boundary condition of circular ring’s wall was set to be specular 

reflection with a reflection coefficient of 1.  

Elements number 7500 7600 7700 7800 7900 8000

Transmission probability 0.8349 0.8362 0.8355 0.8348 0.835 0.8353

Elements number 8100 8200 8300 8400 8500

Transmission probability 0.8354 0.835 0.8354 0.8357 0.8356
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 The material of circular ring was set to be water. For the inner cylinder, material 

was set to be crystal TiO2 Devore-e. 

 

5. Results and Discussion 

5.1 Flow Distribution Design Simulation 

5.1.1 Simulation Results 

Figure 10 and figure 11 show the velocity magnitude and pressure of tree-branched 

bifurcating distributor model. Figure 12 and figure 13 show the velocity magnitude and 

pressure of diamond-shaped distributor model. All these plots showed the result at 1 s 

which was the final moment of the simulation. In the velocity magnitude figures, the color 

legend on the right illustrated the flow velocity in m/s. In the pressure figures, the color 

legend on the right illustrated the pressure in Pa, and the contours across the chamber 

showed the pressure, the value of pressure remained same on each individual contour.  
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Figure 10: Velocity magnitude plot of tree-branched bifurcating distributor model. 

 

 

Figure 11: Pressure plot of tree-branched bifurcating distributor model. 
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 In figure 10, for tree-branched bifurcating distributor model, the flow velocity at 

the inlet was approximately 1.39 × 10-4 m/s and the flow velocity was approximately 0.56 

× 10-4 m/s at the fourth-tier flow distributor channel. The changing color of flow velocity 

in figure 10 also illustrated that the flow velocity decreased uniformly as water ran through 

the flow distributor. In figure 11, it could be concluded from the color gradient that the 

pressure kept dropping uniformly while water flew from inlet to outlet, the pressure drop 

between the inlet and fourth-tier distributor channel was approximately 0.52 Pa, and the 

pressure drop between the inlet and outlet channels was approximately 1.04 Pa.  

 

 

Figure 12: Velocity magnitude plot of diamond-shaped distributor model. 
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Figure 13: Pressure plot of diamond-shaped distributor model. 

 

 Figure 12 reveals that for the diamond-shaped distributor model, the flow velocity 

at the inlet was approximately 1.47 × 10-4 m/s. While water flew inside the flow distributor 

the flow velocity remained at approximately 0.9 × 10-4 m/s. The color of flow velocity in 

figure 12 also illustrated that the flow velocity in the diamond-shaped distributor channel 

did not have a dramatic change. In the figure 13, the pressure dropped dramatically inside 

the diamond-shaped distributor channels. The pressure drop between the inlet and fourth-

tier channel was approximately 3.47 Pa, and the pressure drop was approximately 3.71 Pa 

between the inlet and outlet channels.  

 

5.1.2 Comparison of Two Flow Distribution Design 
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Table 5 shows the parameters obtained from the result of simulation. V1 is the 

highest flow velocity at the inlet. V2 is the highest velocity at the fourth-tier flow distributor 

channel. V3 is the approximate average flow velocity in the reactor chamber. Pdrop1 is the 

pressure drop between the inlet channel and the fourth-tier distributor channel. Pdrop2 is the 

pressure drop between the inlet channel and the outlet channel.  

Symbol Value of tree-branched 

bifurcating model 

Value of diamond-shaped 

model 

V1 1.390 × 10-4  m/s  1.470 × 10-4 m/s 

V2 0.560 × 10-4  m/s 1.130 × 10-4 m/s 

V3 0.164 × 10-4  m/s 0.201 × 10-4 m/s 

Pdrop1 0.52 Pa 3.47 Pa 

Pdrop2 1.04 Pa 3.71 Pa 

Table 5: Parameters comparison between two distributor models. 

 With all the result figures and table 5, it could be concluded that the advantage of 

tree-branched bifurcating distributor is that it can produce lower pressure drop compared 

with the pressure drop in the diamond-shaped distributor. According to the value of Pdrop2 

from table 5, the pressure drop in the diamond-shaped distributor model increased about 

256% compare to the pressure drop in tree-branched bifurcating distributor model. Study 

showed that pressure drop in a fluid flow system was caused by the resistance of flow, and 

lower pressure drop resulted in longer residence time (Billet, 1988). The rough residence 

time of water in the reactor chamber can be calculated by using the V3 from table 5 as well 
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as the area of the reactor chamber. The approximate residence time is 76.83 s. For the 

diamond-shaped distributor, the approximate residence time is 66.67s. The increasing 

residence time for target liquid in the tree-branched bifurcating distributor can enhance the 

photocatalytic efficiency. However, the tree-branched bifurcating distributor usually takes 

up more space than the diamond-shaped distributor on a wafer because of the extension of 

its channels (Vangelooven et al., 2010). The reactor chamber’s size is reduced because of 

the larger distributor’s size. 

The diamond-shaped distributor  has the advantage of the compact size. It takes up 

less space on the wafer compared to the space taken by the tree-branched bifurcating 

distributor. More micropillars could be fabricated due to the larger size of reactor chamber 

which results in higher photocatalytic efficiency. However, the disadvantage of this flow 

distribution design is that the larger pressure drop leads to a decrease in residence time 

which decreases the photocatalytic efficiency.   

A basic comparison of these two types of flow distribution designs is presented, 

which design should be chosen depends on the applicants.  

 

5.2 Light Intensity Simulation 

5.2.1 Simulation Results 

All the figures show the result at 1 ns which was the final moment for simulation.  

Take the 50 µm height micropillar model as an example, figure 14 shows what the result 

looks like.  
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Figure 14: Simulation result with ray traces of the 50 µm height micropillar model. 

 

In figure 14, all the colored lines showed the traces of 15000 rays. The color legend 

on the right illustrated light intensity of rays in w/m2. This figure showed that the color of 

rays changed from red to blue as they propagated in the model which meant that the rays 

kept losing light intensity. Figure 15 shows the result where all the ray traces were set to 

be invisible.  
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Figure15: Simulation result without ray traces of the 50 µm height micropillar model. 

 

In figure 15, all the small spheres on the surface of inner cylinder exhibited the light 

intensity when rays had contact with the surface. The color of these spheres represented 

the value of light intensity. For finding the average light intensity along the micropillars, 

several planes were made every 10 µm on the micropillar. the light intensities of all small 

colored spheres on each plane were recorded, then calculation was made to find the average 

light intensity on each height. This procedure was done on 50 µm, 100 µm and 150 µm 

micropillar models. Figure 16 shows the result.  
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Figure 16: Relationship between light intensity and heights on 50 µm, 100 µm, 150 µm micropillars. 

 

 In figure 16, the vertical axis represented the value of average light intensity. The 

horizontal axis showed the distance between bottom and target planes on the model. Table 

6 shows the average light intensity value. In table 6, the first and fifth rows were height 

points on the micropillar. The first column represented three micropillar models with 
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different heights. Other cells in the table showed the value of average light intensity with 

mw/cm2 as the unit.  

Table 6: Average light intensity along different height micropillars. 

5.2.2 Influence of Micropillar Heights 

There has been limited research conducted on the influence of light intensity. 

However, we found a paper written by A.K. Benabbou et al. that details an experiment to 

see how UV light intensity affects the photocatalytic degradation of Esherishia coli 

(Benabbou et al., 2007). We decided to use the findings of this paper as a threshold with 

which to compare our own results. The photocatalyst chosen in A.K. Benabbou’s 

experiment was Degussa P25 TiO2 and UV light was produced by an HPK 125 lamp. 

During the experiment, TiO2 nanoparticles with an average diameter of 20 to 30 nm were 

mixed with E. coli in the solution, several experiments were conducted with different UV 

light intensity by using different size of light grids. Figure 17 shows the result of intensity 

effect on E. coli inactivation.  

0 10 20 30 40 50 60 70

50um 0.772706 1.420705 2.299339 3.445022 21.65843 48.6

100um 0.323052 0.962654 0.758742 0.740579 0.558566 1.11902 1.667414 2.36758

150um 0.255567 0.981901 0.489213 1.987431 0.561325 0.421135 0.410883 0.442261

80 90 100 110 120 130 140 150

50um

100um 5.2389 21.0723 48.6

150um 0.574777 0.608303 0.849433 1.328529 2.382371 5.299929 21.37343 48.6
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Figure 17: Intensity effect on E. coli inactivation in the UVA domain at TiO2 concentration of 0.25 g/IL. Insert: time 

needed to decrease the bacteria concentration from 106 to 103 cfu/mL as a function of irradiation intensity  (Benabbou 

et al., 2007). 

  

Figure 17 clearly shows that the inactivation rate of E. coli went up as light intensity 

increased, and light intensity of 3.85 mw/cm2 led to the highest                                                 

inactivation efficiency. They found that the increasing of light intensity reduced the time 

needed for killing bacteria, as shown in the inserted plot in Figure 17. In this paper, they 

reported that light intensity was an important factor which influences to the photocatalytic 

degradation efficiency, and higher light intensity led to higher photocatalytic rates. Figure 

17 showed that 2 mw/cm2 was an important divide; when light intensity was higher than 2 

mw/cm2, the increasing of photocatalytic rate would gradually increase. When light 

intensity was lower than 2 mw/cm2, a small increase in light intensity would lead to a 

dramatic increase in photocatalytic rate. While the results of A.K. Benabbou’s experiment 

may be inconclusive, we elected to use the value of 2 mw/cm2 for the sake of our discussion.  
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From the result of Benabbou’s study, we assumed that if light intensity was much lower 

than 2 mw/cm2, the photocatalytic degradation efficiency would be low; if the light 

intensity was close to or higher than 2 mw/cm2, the photocatalytic degradation efficiency 

would be ideal.  

  In our simulation, for the 150 µm micropillar, the light intensity between the 

bottom and 100 µm height on the micropillar was around 0.69 mw/cm2 on average which 

was much lower than 2 mw/cm2. It meant that 66.67% of the 150 µm micropillar would 

have low photocatalytic degradation efficiency. The 100 µm micropillar had an average 

light intensity of approximately 0.67 mw/cm2 from 0 µm to 50 µm height which made half 

of the micropillar have a low photocatalytic degradation efficiency. If the micropillar was 

higher than 100 µm, more than half of the micropillar would have low photocatalytic 

degradation efficiency. The 50 µm micropillar had the lowest light intensity at its bottom, 

approximately 0.77 mw/cm2, and the light intensity kept increasing along the 50 µm 

micropillar. The light intensity at 10 µm height was approximately 1.42 mw/cm2 which 

was close to 2 mw/cm2, and it reached about 2.30 mw/cm2 at 20 µm height. Both results 

demonstrated that the whole 50 µm micropillar had ideal photocatalytic degradation 

efficiency.  

The results of 50 µm, 100 µm and 150 µm model show that the height of a 

micropillar influences its light intensity. When the height of micropillar increases, more of 

the surface of the micropillar will have low light intensity. This leads to a decrease in 

photocatalytic degradation efficiency. Future work is needed to determine the optimal 



41 
 

micropillar height which allows the microreactor to have the highest photocatalytic 

degradation efficiency.  

 

6    Conclusion 

 By utilizing the COMSOL Multiphysics simulations, the two objectives of this 

project were completed. A comparison between the tree-branched bifurcating distribution 

design and the diamond-shaped distribution design revealed that they both had their own 

advantages and disadvantages. The tree-branched bifurcating distribution design can 

provide more residence time due to the lower pressure drop which increases the 

photocatalytic efficiency, but the extension of channels makes it take up more space than 

the diamond-shaped distribution design on a wafer. The diamond-shaped distribution 

design is more compact in size. It also takes up less area in microreactor compared with 

tree-branched bifurcating distribution design which results in the larger size of reactor 

chamber. However, the large pressure drop between inlet and outlet decreases the residence 

time which subsequently reduces the photocatalytic efficiency.  

In examining how height influences light intensity on the micropillar, results show 

that the a larger micropillar height leads to low light intensity on more of the surface. Rays 

continue losing light intensity as they propagates in the microreactor. For 50 µm 

micropillars, light intensity is ideal along the entire micropillar. The lower portion of the 

100 µm height micropillar has low light intensity which takes up 50% of the micropillar. 

Approximately 66.67% of the surface of the 150 µm height micropillar has low light 
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intensity. All of the results show that the higher micropillar causes more of the surface of 

the micropillar to have low light intensity which leads to a decrease in photocatalytic 

efficiency.  

 

7    Future Work 

 These simulations still need some improvements in the future. The simulations 

provide comparisons of the advantage and disadvantage of each flow distribution design. 

More simulations need to be developed using different flow velocities. Physical 

experiments are needed to determine which flow distribution design is better for our 

microreactor in the future. As for the light intensity simulation, the surface roughness of 

micropillars still needs to be considered in the simulation, because the surface roughness 

influences the absorption and refraction of UV light. Further research will provide a more 

specific model with a rough surface.  
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