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Abstract 

The ultraviolet light emitting diode (UV-LED) has recently emerged as a new UV source. 

It offers design flexibility due to its small size and ability to alter its radiation profile. In view of 

the variety of design possibilities for a UV-LED reactor, a computational model could be of great 

value for simulating the reactor and providing insight into its performance. Given the UV-LED’s 

ability to emit various radiation wavelengths and because it is a directional UV source, the 

challenges of simulation for UV-LEDs are greater than those for UV lamps, which typically have 

a single wavelength and an almost radial radiation profile. This study proposes a method of 

simulating UV-LED reactors for water treatment in the Eulerian framework through the integration 

of the kinetic, hydrodynamic, and radiation models, representing UV-LED systems. Additionally, 

the concept of an ideal UV-LED system is proposed, which can provide insight into the efficiency 

of any UV-LED reactor design concept.  

In this study, UV-LED is modeled as a polychromatic point source with a specific radiation 

profile. The radiant energy field of a UV-LED reactor is developed by considering the absorption 

of media, refraction and reflection at air-quartz-water interfaces, and the reflection from the 

internal wall surfaces. The developed radiation model was applied to different UV-LEDs, and the 

numerical predictions were successfully evaluated using actinometry and radiometry. The 

radiation model was employed to obtain the kinetic rate constants of the challenge microorganisms 

(e.g., Escherichia coli and MS2) suspended in water, and biodosimetry results showed that 

modifying microorganisms’ 254 nm fluence-response data based on the germicidal efficiency of 

UV-LED could yield acceptable kinetics information. Therefore, during the development of the 

integrated model, the germicidal factors of UV-LEDs were used to homogenize the germicidal 

radiant power outputs of UV-LEDs.  
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The integrated model of reactor performance was evaluated through experimental studies 

of the challenge organisms in two UV-LED reactors under different operating conditions, 

including flow rates, flow regimes, radiant powers, and UV-LED configurations. The integrated 

model could predict the overall reactor performance and provide information that enabled to 

improve the efficiency 10 times.  
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Lay Summary 

Ultraviolet light emitting diode (UV-LED) is a radiation source that emits high energy 

photons of a narrow spectrum. UV-LED has no warm-up time and can run on batteries or solar 

cells. These features make UV-LED an excellent option for the development of water treatment 

systems for remote areas that do not have continuous access to electricity. Since UV-LED 

technology offer design flexibility, a simulation tool is needed to quickly assess different design 

concepts. This study develops a computational model for simulating the UV-LED reactor and 

provides insight into its performance. The computational model of reactor performance was 

successfully evaluated through experimental studies of challenge organisms (e.g., Escherichia 

coli and MS2) in two UV-LED reactors under different operating conditions. Modifying reactor 

design based on the information provided by the computational modeling improved the 

efficiency of the reactor 10 times. 
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Chapter 1: The fundamentals of Ultraviolet Light Emitting Diode (UV-LED) 

reactor  

A water treatment plant removes solid particles, unwanted components, and pathogens 

from a drinking water source to provide clean drinking water. In the final step of the treatment 

process, the water is usually disinfected by chlorination. Chlorination, however, has some 

drawbacks. For example, it cannot disinfect all pathogens although it is effective on most of them. 

Giardia and Cryptosporidium are two well-known pathogens that chlorination has found 

ineffective for their removal [1]. Also, chlorination leads to the formation of harmful disinfection 

by-products (DBPs) such as trihalomethanes (THM) and Five Haloacetic acids (HAA5) [2]. 

Moreover, chlorination changes the taste of water, and some people do not like its taste [3]. The 

ozonation is another alternative to chlorination; however, this process in the presence of bromide 

leads to bromate formation which is a carcinogenic substance [4].  

Ultraviolet water disinfection is a modern approach to cope with chlorination and 

ozonation shortcomings. UV treatment is effective on all sorts of microorganisms and does not 

lead to the formation of harmful DBPs [1]. This technology harvests high energy UV rays to 

inactivate microorganisms in a short period. In addition, unlike the chemical disinfectant, extra 

UV irradiation (overdosing) does not compromise the taste of the water [5]. The disinfection 

mechanism of UV technology differs from that of chemical methods, which are based on 

destroying or damaging cellular structures [6].  

Recently, a new UV source has emerged that promises more efficient UV water treatment 

systems. This new radiation source, which generates UV photons using semiconductor technology, 

is called ultraviolet light emitting diode (UV-LED). This chapter discusses the challenges related 

to the simulation of the next generation of UV treatment systems that use UV-LEDs as their 
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primary radiation source. The following sections describe the principles of UV treatment and UV-

LED technology before diving into the challenges that this study is going to address.  

1.1 The principles of UV water disinfection 

Ultraviolet is a form of electromagnetic radiation that ranges from 100 to 400 nm [7] and 

has a shorter wavelength than visible light. Ultraviolet radiation is divided into four sub-ranges of 

UVA (315–400 nm), UVB (280–315 nm), UVC (200–280 nm), and vacuum UV (100–200 nm). 

Among all, Vacuum UV has the highest energy and can be absorbed by almost all substances, so 

it can only be transmitted through vacuum [7]. The rationale behind the name of the first three sub-

ranges pertains to their effects on human’s skin. The shorter the wavelength becomes, the more 

detrimental effect it poses to human’s skin. For example, UVA has the least harmful effect, and 

getting exposed to it leads to sun tanning [7]. UVC, however, has a lethal effect on human. DNA, 

RNA, and proteins of a living cell absorb UVC, thereby cell mutation occurs which results in 

cancer and ultimately cell death [1]. Since living organisms such as germs can absorb UVC, this 

range is called the germicidal range [1].  

1.1.1 Definition of technical terms 

The technical terms irradiance, fluence rate, and fluence are frequently used in this study, 

and their definitions are as follows:  

Irradiance (Figure 1-A) represents the total radiant power incident from all upward 

directions on an infinitesimal element of the surface of area dA containing the point under 

consideration divided by dA [7]. According to this definition, a radiometer measures irradiance.  

Fluence rate (Figure 1-B) is defined as the total radiant power incident from all directions 

through an infinitesimally small sphere of cross sectional area dA, divided by dA [7]. In a simple 

word, fluence rate represents the power of all photon incident on a small sphere. In a UV reactor, 
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photons from all direction hit microorganisms and lead to their inactivation. The fluence rate is the 

true representative of the delivered UV energy to microorganisms.  

The amount of absorbed energy in the germicidal range depends on the fluence rate and 

the exposure time. The product of fluence rate and exposure time yields the total delivered UV 

energy (UV fluence) that determines the amount of microbial inactivation. There are different 

sources of UV, but here only two relevant types of UV sources are introduced. 

 

 

Figure 1. The illustration of the concept of irradiance (A) and fluence rate (B). The sphere represents an 

infinitesimally small element with cross sectional area dA, and the red arrows represent the UV beams.  

1.1.2 Mechanism of UV disinfection 

UVC photons carry high energy, and when DNA/RNA absorbs them, the photons cause 

three major damages: pyrimidine dimers, pyrimidine (6-4) pyrimidone photoproducts, and protein-

DNA cross-links [6]. The dominant damage, however, is pyrimidine dimers [6]. In this case, two 

adjacent thymines in DNA/RNA produce a thymine-thymine dimer, and these mutagenic DNA 

damages disrupt the ability of the microorganism to replicate. Because microorganisms cannot 

replicate, they do not pose infection [1]; therefore, they are called inactivated microorganisms. The 

number of damaged sites on the DNA of microorganisms is important. For example, a study 
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showed that microorganisms inactivation happened when the number of thymine dimers in the 

DNA reached ~100 [8].  

Proteins and DNA/RNA absorb UV differently (Figure 2). DNA UV absorption reaches a 

peak around 265 nm, whereas the protein UV absorption starts increasing at wavelengths shorter 

than 245 nm and surpasses DNA absorption at ~225 nm. A small peak in the protein UV absorption 

is also observed around 280 nm (Figure 2). Due to the UV absorption of proteins another type of 

damage in the cell membrane can occur. Such damage leads to the disruption of the cell membrane 

and consequently cell death [1]. Given the size of the protein UV absorption, the damage to the 

cell membrane occurs when the cell is exposed to a high UV fluence [1].  

A microorganism undergoes a series of complex photoreactions during UV exposure. The 

response of the microorganism to UV arises from all those photoreactions. The action spectrum 

presents the combined effects of the photoreactions in terms of microorganism inactivation versus 

wavelength.  
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Figure 2. Specific absorption of protein and nucleotides within the cell of a microorganism (adapted 

from reference [1]). Absorbance (unitless) is the common logarithm of the ratio of incident to transmitted 

irradiance when a beam passes through a medium over a path length l. 

Some microorganisms can repair the damaged sites through either dark or 

photoreactivation repair mechanism [1]. In the case of dark repair, the microorganism does not 

need light to restore the DNA damage. However, photoreactivation mechanism—which is more 

effective than the dark repair mechanism— requires UVA and/or visible light to repair the DNA 

damage [1]. The details of these mechanisms are explained in the literature [9]. Because of the 

repair mechanisms, higher UV fluences are usually applied during the treatment process.    

1.1.3 Mercury lamps  

Mercury vapor lamps are the primary sources of UV in water and wastewater technologies. 

When an electrical current in the gas excites mercury vapor atoms trapped in the quartz envelope 

(mainly cylindrical), these lamps emit UV radiation. Based on the pressure of the mercury vapor 

in the envelope, the UV lamps are categorized as low-pressure (LP), low-pressure high output 

(LPHO), and medium-pressure (MP) (Table 1). The principal emission wavelength of LP and 
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LPHO UV lamps is 253.7 nm, but MP UV lamps have a broad emission spectrum (185–600 nm). 

Considering their emission spectra, LP and MP UV lamps are called monochromatic and 

polychromatic UV sources, respectively. The optimum operating bulb temperature of LP UV 

lamps is ~ 40 °C [7]. Maintaining the bulb temperature around the optimum value is crucial 

because the output power of the LP lamp is sensitive to the ambient temperature [1]. MP UV lamps 

carry up ~500 times more power than that of LP UV lamps. Nonetheless, MP lamps have a 

relatively shorter lifetime and lower germicidal efficiency than LP lamps.   

Table 1. Technical properties of conventional UV lamps [1,6] 

Characteristics LP LPHO MP 

Emission type 
monochromatic 

(253.7 nm) 

monochromatic 

(253.7 nm) 
Polychromatic (185-600 nm) 

Mercury vapor pressure (Pa) ~0.93 0.18–1.6 40 ⨯103–4000 ⨯103 

Mass of mercury for a 1.2-m 

lamp (mg) 
~30 ~30–75 2000–4000 

Bulb temperature (°C) 30–50 60–100 600–900 

Arc length (cm) 15–200 15–200 10–200 

Lifetime (h) 8000–10000 8000–12000 4000–8000 

Warm-up time (min) 2–7 2–7 4–10 (including cooldown) 

Electrical input (W/cm) 0.5 1.5–10 50–250 

Germicidal UV output (W/cm) 0.2 0.5–3.5 5–30 

Electrical to Germicidal UV 

conversion efficiency (%) 
35–38 30–35 10–20 

Flow rate (m3/d) < 550 400–38000 > 38000 

 

1.1.4 Ultraviolet Light Emitting Diode (UV-LED) 

A UV-LED is a Light Emitting Diode (LED) that emits ultraviolet radiation. An LED is a 

solid-state semiconductor device that emits light when is connected to direct current (DC) (e.g., 

battery or solar panel). It requires low power (few watts) to run and has no warm-up1 time. LED 

                                                 

1 The amount of time that a lamp takes to reach its stable performance.  
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is rated as instant-on with full brightness device, which means that this radiation source reaches 

its full brightness immediately after being turned on. Therefore, LEDs can be turned on and off 

with high frequency without losing their performance [10–12]. The emitting region of an LED is 

about 1 mm2 [13], and its emission spectrum resembles a Gaussian profile [13]. The wavelength 

at which the peak appears is called nominal (peak) wavelength, and conventionally a UV-LED is 

named by that peak wavelength. Full-Width at Half Maximum (FWHM) defines the width of the 

UV-LED’s emission spectrum (Figure 3) which is usually about 10–15 nm. This range is the 

difference between the longest and shortest wavelengths at which the intensity of the emitted UV 

energy is half of the maximum intensity. Given the size of the FWHM, UV-LEDs, are not a 

monochromatic radiation source.  

 

Figure 3. An emission spectrum of a UV-LED with a peak at 272 nm and the FWHM of 13 nm.  

1.1.4.1 The mechanism of UV generation in UV-LED 

In an LED, the semiconductor p-n junction1 is responsible for the light generation [13]. At 

this junction, electrons and positive holes recombine, and the excess amount of energy releases in 

                                                 

1 When p-type and n-type semiconductors are brought into contact a p-n junction is formed. The p-type and 

n-type semiconductors are prepared by adding an impurity (dopant) to an intrinsic semiconductor. If the impurity 

has one less/more valence electron than the semiconductor, p-type/n-type semiconductor forms. As for p-type 
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the form of light and heat (Figure 4). The non-radiative recombination generates heat which needs 

to be dissipated properly. The wavelength of the emitted light is inversely proportional to the 

energy of the semiconductor’s bandgap [13] in a sense that the higher the bandgap’s energy 

becomes, the light with a shorter wavelength is emitted. For example, the bandgap’s energy of 

UV-LED’s semiconductor such as Aluminum Nitride (6 eV [14]) is higher than that of red LEDs 

which use Gallium Arsenide (GaAs) (1.424 eV) [15]. The main difference between visible LED 

and UV-LED relates to the composition of their semiconductor materials. Wide bandgap materials, 

such as diamond and III–V nitride semiconductors such as Gallium Nitride (GaN), Aluminum 

Gallium Nitride (AlGaN) and Aluminum Nitride (AlN), are potential materials for ultraviolet 

LEDs but suffer from difficulties in controlling electrical conduction [14]. The flexibility in the 

semiconductor materials enables this technology to produce a selectable wavelength.  

 

Figure 4. The energy level diagram schematic of an LED p-n junction. When a bias voltage is applied, 

electrons in the n-region conduction band combine with holes in the p-region valence band, excess energy 

equivalent to the band gap is released in the form of light and heat. 

                                                 

semiconductors, the positive holes (h+) are majority positive charge carriers, whereas, the electrons (e-) in the n-type 

semiconductors are the dominant charge carriers. 
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1.1.4.2 Physical properties of UV-LED 

An LED chip contains a semiconductor p-n junction (emitting region). The LED chip is 

prepared by the deposition layers of n-type followed by p-type semiconductors on the sapphire 

substrate through a process known as metalorganic vapor phase epitaxy (MOVPE) [13]. Two 

typical techniques in UV-LED chip fabrication are conventional and flip chip [13]. Although the 

conventional chip fabrication is cost-effective, the flip chip technique offers two times higher 

efficiency [13]. Currently, due to the formation of crystal lattice defects (the main cause of non-

radiative recombination) during chip fabrication, UV-LEDs (particularly in germicidal range) 

suffer low performance [13,16]. For example, during epitaxial growth of GaN on sapphire, the 

crystal lattice defects are generated due to both the large lattice mismatch and the high thermal 

coefficient incomparability between sapphire and GaN [13]. In contrast to GaN, AlGaN showed 

the lower density of the crystal lattice defects, consequently, AlGaN has been chosen for the 

development of UV-LEDs for practical applications [13].  

The performance of a light source is expressed using Wall Plug Efficiency (WPE). The 

WPE of a lamp expresses the ratio of the radiant power to the input power. While the WPE of 

visible LED is as high as 75% [17], commercial UVC-LEDs’ WPEs ranges 1–4% [16,18]. The 

WPE of 7.8% for a 272 nm UV-LED has also been reported [19]; however, such UV-LEDs are 

not commercially available. A recent study grew AlGaN nanowires on graphene as the UV-LED 

substrate and UV transparent electrode [20] to improve the quantum yield. This new technique 

promises WPE of 45% with ten times less energy consumption [21].  

When the UV-LED chip is produced, a package is needed to protect the chip. The surface 

mount device (SMD) (Figure 5) is commonly used as the package of a UV-LED [13]. The package 

includes the LED chip, wire, case, and quartz window or lens. Since UV-LEDs tend to convert a 
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significant amount of input power to heat—which is a result of high numbers of non-radiative 

recombination—they are usually mounted on a metal core Printed Circuit Board (PCB). Despite 

the small size of the LED chip, a UV-LED package is about ~ 6 mm long. 

 

 

Figure 5. The schematic of the surface mount package of a UV-LED 

The packaging and the orientation of the chip play essential roles in UV-LED’s radiation 

pattern [13,22]. The extracted photons from the LED chip hit the internal surface of the package 

and then leave the package through the window. The radiation pattern of a UV-LED depends on 

the chip structure. The radiation pattern of an LED expresses the directional dependence of the 

radiant energy from the LED chip. 

 

Figure 6. A normalized UV-LED radiation profile in polar coordinate is shown.  Blue line illustrates 

the intensity of radiation versus polar angle. The half viewing angle (𝜽𝟏

𝟐

) represents the angle at which the 
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intensity of radiation becomes half of the maximum intensity. For a UV-LED with symmetric radiation profile, 

the viewing angle is 2 times 𝜽𝟏

𝟐

. 

1.2 The access to safe drinking water in developing countries and remote areas is the major 

problem 

People in developing countries struggle to access to safe drinking water, and the demand 

for clean and safe drinking water has risen due to rapid urbanization [10], economic growth and 

higher awareness [11]. Similar to developing countries, those who live in remote areas in 

developed countries [10,23] such as First Nation communities in Canada [24–26] struggle to 

access to safe drinking water. One type of health-threatening incident in developed countries is 

microbial contamination in the water distribution network. The number of boil-water advisories in 

Canada [27,28] shows the frequency of the related incidents. 

In developing countries, people collect water from a certain location and carry the water to 

their homes. The source water refers to the water that is collected at that location. The issue of 

providing safe drinking water for all cannot be addressed only by improving the source water [29]. 

The reason is that the water likely gets contaminated after being collected. Also, the idea of 

building a centralized water treatment plant (CWTP) is not viable because the capital and operation 

costs of the CWTP are not affordable for low-income communities. Besides, the water 

consumption of a small community throughout the day fluctuate intensely [10], which makes the 

situation more difficult for the implementation of CWTP. In regions that CWTP exists, rapid 

urbanization and population growth limit access to the clean water [10]. In these cases, people tend 

to use water from unprotected dug well which is prone to the occasional microbial contamination 

[10]. In developing countries, there is not continuous access to electricity, so people tend to store 

water in a storage tank on their rooftops [30]. In such condition, chlorine residue decay over time 
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[10], thereby the quality of water drops. The shortcomings of the current strategies emphasize the 

urgent need for the implementation of point-of-use (POU1) and/or point-of-entry (POE2) water 

treatment systems to address the issue.  

The common implemented POU technologies to restrain diarrhea are boiling, chlorination, 

bio-sand filtration, ceramic filtration, and solar disinfection [29]. Boiling is an energy-intensive 

process which is practical for a small amount of water; if the water is not stored properly, it is 

prone to recontamination. Water chlorination is not effective on Giardia and Cryptosporidium [1], 

produces harmful DBPs [1], and some consumers do not like the taste of it [3]. The drawbacks of 

filtration can be listed as follow: clogging, slow treatment [31], and not being effective on viruses 

(due to small size). Ceramic filters produce higher water quality than bio-sand filters, but both 

ceramic filters and solar disinfection offer slow treatment process [31] and are not suitable for 

instant water treatment purpose.  

Providing clean water at the point of use is a multifaceted issue. A technology that entails 

the following criteria could address this issue. These criteria are being reliable, cost-benefit, easy-

to-use, maintenance free and/or low maintenance cost [29], on-demand, able to handle intermittent 

flow rates [10], low power consumption, and not being dependent on climate or ambient 

temperature. Ultraviolet treatment technology was used in different projects to provide clean water 

for small communities [31,32]; however, they all suffered from recontamination problem. 

Consuming the water at the point-of-use immediately after the treatment protects the water against 

recontamination. Barstow et al. [29] showed that an ultraviolet reactor that treats water on-demand 

                                                 

1 The POU water treatment systems refer to the units that treat water very close to where the water is used. 

A filter that lies before the faucet is an example of POU system. 
2 As for POE systems, they are put where water from distribution network flows to the water meter of a 

building. A POE system treats all of the incoming water to the building.  
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is a reliable alternative to all the POU methods mentioned above. Although the UV reactor could 

effectively treat 1 L/min of the water, it was more expensive ($65) than other the POU 

technologies. Besides, due to the long warm-up time of UV lamp, such reactor needs to operate 

continuously or be turned on well ahead of the treatment process.  

UV-LED can address the shortcomings of the UV lamp in the field of POU/POE systems. 

UV-LED can easy handle intermittent water use because of its fast start-up [10]. In addition, UV-

LED can be operated by battery or solar cell (low DC power requirement) which makes it a viable 

alternative for a remote area that does not have continuous access to electricity. The operating 

temperature of UV-LED is around 30 °C and has a negligible impact on the scaling effect on the 

quartz sleeve; therefore, there is no need to install wiper to clean the quartz sleeve similar to 

mercury lamps. The lifetime of UV-LEDs is improving fast [13,17], and taking into account their 

ability to meet the intermittent water use; a UV-LED system offers a longer lifetime than a similar 

UV lamp system. Furthermore, the cost of both lamp replacement and maintenance reduce 

concurrently. The aforementioned factors could make UV-LED technology reliable and 

affordable. Also being free from mercury makes this technology an environmentally-friendly 

radiation source for POU/POE systems. 

1.2.1 The challenges associated with the simulation of UV-LED reactors 

To fully and optimally benefit from the specific features of UV-LED technology for water 

disinfection, it is necessary to investigate the interaction of the three complex phenomena 

hydrodynamics, radiation, and kinetics that indicate the reactor performance. It has been shown 

that the phenomena above can be integrated and be solved by a numerical simulator such as 

Computational Fluid Dynamics (CFD) software package for UV reactor modeling (e.g., [33–35]). 

The challenges associated with the development of an integrated model for simulating UV-LED 
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reactors, however, is greater compared to that of UV lamp reactors. For example, specific features 

such as various UV-LED’s radiation patterns and polychromatic radiation output [36] of UV-LEDs 

should be considered during the modeling the reactor radiation and kinetics.   

1.3 Knowledge gaps and challenges 

1.3.1 Development of an accurate radiation model 

Microorganisms accumulate the UV energy along their trajectories inside the reactor, and 

the accumulated fluence determines their inactivation. As defined earlier, UV fluence is equal to 

the fluence rate multiplied by the exposure time, and the exposure time is a function of the 

hydrodynamics of the reactor. Therefore, the interaction of radiation distribution and fluid flow 

determines the delivered radiant energy to microorganisms in a UV reactor. The accuracy of a UV 

reactor performance simulator highly depends on the accuracy of the radiant energy field inside 

the reactor. Thus, it is essential to take into account all the main phenomena that affect the reactor’s 

radiant energy field. For this purpose, the UV source, the propagation of beams through different 

media, and the reflection from the internal walls need to be modeled accurately.  

A UV-LED is a directional radiation source with a variety of radiation patterns [13,37] and 

the typical UV lamp radiation models cannot be directly applied to UV-LEDs radiation modeling. 

In some studies reported in the literature, UV-LED radiation has been modeled similar to a cone 

where the UV-LED was on the cone’s apex, and the cone’s angle was determined by the UV-

LED’s viewing angle [36, 37]. In another attempt, a UV-LED has been modeled as a small 

transparent emitting surface through which UV rays get into the reactor [40]. These approaches, 

however, do not consider the correct emission from the UV-LED source. Therefore, using these 

approaches results in two different UV-LEDs with the same viewing angle but different radiation 

profiles to have the same simulated radiation distribution (Figure 7), which is not a reflection of 
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reality. In a different approach, a UV-LED was modeled as a Lambertian source [41]. This 

simplifying assumption in the modeling of UV-LED’s radiation profile, however, has been shown 

to lead to incorrect fluence rate predictions [42]. In a more realistic method, the intensity variation 

across the polar angle was captured by appropriate mathematical functions (e.g., polynomial 

functions) [43,44]. This method assumes the UV-LED’s radiation profile is symmetric and is not 

a function of the azimuthal angle. The accuracy of this method depends on the fit function. Apart 

from the approaches in modeling the UV-LED’s radiation emission, some simplifying assumptions 

associated with the behavior of the UV rays after being emitted from the source such as neglecting 

UV beam refraction at a quartz interface [38] and the reflection from the reactor’s internal wall 

[44] have also been made during the determination of the radiant energy field. The determination 

of the radiant energy field within a UV reactor is a delicate matter, and for this purpose, a 

comprehensive model is required. 

 

Figure 7. (A) shows two different UV-LED radiation profiles with the same viewing angle in polar 

coordinate. If UV-LEDs are modeled only based on their half viewing angles (𝜽𝟏
𝟐⁄
), two UV-LEDs with the 

same viewing angle but different radiation profiles (e.g., balloon shaped (B) and heart shaped (C)), will have 

the same simulated radiation distribution (D).  
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The propagation of UV rays across the reactor can be calculated by solving the Radiative 

Transfer Equation (RTE) using different numerical methods [45]. Among all, Monte Carlo and 

Finite-Volume methods have been commonly used for photoreactor modeling [46]. A ray tracing 

algorithm based on the Monte Carlo method is capable of handling complex geometries with 

accuracy, but getting an accurate solution is computationally intensive [47]. Similarly, in the finite 

volume methods, more computational resources are required if spatial and angular discretization 

increase [48]. In a 3-dimensional (3D) domain, obtaining a radiant field with high resolution needs 

powerful computers. For engineering application with limited resources, an accurate technique 

which requires less computational resources is preferable. The method of radiation modeling 

should be able to be implemented in general purpose computational fluid dynamics (CFD) 

software and enables the integration of radiation and hydrodynamics data in one platform. In 

general, the proposed method accelerates the design process by providing readily available 

radiation data during the reactor performance simulation. 

1.3.2 UV-LED microbial inactivation kinetic study 

Kinetics data are essential for UV reactor design and evaluation. The UV microbial 

inactivation is a function of fluence rate and exposure time. Therefore, the determination of the 

delivered fluence rate to a well-mixed microbial suspension is necessary to the UV inactivation 

study. The Collimated Beam Apparatus (CBA) [58] is usually used to irradiate a well-mixed 

microbial suspension inside a Petri dish. The CBA involves a UV lamp that irradiates the petri 

dish containing microbial suspension through a long tube, which ensures the delivered UV beams 

to the surface are parallel to the tube axis (Figure 8). Once the irradiance at the surface of the water 

in the Petri dish is measured, using four correction factors the delivered fluence rate is determined. 

The correction factors account for the divergence of beams, the reflection at the water surface, the 
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water absorption, and the uniformity of radiation at the water surface. The uniformity of radiation 

over the water surface is quantified using the Petri Factor, which is the average of irradiance 

divided by the irradiance at the center of the Petri dish. 

 

Figure 8. The schematic of the collimating beam apparatus (CBA) 

Due to the low power of a UV-LED and its angular radiation pattern, it is not practical to 

replace the UV lamp with a UV-LED in the CBA. Several studies have employed UV-LED water 

disinfection units [16,39,49,50], but each has applied different methods to quantify the delivered 

fluence rate to the microbial suspension in order to study the kinetic of UV-LED microbial 

inactivation. There are uncertainties associated with the kinetics data reported for UV-LEDs of 

various wavelengths [51]. The disagreements can be attributed to differences in the UV-LED 

fluence rate determination methods. 

The first essential step for studying UV-LED microbial inactivation is delivering the 

accurate estimation of the UV fluence rate to a well-mixed microbial suspension. It is only then 

that the UV fluence response data can be analyzed to calculate the inactivation rate constants. One 
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study performed biodosimetry1 with MS2 (a challenge organism) to determine the delivered 

fluence rate to a well-mixed suspension and used the obtained fluence rate to derive the kinetics 

of other microorganisms [52]. The results of such method should be used with extra care because 

microorganisms have different action spectra, and the calculated fluence rate for one organism 

cannot be directly used for another one unless they have the same action spectra. Besides, the 

accuracy of the derived kinetics depends on the accuracy of the biodosimetry test with MS2 in the 

first place, so this method inherently introduces extra experimental errors in the process of 

microbial kinetics study. Finally, it is not practical to perform the biodosimetry test before each 

microbial inactivation study because this technique is time-consuming, costly, and resource-

intensive.  

A validated numerical method could determine UV fluence rate fast and reliably. In an 

attempt to design the equivalent of an optimum collimated beam apparatus using the numerical 

technique to investigate the irradiance distribution on the water surface in a petri dish, the UV-

LED was modeled as a point source, so the radiation profile was similar to a cone, and the emission 

angles were limited to a predefined range [39]. As explained above, simplifying assumptions could 

lead to incorrect fluence rate determination. Kheyrandish et al. [42] used the LEDs’ radiation 

profiles to predict the irradiance distribution and fluence rate on the water surface. The study 

showed that at farther distances between UV-LED and the water, the uniformity of fluence rate 

increased, but the amount of delivered fluence rate decreased substantially compared to near 

distances [42]. Insufficient radiation energy imposes a long exposure time when a highly UV-

                                                 

1 Biodosimetry is a procedure through which the delivered fluence (dose) to microorganisms is measured 

[6]. 
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resistant organism or photochemical reaction is to be studied. This deficiency can be compensated 

by either placing UV-LEDs closer to the water or increasing the numbers of UV-LEDs.  

The new proposed UV-LED fluence rate determination method [22], which is a modified 

version of Bolton’s method [53], showed that placing a typical UV-LED 13 cm above the petri 

dish was sufficient to reach the acceptable range of collimation [22] (i.e., Petri factor > 0.9). The 

new proposed method requires the irradiance is measured across the water surface accurately, 

which needs a precise apparatus that is not always available. Furthermore, the amount of fluence 

rate of the single UV-LED 13 cm above the water, was one-tenth of that of usually seen for UV 

lamps. The low fluence rate requires a longer exposure time to deliver a required fluence. In the 

case of inactivating UV resistant organisms, such small fluence rate leads to hours of exposure, 

which is not practical. More UV-LEDs are needed to address the power deficiency. The problem 

with the increase in the number of UV-LEDs is that UV-LEDs must have the same emission 

spectrum. Currently, the nominal wavelength and FWHM of commercial UV-LEDs cannot be 

guaranteed. The UV-LED technology is not mature yet, and the peak wavelength may vary in the 

range of 10–15 nm for the same batch of UV-LEDs. DNA UV absorption changes significantly 

around 260 ± 20 (Figure 2), and the variations in the UV-LED emission spectrum could result in 

entirely different kinetics. For example, separate studies have reported different kinetic rate 

constants for 265 nm and 285 nm UV-LEDs [16,50], which implies the significance of the 

emission spectrum. Kheyrandish et al. [22] suggested that if a UV-LED is to be placed closer to 

water, a numerical model needs to be employed to account for all the phenomena that contribute 

to the radiant energy field distribution. Yet, the radiation modeling of UV-LED has not been 

employed to predict the fluence rate inside the water by considering accurate UV-LEDs’ radiation 
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profile and main phenomena (i.e., refraction, reflection, and absorption) that affect the radiation 

distribution.  

1.3.3 Development of an integrated model 

Generally, there are two methods of Lagrangian and Eulerian for UV reactor simulation 

using a CFD software package. In the Lagrangian method, a flow field is achieved by solving the 

governing equation of mass and momentum, and then particles (as a dispersed phase) are released, 

and their trajectories are computed using the equations of motions (Newton’s second law). The 

accumulated UV fluence for the particles is computed by considering fluence rate distribution 

inside the reactor and each particle trajectory. Finally, the overall performance of the UV reactor 

is obtained when the kinetic of microorganism is applied to the accumulated fluence of the particles 

[33]. The accuracy of the Lagrangian approach depends on the number of particles. Typically, a 

large number of particles is released to simulate the overall performance. However, particles 

cannot cover the entire numerical domain. Although the Lagrangian approach has been used for 

UV-LED reactor simulation [38], this method is unable to illustrate concentration and accumulated 

fluence distribution for the entire reactor, which is necessary for reactor modification and analysis 

of local performance. 

In the Eulerian framework, the conservation equations of mass and momentum along with 

species mass conservation equations are solved to obtain species concentration profiles across the 

reactor [34]. In the Eulerian modeling, the entire numerical domain is counted for the simulation, 

and each computational cell behaves similarly to a small completely-mixed reactor. This technique 

of simulation provides extra information such as the concentration distribution, the rate of reaction, 

and the accumulated fluence distribution. Concentration profile has the history of received fluence 

for all species from the inlet of the reactor all the way to the outlet. Therefore, the concentration 
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information can be converted into the accumulated fluence for the entire domain using the kinetic 

data. The accumulated fluence shows how species receive fluence throughout the reactor. This 

information along with the local fluence rate are two essential data for assessing the performance 

of a reactor as well as design optimization. Yet, to our knowledge, no published study has 

simulated UV-LED reactor in the Eulerian framework. 

1.3.4 An ideal UV-LED reactor 

A UV-LED offers design flexibility. For example, UV-LEDs can be placed outside [38,44] 

or inside [50] a reactor and run wirelessly [54], thanks to their low DC power consumption. 

Although design flexibility is an advantage, at the same time, it adds up to the complexity of the 

process of the reactor design. Even though CFD simulation helps to understand how a reactor 

behaves, it does not suggest the most effective design for UV-LED reactors by itself. Theoretical 

work is required to study the concept of the ideal UV-LED reactor. Such concept opens the door 

for innovative designs and allows to investigate the conditions at which a UV-LED reactor can 

perform optimally. The knowledge that is derived from the ideal UV-LED reactor investigation 

allows harnessing CFD tool to design efficient UV-LED reactor.  

An ideal reactor delivers the maximum fluence, but to our knowledge, the concept of ideal 

design for UV-LED reactors has not been discussed in the published studies. Quantifying the 

maximum deliverable fluence contributes to the field of reactor design in different ways. 

Generally, it sheds light on the room for design improvement and serves as a fundamental equation 

for feasibility studies and initial cost estimation for the implementation of UV-LED water 

treatment systems.  
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1.4 Objectives and thesis outline 

This project aims to develop and evaluate a computational model to simulate UV-LED 

reactors for water disinfection. This computational model inherently requires models for 

hydrodynamics, radiation, and the kinetics of inactivation. The hydrodynamics of the UV-LED 

reactors are similar to those of UV lamps; therefore, based on the information provided in the 

literature, the appropriate models are chosen for the simulation of the flow field.  

The development of an accurate radiation model for UV-LEDs is required to determine the 

radiant energy field for building an integrated model of reactor performance. For this purpose, the 

UV-LED is modeled by considering its actual radiation pattern as well as the phenomena such as 

refraction, reflection, and absorption of UV rays during the propagation inside the reactor. The 

radiation model is assessed by different techniques such as radiometry and actinometry. Chapter 

2 presents the details of the radiation modeling. 

The kinetics data of microbial inactivation are necessary for reactor modeling and 

evaluation. This study presents the numerical method, which can be applied to any UV-LED, for 

the determination of the delivered fluence rate to the microbial suspension in the Petri dish. Chapter 

3 provides a detailed explanation of the numerical method along with the experimental data which 

were used for the model evaluation. 

In Chapter 4, the procedures for developing a CFD-based model (integrated model) that 

simulates UV-LED reactors in the Eulerian framework are described. The integrated model is 

evaluated by biodosimetry technique in various operating conditions such as different flow rates, 

UV-LED configurations, and input powers. This chapter provides a detailed explanation for 

performance assessment and design modification. 
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The concept of an ideal UV-LED reactor is investigated in Chapter 5, and a mathematical 

formula is developed for the calculation of the maximum delivered fluence (dose). Chapter 5 

shows the application of the integrated model and demonstrates the efficiency of a UV-LED 

reactor if the concept of the ideal UV-LED reactor is implemented. Finally, Chapter 6 presents a 

summary of this research study along with some recommendations for future studies. 

1.5 Significance 

This study proposes a general method for simulating UV-LED radiation by simplifying the 

radiative transfer equation when the UV-LED radiation profile is modeled accurately. The method 

incorporates all the attenuating factors happening during the UV ray propagation. The effects of 

reflection from the internal wall surfaces are also considered, which allows investigating the 

radiation distribution within a reactor with reflective surfaces. This method is not available by 

default in the commercial CFD software packages (e.g., ANSYS Fluent). The proposed numerical 

procedure can be implemented in general-purpose CFD software packages to simulate the 

radiation distribution of any UV-LED reactors with arbitrary geometry. This method requires less 

computational resources than the ray tracing and control volume techniques. 

The kinetics data are essential for photoreactor design and evaluation. The accuracy of the 

kinetics data depends on the determination of the delivered fluence rate. This study develops a 

numerical method to determine the delivered fluence rate to the microorganisms suspended in 

water, which undergo photochemical reactions during UV exposure. The developed model can be 

implemented to study the kinetics of any photochemical reaction induced by UV-LED irradiation. 

Using the developed method, the fluence rate in a solution can be accurately estimated regardless 

of the position of UV-LED, the number of UV-LEDs, and the geometry and size of the container.  
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The UV-LEDs impose different effects on microorganisms depending on their emission 

spectra. When a reactor has various UV-LEDs of different wavelengths, the effect of each UV-

LED needs to be modeled separately, resulting in a more complicated simulation which requires 

higher computational resources. An alternative approach can be the use of the same kinetics data 

for all UV-LEDs if their germicidal powers are used. To do so, this study finds the germicidal 

efficiency of UV-LEDs based on the emission spectra of UV-LEDs and the action spectra of 

microorganisms and used the 254 nm kinetics data obtained from the standard protocol [55]. This 

study uses the action spectra of E. coli and MS2 instead of their DNA action spectra because the 

microorganism action spectrum encompasses all the inactivation effects induced by UV exposure 

and truly represents what happens in reality. This method eliminates the necessity of developing 

the kinetics data for each UV-LED and leads to reliable information. Also, this method makes the 

simulation of the reactors which comprise different UV-LEDs more efficient because a single 

kinetics equation is solved for all UV-LEDs.  

The design and optimization of a UV-LED reactor are challenging. Identifying areas with 

poor performance and prioritizing them requires the simultaneous analysis of the local fluence, 

accumulated fluence, and concentration profiles. Such invaluable pieces of information cannot be 

obtained by the Lagrangian modeling. This study proposes a general guideline for simulating UV-

LED reactor in the Eulerian framework along with a method for the prioritization of low 

performing regions. The robust CFD-based model developed in this study can be utilized as an 

engineering tool to design, optimize and scale-up UV-LED reactors. Further, the proposed method 

can be applied to any similar photoreactor to improve efficiency.  

The maximum performance of a UV-LED reactor is a piece of key information because by 

comparing the simulation results and the maximum performance, the room for the design 
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improvement is identified. This study proposes an ideal UV-LED reactor and develops a 

mathematical formula that estimates the maximum possible fluence that can be delivered by a 

single UV-LED. Based on the mathematical formula, the power consumption and the number of 

UV-LEDs can be determined even before simulating the reactor, which is a valuable piece of 

information during the feasibility studies. The formula can be applied to similar UV-LED system 

to estimate the power consumption and/or the maximum performance. 
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Chapter 2: A general method for the radiation modeling of UV-LED 

2.1 Introduction 

As explained in Chapter 1, the interaction of radiant energy field and hydrodynamics 

determines the delivered UV energy to each microorganism and the overall disinfection 

performance of a UV reactor. Therefore, it is essential to predict the radiant energy field inside a 

UV reactor accurately. Different radiation models have been developed for UV lamps [56–59]; 

however, since UV-LED is a directional radiation source with different radiation profiles, UV 

lamps radiation models cannot be directly applied to UV-LEDs. Moreover, since UV-LED is 

polychromatic [36], the absorption spectra of media such as the quartz window and the water need 

to be considered for the simulation of the UV rays propagation. To simulate radiation distribution, 

UV source geometry and its characteristics, the propagation of rays through different media, and 

the reflection from the reflective surfaces need to be considered. 

The attempts for UV-LED modeling and the integration of the radiation model into CFD 

software programs were reviewed in Chapter 1. The developed radiation models have drawbacks 

such as the simplification of UV-LED radiation profile, the neglection of UV reflection from 

internal surfaces, and the lack of attention to the emission spectrum of UV-LEDs (i.e., 

monochromatic assumption). It has been reported that employing simplified radiation profiles for 

UV-LEDs results in incorrect fluence rate determination in a petri dish [42], which is one of the 

simplest types of photoreactors. Given the complexity of the UV rays propagation in a flow-

through reactor, applying such models to the real-world problems leads to incorrect predictions.  

The study of the effect of reflection on microbial inactivation in a batch reactor showed the 

cultivating of the reflected rays could significantly improve fluence rate [43,60,61], and such 
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results suggest that the UV reflection needs to be considered in the radiation modeling of a flow-

through UV-LED reactor as well. 

UV-LED is typically modeled as a monochromatic radiation source, but the validity of 

such an assumption needs to be studied. The absorption coefficient of the water and the commercial 

grade quartz vary over the germicidal range. Around 260 nm, the variation of the water absorption 

coefficient is negligible. However, the absorption coefficient of the commercial grade quartz 

increases with wavelength. Since UV-LED is polychromatic, the weighted average of the 

absorption coefficient of the quartz seems a better approach. Another effect of the variation of the 

quartz absorption coefficient on the reactor simulation relates to its effect on the spectrum of light 

that is sensed by microorganisms. Since the absorption varies by wavelength, the emission 

spectrum of light source alters after passing through the quartz window. Basically, the window 

behaves as a light filter which selectively reduces the energy of some photons. The microbes 

receive the emission spectrum after the quartz window, so they could exhibit different kinetics 

than what is observed in the collimated beam apparatus. Yet, the effect of quartz absorption on the 

radiation distribution and germicidal efficiency have not been considered in the radiation 

modeling. 

Apart from the development of a reliable radiation model, the evaluation of that is also 

challenging. The main challenge is that there is not a detector to measure the fluence rate in the 

water. The challenge, however, can be addressed by measuring the irradiance using a radiometer 

when the reactor is empty. A radiometer (detector) is a device that measures the total irradiance 
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incident on a sensor1 element [7]. Despite the approval of radiometry test, it is a sensitive 

experiment. The size of the sensor and the orientation of the detector are two critical parameters 

that affect the credibility of the radiometry test. The details of the sensor size and its effects on 

irradiance measurements can be found elsewhere [36]. Overall, measuring irradiance in the entire 

reactor is very time-consuming and sometimes reactor geometry limits such measurements. 

Further, it is not practical to immerse the detector in water to measure irradiance. As for 

UV-LED reactors, irradiance measurement requires a tiny detector which is not always available. 

To cope with the mentioned difficulties, photoluminescence processes were used to capture the 

irradiance distribution in air and water in order to qualitatively investigate the radiation model 

predictions. In the photoluminescence processes the intensity of light is related to the energy of 

the absorbed photons; therefore, the captured light distribution using the photoluminescence 

process can be used for the evaluation of the radiation model predictions. 

In this study, a method for the modeling of the radiant energy field of a UV-LED reactor 

is proposed by considering the actual radiation profile of the UV-LED, the absorption of media, 

refraction and reflection at air/quartz/water interfaces, and the internal wall reflection. In this 

method, RTE is simplified so that it can be solved for any UV-LED. The proposed radiation model 

was primarily intended to be integrated into a commercial CFD software package to simulate the 

performance of a UV-LED reactor. In this project, ANSYS Fluent was used to implement the 

proposed method. The irradiance was evaluated qualitatively and quantitatively using 

photoluminescence processes and radiometry test, respectively.  

                                                 

1 The sensor consists of a photocell that generates electricity once hit by photons [7]. The amount of current 

pertains to the photons’ energy 
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2.2 Material and methods 

2.2.1 Radiation model 

The propagation of photons in an absorbing, scattering, and emitting medium in space is 

described by the radiative transfer equation. For a monochromatic wavelength, RTE in steady-

state condition can be written as:  

𝑠. ∇𝐼(𝑥, 𝑠) + (κ + 𝜎𝑠)𝐼(𝑥, 𝑠) = 𝜅𝐼𝑏(𝑇) + 𝜎𝑠 ∫ 𝜙(𝑠, 𝑠′)𝐼(𝑥, 𝑠′)𝑑Ω(𝑠′

4𝜋

) (1) 

where 𝐼 is the radiant intensity, x is the position vector, s is the directional unit vector, κ is the 

absorption coefficient, 𝜎𝑠 is the scattering coefficient, 𝐼𝑏 is the black body emissivity function that 

depends on the medium temperature (T), 𝜙 is the phase function for the in-scattering of photons, 

Ω is the solid angle about the scattering direction vector s′. On the left-hand side of Equation 1, 

the first and second terms describe the change of radiant intensity, and energy loss due to 

absorption and out scattering, respectively. The right-hand side describes intensity gain due to 

medium temperature and in-scattering effect.  

Before simplifying RTE, it should be noted that water disinfection is the final step of the 

water treatment process, and there is typically no particulate matter in the water to scatter light 

(i.e., 𝜎𝑠~0). Also, UV emission due to water temperature is extremely low; therefore, the 

magnitude of black body emission is negligible (i.e., 𝐼𝑏~0). Finally, since the medium is 

homogenous, it is assumed the absorption coefficient is constant and is not a function of the 

direction vector (i.e., κ is isotropic). Because 𝑠. ∇𝐼(𝑥, 𝑠) is equivalent to 
𝑑𝐼(𝑥,𝑠)

𝑑𝑠
, RTE in its integral 

form can be written as follows (Equation 2):  

𝐼(s) = 𝐼𝑜(s) ∗ 𝑒∫ 𝑘 𝑑𝑥
𝐿
0  (2) 
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where 𝐼(𝑠) and 𝐼0 (𝑠) are the radiant intensity of the emitter at the distance of L and the radiant 

intensity of the emitter at the source, all for the specific direction vector (s), respectively. 

According to the irradiance and intensity definitions [7], irradiance for a specific direction, s, on 

an infinitesimal circular area, A, is equal to 
𝐼(s)∗s

𝐴
 [48]. For an infinitesimal circular area, s can be 

approximated as 
𝐴

𝐿2  cos (𝛽), where β represents the incident angle on the area. Substituting the 

solid angle with its approximation results in irradiance equation (Equation 3).  

𝐸(s) =
𝐼(s) cos(𝛽)

𝐿2
𝑒−∫ 𝑘 𝑑𝑠

𝐿
0  (3) 

where 𝐸 (𝑠) is the irradiance for a specific direction vector (s). The radiation pattern of any UV-

LED can be substituted as 𝐼(𝑠). Here, in order to accurately capture the UV-LED radiation profile, 

Equation 4 which was proposed by Wue et. al. [62] was fit to the LED normalized radiation profile 

(NRP) (i.e., Γ = 1). After substituting the order of Lambertian, m— which was given by the semi-

angle at a half illuminance of the LED, θ½ (i.e., 𝑚 =
−𝑙𝑛2

ln (𝑐𝑜𝑠 𝜃1
2

)
)—the constants C0–C4 were 

obtained. 

𝐼(𝜃) = Γ(𝐶4𝜃
4 + 𝐶3𝜃

3 + 𝐶2𝜃
2 + 𝐶1𝜃 + 𝐶0)𝑐𝑜𝑠

𝑚𝜃 (4) 

Since it was assumed that NRP was symmetric around the UV-LED normal axis and did 

not depend on an azimuthal angle, Equation 4 was expressed as a function of emission angle, θ; 

thus, 𝐸 (𝑠) turned to 𝐸 (𝜃). An experimental measurement was needed to obtain the magnitude 

of Γ, and consequently the actual radiation profile. The integral of 𝐸 (𝜃) over the surface of a 

hemisphere with an arbitrary radius, R, was calculated and compared against the radiant flux 

measured by an integrated sphere. In this way, the power of a UV-LED can be conveniently 

adjusted using Γ.  
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The propagation of photons through the media is affected by refraction, reflection, and 

absorption. As shown in Figure 9, the UV source is typically separated from the water by means 

of a quartz window, and due to the differences in the refractive indices of the media, UV beams 

undergo refraction at air/quartz/water interfaces. The direction of the refracted rays was calculated 

using the following equation (Equation 5):   

𝑟𝑖+1 = (
𝑛𝑖

𝑛𝑖+1
) 𝑟𝑖 + [(

𝑛𝑖

𝑛𝑖+1
) (−𝑁⃗⃗⃗𝑖. 𝑟𝑖) − √1 − (

𝑛𝑖

𝑛𝑖+1
)
2

(1 − (−𝑁⃗⃗⃗𝑖. 𝑟𝑖)
2
) ] 𝑁⃗⃗⃗𝑖 (5) 

where 𝑟𝑖+1 is a refracted vector, 𝑟𝑖 is a ray vector, subscript i points to the medium number, n is 

the refractive index, and 𝑁⃗⃗⃗ is the normal vector of the interface. Given UV-LEDs are separated 

from water using a quartz window, there are three media air, quartz, and water that need to be 

taken into consideration. The refractive indices of air, quartz, and water are 1, 1.48, and 1.37, 

respectively. According to Fresnel’s law, a part of the energy of the refracted beams is reflected 

back at the interfaces and get lost (i.e., R1 and R2 in Equation 6). In addition to refraction and 

reflection, UV beams lose energy along their path due to the absorption. Equation 6 expresses the 

irradiance function by considering the effect of absorption, refraction, and reflection. As explained 

earlier, since fluence rate is not a function of incident angle, if the 𝑐𝑜𝑠(𝛽) is removed from 

Equation 6, the fluence rate equation is obtained. Fluence rate is the most determinant information 

for the prediction of the delivered fluence (UV dose) to microorganisms.  

𝐸(θ) =
𝐼(θ) cos(𝛽)

(𝐿1 + 𝐿2 + 𝐿3)2
(1 − 𝑅1)(1 − 𝑅2)𝑒

−(𝜅1.𝐿1+𝜅2.𝐿2+𝜅2.𝐿3) (6) 
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In addition to the direct irradiation, reflected rays from internal walls contribute to the 

radiant energy field. When rays hit the reactor wall, a part of their energy is reflected back to the 

medium. The reflected beams bounce back, but they lose a great deal of their energy during the 

subsequent reflections. Thus the first reflection was considered in this study. In general, the energy 

is reflected specularly, diffusely, or a combination of both. Since there is not an external UV source 

that adds to the reflected energy from the walls at the boundaries, the intensity of reflected light, 

𝐼𝑟𝑒𝑓𝑙𝑒𝑐𝑡𝑖𝑜𝑛, can be written as:  

𝐼𝑟𝑒𝑓𝑙𝑒𝑐𝑡𝑖𝑜𝑛 = (𝛼𝑑𝑖𝑓𝑓𝑢𝑠𝑒)𝐼𝑑𝑖𝑓𝑓𝑢𝑠𝑒 + (1 − 𝛼𝑑𝑖𝑓𝑓𝑢𝑠𝑒)𝐼𝑠𝑝𝑒𝑐𝑢𝑙𝑎𝑟 (7) 

Figure 9. Schematic description of refraction and reflection at air/quartz/water interfaces, where i=1, 

2, and 3 point to air, quartz, and water, respectively. 𝒓⃗⃗𝒊, 𝑹⃗⃗⃗𝒊, 𝑵⃗⃗⃗𝒊, and Li are ray vector, reflected vector, the 

normal vector of the interface, and the travelled path lengths in the ith medium, respectively. θ and β presents 

the emission angle and the incident angle on the internal wall, respectively. D1 is the distance between LED dye 

and the first interface, D2 is the thickness of the quartz sheet. In this study, D1 and D2 are 500 µm and 3 mm, 

respectively 
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where 𝐼𝑑𝑖𝑓𝑓𝑢𝑠𝑒, 𝐼𝑠𝑝𝑒𝑐𝑢𝑙𝑎𝑟, and 𝛼𝑑𝑖𝑓𝑓𝑢𝑠𝑒 are the intensity of diffusely reflected radiation, the 

intensity of specularly reflected radiation, and the diffuse coefficient of reflective surface, 

respectively. The diffuse coefficient relates to the characteristics of the material of the reactor. For 

transparent material, the amount of specular reflected energy is calculated according to Fresnel’s 

law, and the direction of a reflected ray (𝑅⃗⃗3) is determined using Equation 8. As for the diffuse 

reflection, the diffusely reflected energy is obtained by dividing the radiant power by 𝜋 [63] and 

uniformly spread across the space. 

𝑅⃗⃗3 = 𝑟3 − 2(𝑟3. 𝑁⃗⃗⃗3)𝑁⃗⃗⃗3 (8) 

2.2.2 The absorption coefficient of quartz 

Since the transmittance of commercial grade quartz changes over the so-called germicidal 

range (200–280 nm) and UV-LED is a polychromatic UV source [36], the weighted average of 

quartz UV Transmittance (UVT) was used in calculations.   

2.3 Strategy to implement the radiation model 

ANSYS 18.2 simulation package was used to build and discretize the problem domains of 

the UV-LED reactor via 742539 hexahedral meshes. Since simulation using 2259416 hexahedral 

meshes had negligible impact on the irradiance and radiant energy distribution, the simulation 

results were assumed to be mesh independent. To implement the radiation model, the normal 

vectors of the computational cell which lie on the quartz-water interface and the internal wall 

surfaces were captured and stored in the memory. Next, ray vectors were generated and the radiant 

energy field across the reactor, as well as the irradiance on the internal wall surfaces, were 

calculated and stored in user-defined memories. The angle between the incident ray and the normal 

vector of the quartz-water interface was used to calculate refracted ray. Since the quartz was not 

part of the numerical domain, all the relevant calculations to air-quartz interface and quartz 
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absorption were included in the user-defined function. The irradiance and the direction of the 

incident ray along with the reflection properties of the internal wall surface were utilized to 

calculate the irradiance and/or fluence rate derived from the reflected rays. The stored normal 

vectors of the internal wall surfaces were used to calculate the inverted ray vector during the 

specular reflection. In the end, the sum of the direct irradiation and the reflected irradiation was 

reported as the total irradiance. All the aforementioned steps were programmed and implemented 

using user-defined functions. 

2.4 Experimental methods 

2.4.1 Characterization of UV-LEDs  

Four UV-LEDs with the balloon shape radiation profile but slightly different emission 

spectra and various power outputs (Figure 10) were selected for irradiating the reactor. The UV-

LEDs radiant flux was measured using a custom-designed holder, securing the LEDs at 5/8" input 

port of a calibrated 2" integrating sphere (IC2 StellarNet Inc.). The integrating sphere was operated 

at 10 ms integrating-time at 200–400 nm collecting wavelength, coupled to a spectrometer 

(StellarNet Inc. BLACK-Comet UV-VIS) via a Sub-Miniature Assembly (SMA) fiber optic. 

The UV-LEDs’ outputs were measured at 350 mA and 400 mA using the integrating 

sphere. The outputs of LED1–LED4 at 350 mA and 400 mA were 12.0, 6.2, 8, 15.3 mW and 12.9, 

8.6, 9.3, 16.4 mW, respectively. Considering the UV-LED’s power-current relationship, which 

was provided by the manufacturer, each UV-LED’s output at the current of interest (e.g., 375 mA) 

was calculated by interpolation of the measured values.  
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Figure 10. Left: UV Transmittance of the commercial grade quartz changed over the emission spectra 

of the four UV-LEDs. The UV-LEDs have different peak wavelengths ranging from 265 nm to 275 nm. Right: 

the balloon shaped relative radiation profile of the UV-LEDs with a half viewing angle (θ1/2) of 52.5˚. 

2.4.2 UV-LED reactor geometry and operation 

The UV-LED reactor consisted of a 5-cm plexiglass pipe with a length of 17-cm to 

incorporate four UV-LEDs, which were in a row and 3.175 cm apart from each other (Figure 11). 

The UV-LEDs were separated from the water using a 3-mm-thick commercial grade quartz sheet 

(Technical Glass product, Inc.). In order to accurately install UV-LEDs on the intended place, a 

3D printed holder was used. To effectively control the temperature of each UV-LED during the 

operation, the heat dissipation was managed using a combination of a thermoelectric cooler, a 

heatsink, and a fan (Figure 11).  
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Figure 11. Left: the schematic of the side view of the cylindrical plexiglass UV-LED reactor 

incorporating four UV-LEDs. Right: a close view of the longitudinal cut of a UV-LED reactor illustrating 

quartz (A), UV-LED (B), a thermo-electric cooler (C), heatsink (D), and fan (E). 

2.4.3 UV visualization using photoluminescence processes 

The investigation of irradiation distribution with high resolution requires a detector with a 

small surface area and precise apparatus, which is not always available. In addition, measuring the 

irradiance for a large number of points in a reactor is time-consuming. Using a photoluminescence 

process, UV distribution over a large area can be captured fast with high resolution. Another 

advantage of this technique is its usefulness for identifying the dark area with minimum resources.   

The typical white paper was found to exhibit the properties similar to those of a fluorescent 

material that absorbs UV radiation and re-emits blue light. As a qualitative method of irradiation 

assessment and to visualize the overall radiation pattern inside of the reactor, a white paper was 

put on at Z=0 cross section (Figure 12) to capture a full picture of irradiance distribution. 

Furthermore, using Rhodamine WT (CAS 37299-86-8), a fluorescent chemical, UV radiation in 

water was visualized to be used for qualitative irradiation model assessment. 
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2.4.4 Irradiance measurement using radiometry 

The irradiance on the axis of the reactor was measured by a spectrometer (Ocean Optics 

USB 2000+ UV/Vis). Figure 12-A shows a schematic of the setup including the placement and 

direction of the optical fiber. The detector was equipped with an optical fiber to have better access 

to the inside of the reactor. To account for the incident angles, a cosine corrector diffuser with 

180° viewing angle (CC-3-UV-S, Ocean Optics) was installed on the optical fiber (Figure 12-B). 

To move the detector inside the reactor, the detector was held tightly by two clamps mounted on 

a non-reflective rod secured on a manual lab jack. The jack was mounted on a single axis 

translation stage with 2 mm resolution. Due to the limitations of the setup, the optical fiber could 

not reach the end of the reactor to measure irradiance over the entire axis. Therefore, to measure 

the irradiance on the entire axis of the reactor, the detector was used in forward and backward 

modes. In the forward mode, the detector moves from Z=0 toward Z=17 cm (Figure 12-C), and 

the opposite was the case for backward mode (Figure 12-D). 
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Figure 12. (A) the setup for irradiance measurement on the axis (i.e., R=0) of the UV-LED reactor 

where A1 is a single axis translation stage, A2 is a manual lab jack, A3 is a spectrometer, A4 is optical fiber, A5 

is non-reflective rod, A6 is a clamp, A7 is a cosine corrector, A8 is the body of UV-LED reactor, A9 is UV-LED 

package. 𝒏⃗⃗⃗ , β, and ∆Z in (B) represent the normal vector of the cosine corrector, the incident angle on the 

cosine corrector, and longitudinal distance from the UV-LED, respectively. In the forward mode (C), the 

detector moved from the Z=0 cm toward Z=17 cm. In the backward mode (D), the detector moved from 

Z=17 cm toward Z=0 cm. 

2.5 Results and discussion 

2.5.1 Energy loss due to reflection at the interfaces 

The magnitude of reflectance from the first and second interfaces are different. The amount 

of energy loss due to reflectance depends on the distance of LED from the quartz sheet, the 
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refractive indices of the media, and the radiation profile of UV-LED. The most important factor 

is, however, the distance between LED and the quartz sheet, in a sense that the farther UV-LED 

gets, the less energy is lost due to reflection. UV-LEDs are typically very close to the quartz 

window to harvest all the photons for the inactivation. Given the size of UV-LEDs, the UV-LED 

chip is ~500 µm (the distance that has been chosen for this study) away from the quartz sheet. The 

minimum amount of reflections from the first and second interfaces are 4%, and 0.2% which 

means, at best, 4.2% of incoming energy is wasted due to reflection.  

Table 2 shows the normalized average fluence rate inside the reactor in three different 

scenarios. In the first scenario, the effect of reflectance was not included, and the average fluence 

rate (E0), was chosen as the basis for the comparisons. In the second scenario, only the effect of 

the first interface was considered. As for the last scenario, the reflectance from both interfaces was 

taken into consideration. As seen (Table 2), the amount of the fluence rate dropped 6% after 

including the reflection from the first interface (R1). Due to a significant difference between air 

and the quartz refractive indices and large incident angles, most of the radiant energy is lost at the 

first interface. Once the reflection from both interfaces was considered (the third scenario), the 

delivered fluence rate further dropped, and the overall radiant energy loss reached 7%. Note, the 

attenuation of radiation energy due to the absorption in all the scenarios were the same. The amount 

of energy loss can be different for UV-LEDs with different radiation profile. According to 

Fresnel’s law, the beams with larger incident angles lose more energy due to the reflection. This 

means that UV-LEDs with wide viewing angle lose more energy due to reflection compared to 

those with narrower ones.  

 



40 

 

Table 2. The normalized average fluence rate inside the reactor in three different scenarios. 

E0 1.00 

E0 × (1 − 𝑅1) 0.94 

E0 × (1 − 𝑅1) × (1 − 𝑅2) 0.93 
 

2.5.2 UV absorption of the quartz 

The quartz weighted UVT for LED1, LED2, LED3, LED4 were 88.1%, 88.7%, 90.7%, 

85.9%, respectively. If the UVT at the peak wavelength of each of the LEDs is selected, LED1–

LED4 exhibit UVTs of 88%, 88.5%, 91%, and 86%, respectively. The results show that the 

monochromatic assumption for the UV-LEDs posed negligible difference, so for the practical 

application, it is recommended to select the UVT at the peak wavelength of UV-LED.  

The absorption of UV in the quartz relates to its thickness and UVT. The thickness of the 

quartz windows is about few millimeters, and considering the reported UVT (85%–91%) of 

commercial grade quartz, the overall UV absorption within the quartz is a small amount. Given 

that, it is recommended to select an averaged UVT for a UV-LEDs from a narrow emission range 

(~10 nm) for practical application. In fact, including the variation of UVTs in radiant energy 

calculations adds up to the complexity of the modeling without significant effects. However, if the 

peak wavelength of UV-LED fall below 240 nm, the effect of quartz’s UVT becomes significant. 

For example, the UVT of quartz for a 254 nm UV-LED (73%) is significantly different from that 

of a 285 nm LED (92%).   

2.5.3 Irradiance assessment qualitatively 

To assess the capability of the radiation model in predicting the radiant energy field inside 

the reactor experimental studies were performed. In the first set of experiments, the radiation 

distributions in air and water were separately studied. In order to capture the light distribution on 
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the reactor wall, a white paper was rolled and covered the internal wall of the reactor. The bright 

region in Figure 13 shows the captured UV radiation on the white paper. UV-LED shined all the 

lateral cross section, and no dark area was seen (Figure 13-A1). The radiation distribution in water, 

however, was different from that of in the air. Figure 13-A2 and Figure 13-A3 show the radiation 

distribution of LED1 on lateral and longitudinal cross sections of the reactor in water, respectively. 

As seen, there is a distinct boundary between bright and dark areas (Figure 13-A2), and the 

captured pattern looks like a cone with the angle of ~40°. The captured pattern illustrates that the 

UV-LED radiation profile shrinks in water, and there is almost no light beyond 40°. This happens 

because of the refraction at the air-quartz interface. Additionally, at larger polar angles, due to 

more reflection at the air-quartz-water interfaces (due to Fresnel’s law) along with less emitted 

UV rays, regions beyond the dash lines appear darker. As seen in Figure 13-A2 and Figure 13-A3, 

light intensity around the normal axis of UV-LED is higher compared to larger polar angles, and 

this aligns with the UV-LED’s balloon shape radiation profile (Figure 10).  

Figure 13-B1–Figure 13-B3 show the simulated radiation distribution in the air and water 

on the lateral and longitudinal cross sections of the reactor. As seen, the prediction of the cone of 

radiation, the attenuation of the radiation energy, and the dark area agrees well with the visualized 

pattern. According to Snell’s law, the maximum refracted angle at the quartz-water interface is 

47° which is higher than the experimental value (i.e., 40°) indicating that low energy rays may not 

be entirely visualized by this method in water.  
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Figure 13. A1 shows the captured pattern on the white paper covered the lateral cross section of the 

pipe (Z=3.5 cm) without the presence of water. A2 and A3 show, in turn, the visualized UV pattern at lateral 

(Z=3.5 cm) and longitudinal cross sections in water using Rhodamine WT. B1–B3 are the simulated normalized 

radiation distributions that pertain to A1–A3, respectively.  

Another set of experiments were performed to study the effect of reflection on the radiation 

distribution. Figure 14-A illustrates the radiation distribution of LED1 on the lateral cross section 

of Z=0 cm. Figure 14-A clearly shows that the radiation pattern is symmetric about R-axis, the 

central part is lighter, and there is a dark arc in the areas closer to LED1 (on top of the pipe). In 

Figure 14-B, a double-arc shape lit area is also seen; which is a result of specular reflection. Once 

the reactor’s internal wall was covered by an absorptive material, the double-arc pattern 

disappeared. Figure 14-A2 and Figure 14-B2 show the irradiance distribution in grayscale where 

black color points to the darkest area and white color shows the brightest points. As seen the 
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simulated irradiance (Figure 14-A3 and Figure 14-B3) agree well with the captured light patterns 

(Figure 14-A2 and Figure 14-B2). The position and breadth of the dark arc and lit heart shape were 

predicted successfully indicating the capability of the irradiation model. Note, since the paper had 

roughness causing shadowing effects, the visualized pattern was not as smooth as the simulation 

results. It should be noted that the radiation pattern was captured once the reactor was empty. If 

the reactor is filled with water, fewer UV rays will reflect back (Fresnel’s law) because the 

refractive indices of water (1.37) and plexiglass (1.5) are close to each other. 

 

Figure 14. The light distribution on the lateral cross section (i.e., Z=0 cm) without (top) and with (bottom) 

the internal wall reflection when LED1 was operating. The Z axis lies on the center of the pipe and its direction is 

inward. UV-LED is shown on the top of the pipe using a half-circle. The processed image (B) and simulated 

irradiance distribution (C) are shown light distribution in a gray scale.  
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2.5.4 Irradiance assessment quantitatively 

UV visualization using a photoluminescence process was an easy way to evaluate the 

radiation predictions; however, an accurate method is still required to quantify the error of 

prediction. The radiometry is a reliable technique that is commonly used for irradiance 

measurement. As seen earlier, in the photoluminescence process low energy beams cannot be 

detected, but radiometry can differentiate UV radiation energy to higher degrees. To evaluate 

radiation model, irradiance on the axis of the reactor was measured using the radiometer.  

2.5.4.1 Comparison of the simulated and experimental irradiance on the axis of the 

reactor 

Figure 15 presents the simulated and experimental irradiance distribution of each UV-LED 

on the reactor axis where the horizontal axis presents the longitudinal distance from the UV-LED’s 

normal axis (i.e., ∆Z in Figure 12). As seen in Figure 15, at zero longitudinal distance the irradiance 

reaches zero due to the incident angle of 90°, but it increases sharply and grows to its maximum 

around ∆Z=1.5 cm. Next, the irradiance initially drops fast and then gradually reaches small values 

at farther distances. This fast increase and decrease near the UV-LED were observed because the 

incident angle of rays on the detector change sharply near UV-LED, where a high density of 

photons existed.  

Since the UV-LEDs had different radiant powers, their maximum irradiances varied 

between about 90 
𝜇𝑊

𝑐𝑚2 and 250 
𝜇𝑊

𝑐𝑚2. Figure 15 shows that the variation of irradiance over the axis 

for each individual UV-LEDs successfully captured by simulation. The predictions agreed well 

with the measurements at farther distances; however, a deviation from the simulation is observed 

at the distances closer to the peak of irradiance distributions; the deviations grow further for more 

powerful UV-LEDs such as LED1 and LED4. There are two reasons for the deviations. First, the 
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simulation represents local irradiance, whereas the detector measures the average of collected 

irradiance over the detector surface area. Since there was an irradiance distribution over the 

detector surface area, the effect of the detector size on the error of measurements increased as it 

approached to a UV-LED. Irradiance measurement at close proximity of a UV source come with 

relatively larger errors especially in a nonparallel radiation field [64], which is the case in this 

study. Second, the inaccuracy of the orientation of the detector at closer distances to UV-LED 

could increase the error of the measurements. A tilted detector could measure a markedly different 

value at the closer distances to UV-LED, where the density of photons in the space was higher 

than the farther distances and the effect of incident angle is more important. 
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Figure 15. Irradiance measurements in the Forward and Backward modes along with the simulation 

predictions on the axis of the reactor. The x-axis shows the longitudinal distances from UV-LED, and the error 

bar shows the standard deviation of three independent tests.  A–D correlates with LED1–LED4 in chronological 

order. At the longitudinal distance of 0 cm, the detector’s surface (which is normal to the LED normal axis) is 

positioned under LED center (i.e., incident angle=90°), and as a result, the detector does not receive any 

radiation. 

In flow-through UV-LED reactors, more than one UV-LED is typically used to inactivate 

microorganisms (e.g., [19, 36, 37, 45]), so an irradiation model should be able to simulate the 

combined effect of all UV-LEDs reliably. To assess the accuracy of the simulations further, the 

irradiance of all UV-LEDs on the axis of the reactor was measured in backward mode.  



47 

 

Figure 16 presents the experimental and simulated irradiance distribution on the axis of the 

reactor when all of the UV-LEDs were operating. Vertical lines also show the approximate position 

of the UV-LEDs on the horizontal axis. As seen, there are four peaks along the axis, and the highest 

peak happens after LED4 (the most powerful UV-LED) at ~Z=14.5 cm. Since LED4 is in front of 

other UV-LEDs, the first peak from right presents the combined irradiance of all UV-LEDs (given 

the detector direction and orientation). The trend of fluence rate along the axis shows that the 

fluence rate sharply falls after each peak and its minimum amounts coincide with the LEDs’ 

locations. This happens because the angle between the normal detector surface and LED’s normal 

vector becomes 90° when the detector lies under the LED. Taking the orientation of the surface of 

the detector into consideration, the detector could not receive any radiation at Z<3.5 cm. This 

agrees with simulation prediction. As seen, the radiation model could successfully predict the rise 

and fall of the fluence rate, the magnitude of peaks, and the positions of the inflection points across 

the axis. The close agreement between experimental and simulation results shows the capability 

of the proposed model to predict irradiance where multi UV-LED is used.  
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Figure 16. The distribution of the experimental and simulated irradiance in the backward mode on the 

axis of the reactor when all UV-LEDs were operating. The error bars show the standard deviation of three 

independent tests. Vertical lines on the Z-axis show the approximate positions of LEDs.  

2.6 Summary 

In this study, a numerical method was proposed for modeling the radiant energy field in a 

UV-LED reactor. The effect of refraction, reflection, and absorption, as well as the reflection from 

relevant surfaces, were considered in the radiation modeling. It was shown that UV energy is 

partially wasted due to reflection at air/quartz/water interfaces, and the larger the viewing angle 

becomes, the more energy is wasted. Compared to reflection, the impact of the refraction 

phenomenon was more significant so that the UV-LED radiation distribution shrunk in water and 

became different than that of in the air. It was found that UV-LEDs can be assumed as a 

monochromatic source for quartz UVT calculations. In addition, the quartz had a negligible impact 

on the emission spectrum of UV-LEDs. The study showed that 7% of UV energy is wasted to air 

and quartz and do not contribute to the radiant energy field when all the attenuating factors are 
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taken into account. In this study, UV visualization was employed as a convenient and fast method 

for capturing the UV-LED radiation profile. This approach allowed identifying the radiation 

profile in the water, which is not possible using a radiometer.  
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Chapter 3: UV-LED fluence rate determination by numerical and 

experimental methods for microbial inactivation studies 

3.1 Introduction 

As explained earlier, the simulation of a UV reactor entails the integration of three main 

phenomena hydrodynamics, radiation, and kinetics. Among all, the kinetics of microbial 

inactivation is necessary for the evaluation of the UV reactor. The performance of a UV reactor is 

assessed using a biodosimetry test. Biodosimetry is a procedure through which the delivered 

fluence (dose) to microorganisms is measured [6]. In this procedure, the amount of microbial 

inactivation during a UV process is measured and then converted to the fluence (dose) using the 

organisms’ fluence-response curve [6]. Given that, the reliable fluence-response curve (kinetics 

data) are immensely important for the evaluation of UV reactor’s performance. 

The differences between UV-LED and Low-pressure UV lamps were discussed in 

Chapter 1. In short, UV-LEDs are polychromatic radiation sources that offer various emission 

wavelengths and radiation profiles [36]. These features make UV-LEDs different from low-

pressure UV lamps. Due to the differences between UV-LEDs and UV lamps, the protocol that is 

currently used for UV lamps [53] cannot be directly applied to UV-LEDs. According to the 

protocol, quasi-collimated beams of a UV lamp are applied to the surface of a petri dish (containing 

microbial suspension), and the fluence rate inside the microbial suspension is calculated 

considering irradiance at the water surface and the four correction factors1. Typically, a UV lamp 

is placed 20 cm or farther normal to a Petri dish to achieve collimated beams. Since UV-LEDs 

                                                 

1 These factors are petri factor, divergence factor, water factor, and reflection factor which account for the 

collimation of beams, divergence of beams, the UV absorption of the microbial suspension, and the reflection from 

the surface of the water, respectively. 
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have low output, they cannot replace UV lamps in the collimated beam apparatus. To overcome 

the low intensity of radiation, UV-LEDs have been placed closer to the petri dish [50], or a large 

number of UV-LEDs have been used [19, 46]. In such studies, either a simplified UV-LED’s 

radiation profile has been used  [39], or the correction factors were not carefully employed [50]. 

Almost all the proposed and developed methods have tried to apply Bolton’s method [53] to UV-

LEDs to calculate fluence rate in a petri dish. For example, the recent study showed that placing a 

typical UV-LED 13 cm away from the water allows applying the correction factors [25] safely. 

Despite reasonable collimation, low fluence rates (one-tenth of the typical value which is typically 

observed for LP UV lamps) were obtained at such distance. To overcome the low fluence rate, 

Kheyrandish et al. [22] suggested the increase the number of UV-LEDs at farther distances or the 

development of a reliable radiation model to predict the fluence rate inside a Petri dish in shorter 

distances. There are, however, some concerns associated with using multiple UV-LEDs. UV-LED 

technology is not mature yet, and the emission spectrum of the produced UV-LEDs cannot be 

guaranteed. UV-LEDs from the same batch may have different emission spectra which lead to 

different kinetic rate constants. Therefore, the results of such experimental setups should be used 

cautiously. A reliable radiation model can be used for fluence rate determination, and yet such an 

approach has not been implemented.  

This chapter aims to apply the evaluated radiation model developed in Chapter 2 to 

determine the fluence rate inside a petri dish. This technique calculates the fluence rate regardless 

of UV-LED position and the geometry of the container. The precision of the radiation model on 

the water surface was assessed by radiometry and Iodide-Iodate chemical actinometry when the 

UV-LEDs were operating at two different forward currents. Further, the delivered fluence rates to 

the microbial suspensions (Escherichia coli (ATCC 11229) and MS2 (ATCC 15597-B1)) were 
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calculated in different operating conditions and were compared with the numerical predictions. 

The aim of such comparison was to test if by using the germicidal factor and the 254 nm fluence-

response data, the kinetic rate constants of microorganism can be estimated. The results showed 

that deriving germicidal factor based on the action spectra and emission spectrum of UV-LED 

leads to the calculation of the acceptable kinetics rate constants. 

3.2 Material and methods 

3.2.1 Characterization of UV-LEDs  

Table 3 shows the specifications of the UV-LEDs used in this study, based on the 

manufacturer's datasheets. The UV-LEDs with heart-shaped radiation profiles (Figure 17-A) and 

the nominal wavelengths of 265 nm and 275 nm were chosen to assess the accuracy of the 

irradiation model. The UV-LEDs of such peak wavelengths have frequently been used for water 

disinfection studies [16,38,39,43,50,65], and their microbial inactivation kinetics are of interest.  

Table 3. UV-LED specifications along with the relevant weighted average quantities  

 Parameter LED-1 LED-2 

Manufacturer datasheet 

λ peak (nm) 265 275 

Po (mW) 10 8 

2θ 1/2 130 124 

Weighted average quantities 

𝐺𝐸̅̅ ̅̅  B. Subtilis 1.11 1.02 

𝐺𝐸̅̅ ̅̅  E.coli 1.21 0.89 

𝐺𝐸̅̅ ̅̅  MS2 1.11 0.87 

𝑈̅ (MJ/Einstein) 0.446 0.432 

Quantum Yield (Φ̅) 0.53 0.40 
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Unlike LP UV lamps, the UV-LED emission spectrum (Figure 17-B) indicated that UV-

LED is not a quasi-monochromatic UV source. Figure 17-B shows the microorganisms' action 

spectra, the quantum yield (Φ𝜆) of the actinometry solution [66], and the energy carried by one 

mole of photons (einstein), 𝑈𝜆, change over the UV-LED's emission spectrum. In order to improve 

the prediction of UV-LED’s effect on the aforementioned quantities, the weighted averages were 

calculated [55]. To obtain weighted germicidal efficiency, 𝐺𝐸̅̅ ̅̅ , the LED’s relative emission 

spectrum and microorganism action spectrum were considered. The microorganism action 

spectrum, 𝐺𝜆, was defined as the biological photoresponse (i.e., germicidal effectiveness) of 

photons of wavelength λ relative to those at 253.7 nm. In this view, 𝐺𝐸̅̅ ̅̅  determines how effective 

a UV-LED is against microbial inactivation compared to an LP UV lamp (253.7 nm). To calculate 

the 𝐺𝐸̅̅ ̅̅  of each LED (Equation 9), the integral of the convolution of the UV-LED spectral power 

distribution ( 𝑃𝜆) and the microorganism action spectrum (𝐺𝜆) was computed and then divided by 

the integral of the UV-LED spectral power distribution. Similarly, when 𝑈𝜆 and Φ𝜆 separately 

substitutes 𝐺𝜆 in Equation 9, the weighted average of energy/einstein (𝑈̅) and quantum yield (Φ̅) 

is obtained, respectively.  

𝐺𝐸̅̅ ̅̅ =
𝑃𝑜

𝑃
=

∫  𝑃𝜆 ∗ 𝐺𝜆 𝑑𝜆
𝜆2

𝜆1

∫  𝑃𝜆
𝜆2

𝜆1
𝑑𝜆

 (9) 
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Figure 17. The radiation profiles of the UV-LEDs (A). The action spectra of MS2 and E. coli, the 

quantum yield of the chemical actinometry, and the energy of one mole of photons/the energy of one mole of 

254-nm photons (U/U 254nm) change over the UV-LEDs emission spectra (B).  

Typically, the LED’s germicidal power, Po, is the integral of the convolution of the LED 

spectral power distribution and B. subtilis action spectra [67] over the entire LED emission range. 

Po cannot be used directly in radiation modeling because it does not show the radiant power of the 

UV-LED. The UV-LED radiant power, P, is the integral of the LED spectral power distribution 

over the entire LED emission range. In this regard, Po is equal to P * 𝐺𝐸̅̅ ̅̅
𝐵.𝑆𝑢𝑏𝑡𝑖𝑙𝑖𝑠. Therefore, using 

the action spectra of B. subtilis [67] and the emission spectrum of each of the UV-LEDs, 

𝐺𝐸̅̅ ̅̅
𝐵.𝑠𝑢𝑏𝑡𝑖𝑙𝑖𝑠 and consequently P were achieved. Similarly, using the action spectra of E. coli and 

MS2 [68], the weighted germicidal efficiencies were calculated (Table 3). 

3.2.2 Setup for irradiance measurement  

Radiometry is a common method for irradiance measurement conducted on a flat surface 

[66]. The radiometer measurements were carried out with the spectrometer (Ocean Optics USB 

2000+ UV/Vis) positioned at the liquid surface height of the sample being irradiated. To account 

for the incident angles, a cosine corrector diffuser with a 180° viewing angle (CC-3-UV-S, Ocean 
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Optics) was installed on the detector. The setup was placed in a black box to avoid detector 

saturation. For each measurement, the UV-LED of interest was mounted downward on a height-

adjustable heat sink attached to the top part of the box. On the bottom of the box, the upward 

detector attached to an XY positioner was capable of measuring the irradiance distribution in a 

5 cm × 5 cm square with 0.5-cm resolution (Figure 18).  

 

Figure 18. Setup for UV-LED irradiance measurement on the surface: (A) Ocean Optics USB 2000+ 

UV/Vis; (B) X positioner; (C) Y positioner; (D) laboratory jack; (E) heat sink; (F) LED circuit board; (G) UV-

LED; and (H) black box. 

3.2.3 Setup for microbial and actinometry experiments 

Figure 19 shows the schematic of the experimental setup used for the microbial inactivation 

study. The UV-LED of interest was placed above the center of the petri dish, and its height was 

controlled by a translation stage with 100 μm resolution. The entire setup was enclosed in a black 

box to prevent any possible photoreactivation, and the irradiated samples were cultivated shortly 

after their exposure to minimize dark repair effects. The microbial suspensions were irradiated by 

two UV-LEDs of 265 nm and 275 nm, in two Petri dishes 5 cm and 9 cm in diameter, respectively, 

and the suspension was mixed during exposure. These Petri dishes are commonly used for 
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microbial inactivation studies. The water depths in the 5-cm and 9-cm petri dishes were 0.5 and 1 

cm, respectively. The UV transmittance of the suspension was measured at the corresponding UV-

LED’s peak wavelength before each experiment by a spectrometer (Cary 100 UV-VIS), and each 

experiment was carried out in triplicate. The vertical distances of UV-LEDs from the water surface 

were chosen so that all the available photons in the viewing angle range got to the water surface. 

Since UV-LEDs had different viewing angles, for the 5-cm petri dish, the vertical distances for 

265nm and 275nm UV-LEDs were 1.17 cm and 1.3 cm, respectively (e.g., the 265nm UV-LED 

vertical distance= 
𝑑𝑖𝑎𝑚𝑒𝑡𝑒𝑟/2

tan (
130 °

2
)

=
2.5 𝑐𝑚

tan (65 °)
= 1.17 𝑐𝑚). 

 

Figure 19. UV-LED bench-top setup for microbial inactivation. 

Due to the high absorption coefficient of the KI/KIO3 actinometry solution [66], all the UV 

radiation was absorbed in the first few microns of the solution surface. The solution is optically 

opaque to a wavelength shorter than 290 nm and blind to a wavelength longer than 330 nm [66], 

meaning that this solution absorbs UV radiation in the germicidal range, and ambient light does 

not have adverse effects on the measurements. Thus, the actinometry represents the fluence rate to 

the water surface and can be used for model validation. 
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The actinometry solution consisted of 0.6M KI, 0.1M KIO3, and 0.01M Na2B4O7 in 

100- mL water [66]. Due to small variations in KI concentration, the molar absorption coefficient 

was selected as 27600 M-1 cm-1. The fluence rate at the surface, 𝐸0
̅̅ ̅

𝑠𝑢𝑟𝑓𝑎𝑐𝑒
, was calculated using 

the following equation:  

𝐸0
̅̅ ̅

𝑠𝑢𝑟𝑓𝑎𝑐𝑒
=

(𝐴352
𝑡 − 𝐴352

° ) ∗ 𝑉
𝜖352

𝑡 ∗ 𝑆 ∗ Φ̅
∗ 𝑈̅ 

(10) 

 

where 𝐴352
𝑡 , 𝐴352

° , V, 𝜖352, t, S, Φ̅, and 𝑈̅ are the absorption at 352 nm after the exposure, the 

absorption at 352 nm before exposure, the volume of the the solution, the molar absorption 

coefficient, exposure time, surface area of the Petri dish, weighted quantum yield, and weighted 

energy per einstein, respectively.  

3.2.4 Kinetic data 

E. coli (ATCC 11229) and MS2 (ATCC 15597-B1), as common bacterial and viral 

indicator organisms, were chosen for the biodosimetry experiments for three reasons. First, the 

availability of their 254nm UV fluence-response curves and the action spectra provided enough 

information to calculate the germicidal efficiencies. Second, their different UV sensitivities 

enabled the evaluation of the irradiation model in different UV fluences. Finally, these 

microorganisms are commonly used for reactor evaluation, and their kinetics will be helpful in 

future studies.   

In this study, considering the action spectra, the weighted germicidal efficiency of each 

UV-LED was calculated (Table 3). By analyzing the kinetic data reported for E. coli (ATCC 

11229) and MS2 (ATCC 15597-B1) by several researchers [69] using the collimated beam 

apparatus [53], the 254nm fluence-response curves of each microorganism were obtained 
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(Figure 20). For each log-inactivation on the curve, the corresponding fluence, along with its 

99% confidence interval, was calculated. The lower and upper bounds (Figure 20) indicate the 

minimum and maximum possible log-removal (in the range of 1–5) for a given fluence. 

 

Figure 20. UV fluence-response curves of E. coli (ATCC 11229) and MS2 (ATCC 15597-B1) with their 

99% confidence intervals were obtained by analyzing the kinetic data reported in the literature [69]. The 

markers indicate the average log-removal at any given fluence. 

3.2.5  Microbial assays 

3.2.5.1 E. coli preparation and enumeration 

E. coli (ATCC 11229) was received as a frozen aliquot and was revived based on the 

manufacturer's guidelines. In the propagation step, one colony of the microorganism was detached 

from a freshly incubated lysogeny broth (LB) agar plate and added to 40 ml of sterile LB broth in 

a sterile 50-ml vial. The solution was incubated at 37°C and mixed at 200 rpm to ensure that 

constant oxygen levels were provided throughout the stock. Following overnight incubation, a 
1-ml stationary-phase stock solution was mixed with 9 ml of fresh LB; then the solution was 

incubated again for 90 min to achieve its log-growth phase. The growth curves for the E. coli were 

developed based on the absorbance of the unwashed stock solution at 600 nm (OD 600) in order 
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to create a criterion to ensure that the sample was in its growth phase during the irradiation tests. 

The broth solution was washed in phosphate buffered saline (PBS) three times to achieve the 

concentration of around 5 × 106 CFU/ml for each experimental run. The enumeration of the tested 

microorganism followed a similar method to that of Cho et al. [70] Each exposed or unexposed 

sample was mixed and serially diluted. The dilutions were spread in triplicates on 90-mm LB agar 

plates. The plates were incubated in an inverted position for almost 12 h. Subsequently, spots in 

the range of 20–200 were counted. 

3.2.5.2 MS2 preparation and enumeration 

The method described by Shin et al. [71] was used for the preparation of phage stock 

solution. A 0.1-ml aliquot of MS2 (ATCC 15597-B1) and 1 ml of E. coli C3000 (ATCC 15597) 

as a host were spiked into 9 ml of LB broth. In order to improve the absorption ability of the host 

cells, 0.2 ml of CaCl2 (1M) was added to the tube and the suspension was incubated at 37°C for 

24 h. Then, the solution was centrifuged at 3300 rpm for 5 min. Next, the supernatant was filtered 

by using a 0.45µm low protein binding filter. The filtrate was collected and stored at 4°C as MS2 

stock. For each experiment, the MS2 stock was diluted with PBS to achieve the initial 

concentration of around 106 PFU/ml. The double agar technique described by Adams [72] was 

used with some modification to do the infectivity assays. The bottom layer was prepared by adding 

3 mm LB agar and cooled to room temperature. The exposed samples were diluted by adding 1 mL 

of suspension to 9 mL of fresh PBS at each step. The bottom agar was covered with 1 ml of each 

dilution followed by a 3-mm mixture of an upper agar layer and E. coli C3000 (ATCC 15597). 

After overnight incubation, the plaques were counted. 



60 

 

3.2.6 The procedure of numerical modeling 

The radiation model was described in details in Chapter 2. Briefly, UV-LED was modeled 

as a directional point source with a specific radiation profile. The propagation of UV rays was 

modeled by considering the refraction and reflection at the first interface along with the absorption 

in the water. In addition, the specular reflection from the second interface was included in the 

fluence rate determination.    

 

Figure 21. Typical UV-LED microbial inactivation setup. H is the distance between the UV-LED and 

the water surface, d is the water depth in a Petri dish, 𝒓⃗⃗ is the direction of UV ray, 𝑹⃗⃗⃗ is the reflected UV ray, 𝑵⃗⃗⃗ 

is the normal vector of the surface, and the subscript points to the medium number.   

The water refraction index, 𝑛𝜆, depends on the emission wavelength [73]; however, due to 

small changes in the range of 254–285 nm (<1%), 1.37 was selected as 𝑛𝑤𝑎𝑡𝑒𝑟 for the simulations. 

It was also assumed that the water-air interface was flat. At the water-glass interface, part of the 

UV light is transmitted and absorbed by the glass and the rest is reflected back to the water 

specularly. The amount of reflected energy was calculated using Fresnel’s law and the direction 

was found using Equation 8 in Chapter 2.  

3.2.7 Numerical modeling of the system  

In completely-mixed conditions, it was assumed that all the microorganisms would receive 

the average fluence rate during the exposure time. After obtaining the fluence rate distribution 
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inside the reactor, the area-weighted average value was computed and reported as the delivered 

fluence rate.  

ANSYS Fluent simulation packages were used to build and discretize the problem 

domains. The numerical domains of the 5-cm and 9-cm Petri dishes were discretized into 

33340 and 51870 structured hexahedral cells, respectively. A user-defined function was developed 

to compute the fluence rate for each cell centroid. It was observed that doubling the cell numbers 

had a negligible impact on the delivered fluence rate, so the simulation results were assumed to be 

mesh independent.  

3.3 Results and discussion 

3.3.1 Comparison of the modeling and experimental data for irradiance on the water 

surface  

Figure 22 shows the measured irradiance on a water surface for the 265nm and 275nm 

LEDs when they were operated at the low forward currents. The 5 cm ⨯ 5 cm square surface was 

discretized into 121 cells, and the measured irradiance at the center of each cell is presented in 

Figure 22. The distance of each cell center from the center of the square surface was calculated, 

and the average irradiances across the radius were obtained. The irradiance measurements showed 

that the LED’s radiation profiles were not fully symmetric and depended on the azimuthal angle 

(Figure 22). However, chi-square tests that examined the goodness of fit showed that the 

simulation results and the corresponding average irradiances were not statistically different. 

Therefore, the symmetric assumption was valid for fluence rate modeling. 

The irradiance distributions of the 265nm and 275nm UV-LEDs were different, although 

both LEDs had heart-shaped radiation profiles and were placed at an approximate vertical distance. 

The marked differences imply the significance of the LED’s radiation profile and the LED’s 
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position for UV fluence determination so that utilizing an approximate radiation profile would 

result in erroneous predictions. The comparison between the normalized irradiance distributions 

for high and low forward currents showed that the LED’s radiation profile was independent of the 

applied current. The normalized distributions confirmed that the actual LED’s radiation profile is 

Γ times greater than the LED’s normalized radiation profile.  

 

Figure 22. Left: Simulated and average measured irradiance across the radius of the 5-cm petri dish 

when 265-nm and 275-nm LEDs were operated at high (350 mA and 100 mA) and low forward currents (35 

mA and 10 mA). The points are averages of at least four measurements, and the error bars represent standard 

deviations. Right: Irradiance distribution on the water surface where low forward currents applied to the 

LEDs.  
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3.3.2 Comparison of modeling and experimental data for fluence rate on the water 

surface 

Chemical actinometry results expressed the average fluence rate at the water surface when 

the low and high forward currents were applied to the LEDs (Table 4). Utilizing the weighted 

quantum yield and weighted energy per einstein improved the numerical predictions. When the 

265nm LED was operated at 350 mA, the fluence rate was 11 times greater than that of 35 mA. 

This was attributed to the non-linear relationship between the forward current and LED’s output 

power. According to the current-power curve provided by the manufacturer, the radiant power at 

350 mA was 11 times greater than that of a 35 mA. The same magnification number was used in 

the simulation, and the fluence rate measurements agreed well with the LED’s datasheet. Likewise, 

for the 275nm UV-LED, the current-power relationship was confirmed by actinometry tests. 

The simulations showed that the reflection increased from 2.44% at the center to 

9.28% close to the border over the water surface when the 265nm UV-LED was operating 
(Figure 23-A). The delivered fluence rate to the center was almost 10 times greater than the one at 

the maximum radius (near the wall of the petri dish) which caused considerable non-uniformity on 

the water surface. The normalized fluence rate for high and low currents remained the same 

because it only depends on the LED’s normalized radiation profile and position. 
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Table 4. Fluence rate at the water surface measured by Iodide/Iodate actinometry solution. The mean 

experimental results are presented with their standard deviations (SD). 

  𝐸̅0𝑠𝑢𝑟𝑓𝑎𝑐𝑒
(mW/cm2) 

LED 
current 
(mA) 

Experiment 
(Mean±SD) 

Simulation 

265 nm 
35 0.04 ± 0.00 0.04 

350 0.44 ± 0.02 0.45 

275 nm 
10 0.04 ± 0.00 0.04 

100 0.40 ± 0.02 0.41 

 

3.3.3 Comparison of modeling and experimental data for the delivered fluence rate to the 

microbial suspension 

The radiation model considers all the main parameters affecting the radiation distribution, 

resulting in accurate predictions on the surface of the water. Therefore, the evaluated radiation 

model can be used to predict the fluence rate within the well-mixed microbial suspension, and the 

predicted fluence rate can be used to test the following hypothesis. The delivered fluence rate to a 

well-mixed microbial suspension can also be estimated using biodosimetry tests if the UV-LED 

microbial inactivation data are available. In this section, using the UV-LED’s germicidal 

efficiency and 254 nm fluence-response data, the UV-LED microbial inactivation data are 

estimated and used to predict experimentally delivered fluence rate. The comparison between the 

numerically and experimentally predicted fluence rate allows to test if the estimated kinetic data 

utilizing the germicidal efficiency lead to acceptable results.  



65 

 

 

Figure 23. Numerically predicted distributions for reflection over the surface (A) and normalized 

fluence rate distributions over (B) and inside (C) the water when 265nm UV-LED was irradiating the solution 

in the 5-cm petri dish with 0.5 cm water depth. 

Figure 23-C shows the simulated normalized fluence rate distribution inside the 5-cm Petri 

dish with a 0.5-cm water depth of 265nm UV-LED. The fluence rate at the central part was almost 

ten times greater than that of the corners (Figure 23-C). This means that microbial inactivation at 

the center takes place almost ten times faster than corners. The results of the biodosimetry test 

could be used against the simulation if the microbial suspension was fully mixed and all 

microorganisms were exposed to the same level of UV fluence. To smooth out the non-uniform 

fluence rate distribution, the water could be mixed gently for a long time or vigorously for a short 

time. If the suspension was mixed vigorously, the water surface would not remain flat during the 

exposure, so the flat assumption would not be valid. Therefore, the suspension was mixed gently 

to be consistent with the flat surface assumption.  

In biodosimetry tests using E. coli, the experimental fluence rate (𝐸0 𝐸𝑋𝑃) approached 

simulated fluence rates, 𝐸0 𝑆𝐼𝑀 (Table 5) at long exposure times. The disagreement between 
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𝐸0 𝐸𝑋𝑃 and 𝐸0 𝑆𝐼𝑀 at shorter exposure times (<200s) can be attributed to the non-uniform UV 

fluence distribution to the microorganisms due to insufficient mixing.  It appears that gentle mixing 

for a relatively short time period was not sufficient to uniformly spread the organisms across the 

solution in order to be exposed to the same UV fluence. Table 5 shows that for both UV-LEDs at 

exposure times longer than 200 seconds, the simulated fluence rates lied between the lowest and 

highest limits, which were obtained based on the upper and lower bounds of fluence-response data 

(Figure 20). These limits specify the minimum and maximum possible fluence rates that would 

result in the same E. coli inactivation based on the probability distribution of E. coli inactivation. 

The difference between the simulated and the experimental mean fluence rate for 265nm and 

275nm UV-LEDs was 3% and 5%, respectively. It can thus be concluded that the simulated and 

experimental mean fluence rates were not statistically different (P<0.01). Utilizing a more accurate 

E. coli action spectrum would further improve the determination of experimental fluence rates.  

In a different set of experiments, the delivered fluence rate to the water was evaluated using 

biodosimetry test with MS2. The MS2 was irradiated for 480 s by the 275 nm UV-LED at 100 mA 

in the 9-cm Petri dish. The water depth and the height of UV-LED from the water were 1 cm and 

2.4 cm, respectively. The exposure time was long enough to lead to uniform fluence distribution. 

Since MS2 is more resistant than E. coli, the UV-LED was operated at its highest forward current 

to deliver maximum radiant power to the solution. The simulated fluence rate lied between the 

lower and higher limits, and it was 4% higher than the mean value. The close agreement between 

the simulated and experimental fluence rate showed that the kinetics data can be estimated using 

the germicidal factor derived based on the action spectra of microorganism and the entire emission 

spectrum of the UV-LED.  
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Table 5. Simulated and experimentally calculated fluence rates in different operating conditions. Log 

inactivations are the average of three experiments with their standard deviations.  

 E0 exp (mW/cm2) 
E0 SIM 

(mW/cm2)  petri 
dish 

LED Time (s) Log(N0/N) Mean 
Lower 
limit 

higher 
limit 

E.
 c

o
li 

5
 c

m
 

2
6

5
 n

m
 (

3
5

 m
A

) 75 1.22 ± 0.08 0.044 ± 0.001 0.049 0.038 

0.031 

100 1.66 ± 0.21 0.037 ± 0.002 0.042 0.033 

125 2.67 ± 0.17 0.038 ± 0.001 0.042 0.035 

200 4.30 ± 0.21 0.032 ± 0.001 0.035 0.030 

225 4.60 ± 0.33 0.030 ± 0.002 0.032 0.028 

2
7

5
 n

m
 

(1
0

 m
A

) 125 1.73 ± 0.2 0.041 ± 0.002 0.036 0.046 

0.034 200 3.46 ± 0.36 0.037 ± 0.003 0.033 0.039 

225 4.08 ± 0.18 0.036 ± 0.001 0.033 0.038 

M
S2

 

9
 c

m
 

2
7

5
 n

m
 

(1
0

0
 m

A
) 

480 1.94 ± 0.19 0.102 ± 0.010 0.097 0.107 0.106 

 

3.3.1 The Effect of reflection on the fluence rate  

Figure 24-A and Figure 24-B show the distribution of the direct and reflected fluence rate 

inside the 5 cm petri dish when 265 nm UV-LED was placed 1.7 cm above the water surface. As 

seen, both bottom and peripheral walls reflect UV rays. The incident angles of the rays that hit the 

peripheral wall are significantly larger than that hit the bottom wall (Figure 24-C). Due to that, the 

reflectance (Fresnel’s law) from the peripheral wall is greater than that of the bottom wall. 

However, since the radiant energy of impinged beams at the center is higher than that of that hit 

the peripheral wall (Figure 24-C), the highest amount of the radiant energy is seen around the 

center. As seen, the fluence rates in Figure 24-B are significantly lower than Figure 24-A. In fact, 

the reflected energy contributes to the less than 1% of the overall fluence rate. The effect of 

reflection is not tangible because the refractive indices of water (1.37) and glass (1.5) are close to 
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each other, thereby the most of incident energy is transmitted at the water-glass interface. As can 

be inferred, the impact of the internal reflection decreases even more and becomes negligible when 

the beams become collimated at farther distances. Therefore, the effect of reflection can be ignored 

during the fluence rate determination. 

 

Figure 24. Fluence rate distribution [mW cm-2] resulted solely from direct (A) and reflected (B) UV 

rays. UV rays hit the bottom wall with the smaller incident angle, so the ratio of energy that is reflected from 

bottom wall is relatively smaller than the peripheral wall, where the incident angle of UV rays is the highest. 

3.4 Summary 

The developed radiation model was applied to determine the delivered fluence rate to a 

well-mixed microbial suspension inside a petri dish. The accuracy of predictions was successfully 

evaluated using actinometry and radiometry techniques. The delivered fluence rate to microbial 

suspensions was calculated by considering UV-LEDs germicidal efficiencies and their 254 nm UV 

fluence-response data. The close agreement between numerical predictions and experimental data 
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showed that utilizing microorganisms action spectra and UV-LED emission spectrum for the 

calculation of germicidal efficiency could lead to acceptable kinetic data. Therefore, if the action 

spectrum of a microorganism is available, the kinetic data can be estimated using the method 

proposed in this study, which eliminates the need for experimental study.  

This finding benefits UV-LED reactor simulation, particularly when the reactor contains 

UV-LEDs with various wavelengths, which have different inactivation rate constants. Utilizing 

the germicidal efficiency concept allows to determine the efficiency of each UV-LED with respect 

to 254 nm wavelength, and then apply 254 nm fluence-response data to simulate the reactor. 

Nonetheless, when the action spectra of microorganisms are not available, the proposed numerical 

method can be applied to predict the delivered fluence rate reliably.  
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Chapter 4: Computational modeling of UV-LED reactor for water treatment 

4.1 Introduction 

The Lagrangian and Eulerian modeling have been applied to the simulation of conventional 

UV reactors [33,34,74–76]; however, simulating UV reactors in the Eulerian framework provides 

necessary information for the design modification. The main drawback of the Lagrangian approach 

is its sensitivity to the number of released particles and not providing critical information for the 

design modification for the entire numerical domain. On the contrary, in the Eulerian framework, 

the microorganisms’ concentration throughout the domain is obtained by solving the governing 

equation of mass and momentum conservation. So far, the performance of a flow-through UV-

LED reactor in the Lagrangian framework using a simplified radiation model has been studied 

[45, 68]. Despite several studies related to the application of UV-LEDs for water and air 

purification [19, 37, 56, 83, 84], UV-LED reactors have not yet been simulated in the Eulerian 

framework.  

In this chapter, a computational method for the simulation of UV-LED reactors for water 

treatment is proposed. In order to incorporate the effects of different UV-LEDs, a practical 

approach which works based on a single volumetric reaction rate is presented. In this study, a 

cylindrical flow-through UV-LED reactor comprised four UV-LEDs was selected for case studies. 

To assess the accuracy of the numerical predictions in different flow regimes, the UV-LED reactor 

was equipped with a diffuser in some of the experiments. The reactors with and without the diffuser 

were simulated in different operating conditions. The capability of the model for predicting the 

reactor performance was evaluated using biodosimetry with E. coli (ATCC 11229) and MS2 

(ATCC 15597-B1) as challenge microorganisms. The biodosimetry experiments were carried out 

in different flow rates, flow regimes, UV-LED arrangements, and UV intensities. This chapter 



71 

 

explains explicitly how to identify the poorly-performed regions and methods for the reactor 

design modification.  

4.1.1 Fundamentals of UV reactor modeling in the Eulerian framework 

To simulate a UV reactor, the numerical domain is initially discretized into tiny 

computational cells. This step is followed by solving the governing equations of mass and 

momentum conservation for all the computational cells to obtain the velocity and pressure 

distributions. Next, the fluence rate at the centroid of each cell is calculated and stored in the 

memory of the computer. In Eulerian modeling, the microbial species are treated as chemical 

substances with the same properties as that of the water [33–35]. Based on this assumption, there 

are three components in the UV reactor, and they are the water (medium), alive organisms, and 

inactivated organisms. The properties of alive and inactivated organisms are the same, and this 

assumption aligns with the concept of UV disinfection (i.e., inactivated germs are alive but cannot 

replicate [1]). If there is a mixture of different types of microorganisms, each species is treated as 

a chemical substance with a specific kinetic rate constant, and the inactivation of one species does 

not impact others. In the Eulerian framework, each computational cell is treated as a small 

completely-mixed reactor so that there is not a gradient of fluence rate, the concentration of 

organisms, and the rate of reaction across the computational cell. In this view, the tiny 

computational cell behaves the same as a UV reactor that its microbial inactivation rate depends 

on the received fluence (which is the product of the local fluence rate and residence time of 

organisms in the computational cell). From this perspective, the local performance of a UV reactor 

can be defined based on the delivered fluence to each computational cell. If the collimated beam 

fluence-response data is applied to the received fluence, the amount of microbial removal per 

volume of the cell is found. This quantity is defined as the volumetric reaction rate. Through 
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solving the species mass conservation equations by considering the mass flows of species to/from 

and volumetric reaction rates are happening in the computational cells, the concentration of 

microorganisms is obtained across the numerical domain.  

The concentration at each cell centroid illustrates the combined effect of hydrodynamics, 

radiation, and kinetics across the reactor. The concentration data implicitly contains the movement 

of particles (species) throughout the reactor; therefore, it illustrates the effect of accumulated 

fluence to the microorganisms. Given that, through back calculating the concentration information 

using the fluence-response data, the accumulated fluence across the reactor is obtained. The 

accumulated fluence shows how microorganisms receive energy from the inlet all the way to the 

outlet. In fact, it reveals the accumulated effects of locally delivered fluences of computational 

cells and the overall performance of the UV reactor.  

In the Eulerian modeling, the kinetics information is concurrently integrated with radiation 

and hydrodynamics data, and this combination appears as volumetric reaction rate in the 

calculations. Therefore, the determination of the volumetric reaction rate is crucial. As we 

discussed in Chapter 3, UV-LEDs inactivation kinetic depends on their emission spectra, and if 

UV-LEDs with different peak wavelengths are used in the reactor, more kinetic data are needed. 

4.2 Materials and methods 

4.2.1 Numerical procedures 

Fluid flow, the distribution of UV energy, and the kinetics of inactivation impact the 

performance of a UV reactor. Appropriate models are needed to capture such phenomena and 

integrate them to be able to simulate a UV reactor. In this section, relevant models along with the 

procedure for their integration are expressed. 
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4.2.1.1 Fluid flow model 

The velocity and pressure distributions were obtained by solving the governing equations 

of the mass (Equation 11) and momentum (Equation 12) conservation, where 𝜐, 𝜌, 𝑝, 𝜏, 𝑔, 𝑎𝑛𝑑 𝑓 

are velocity, density of the water, pressure, viscous stress tensor, gravitational acceleration, and 

external body force, respectively.  

∇ ∙ 𝜈 = 0 (11) 

∇(𝜌𝜈𝜈) = −∇𝑝 + ∇ ∙ 𝜏 + 𝜌𝑔 + 𝑓 (12) 

The density of organisms was assumed the same as that of water [34], and the molecular 

diffusion of microorganisms into the water was deemed negligible [34,35]. Therefore, in the steady 

state laminar flow regime, the species mass conservation equation can be simplified (Equation 13), 

where xi, Si are species mass fraction and source term, respectively. The source term represents 

the volumetric reaction rate of microorganisms. As for the turbulent regime, Equation 14 

represents the species mass conservation when species turbulent Schmitt number (ϑt) was 0.7 [34]. 

∇(𝜌𝑥𝑖𝜈) = 𝑆𝑖 (13) 

∇(ρxiν) +
ϑt

0.7
∇2(ρxi) = Si 

(14) 

4.2.1.2 Kinetic model 

Microbial inactivation is a function of UV fluence (F) and the inactivation rate constant 

(𝑘′) (Equation 15). Chick-Watson, rational, and series event are examples of the microbial 

inactivation models that correlate the delivered fluence to the microbial inactivation [35]. In 

Equation 15, which represents Chick-Watson microbial UV inactivation model, 𝐹, 𝑁0, and 𝑁 are 

UV fluence, the number of microorganisms before and after the UV exposure, respectively. Note, 

Fluence is a product of fluence rate (𝐸0) and exposure time (t). 
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log (
𝑁

𝑁0
) = −𝑘′𝐹  (15) 

By rearranging and substituting concentration ratio (
𝐶

𝐶0
) for the microbial survival ratio (

𝑁

𝑁0
) and 

the product of 𝐸0 and 𝑡 for 𝐹 in Equation 15, the following equation is obtained:  

𝐶

𝐶0
= 10(−𝑘′𝐸0𝑡) (16) 

 where 𝐶0 (
𝑘𝑔

𝑚3) and 𝐶 (
𝑘𝑔

𝑚3) are the concentration of microorganisms before and after UV 

exposure, respectively. Equation 16 correlates the concentration of microorganisms to the 

exposure time under constant fluence rate in a completely-mixed reactor. The derivative of 

Equation 16 with respect to time yields the volumetric rate of microbial inactivation (
𝑘𝑔

𝑚3 .𝑠
) 

(Equation 17). As seen, volumetric reaction rate (Equation 17) with respect to the microbial 

concentration (𝐶) is a first order kinetic, and its magnitude depends on the local concentration (𝐶), 

fluence rate (𝐸0), and the inactivation rate constant (i.e., 𝑘′).  

𝑑𝐶

𝑑𝑡
= − (ln(10) ∗ 𝐸0 ∗ 𝑘′) ∗ 𝐶 (17) 

4.2.1.3 Radiation model 

In water treatment applications, the UV source is typically separated from water by a quartz 

window. In this study, the UV-LEDs were separated from the water by a commercial grade quartz 

window (Technical Glass product, Inc.). Based on the size of UV-LEDs, it was assumed that they 

were 500 μm away from the quartz window. In our model, refraction, reflection, and attenuation 

of UV rays while they pass through two interfaces air-quartz and quartz-water were taken into 

account. The refractive indices of air, quartz, and water were 1, 1.48, and 1.37 respectively. With 



75 

 

regards to UV absorption of the quartz it should be mentioned that since UV-LEDs were slightly 

different and the quartz’s UVT was not constant (Figure 10), the weighted quartz’s UVT for each 

UV-LED was calculated. The details of the radiation model were described in Chapter 2.  

4.2.1.4 Strategies to adjust the volumetric reaction rate  

Equation 17 is a general formula that can be applied to the simulation of any UV reactor. 

However, two parameters 𝐸0 and 𝑘′ need to be adjusted because UV-LEDs could have different 

emission spectra which in turn impacts 𝑘′, and 𝑘′ is not necessarily constant at any given fluence. 

The 𝑘′ represents the slope of the fluence-response curve at any given fluence. Since 

microorganisms (particularly bacteria) have repair mechanisms, they tend to show shoulder effect 

at low fluences. Due to that, E. coli’s fluence-response data do not follow a linear pattern similar 

to MS2 (Figure 20). Instead, it tends to illustrate a S-shape pattern which starts with a shoulder 

phase at the low fluences, a semi-log phase in the middle and tailing (saturation phase) at high 

fluences. To address the non-linearity of E. coli kinetic data, its fluence-response curve was 

captured by means of two linear functions to differentiate the different rates of reaction during the 

shoulder and semi-log phases. 

According to Equation 17, another parameter that influences the magnitude of the 

volumetric reaction rate is the local fluence rate (𝐸0). When multiple UV-LEDs with different peak 

wavelengths are used to irradiate water, the rate of inactivation is influenced by the combined 

effects of each individual UV-LED. Since the disinfection capacity of a UV-LED depends on its 

emission spectrum, multiple kinetic data and source terms are required to simulate the reactor, 

which make the simulation complicated. To address this problem, the germicidal powers of UV-

LEDs were used to calculate fluence rate. The germicidal power of a UV source expresses the ratio 

of the effectiveness of the UV source compared to that of a low-pressure UV lamp. In short, the 
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germicidal power of a UV source is the convolution of its spectral power distribution and the action 

spectra of a microorganism. Given that, using the UV-LED’s germicidal factor, one is able to 

convert the radiant power of a UV-LED to that of a low-pressure UV lamp (254 nm). Therefore, 

the reliable fluence-response data obtained by a collimated beam apparatus using a LP UV lamp 

can be used as an acceptable approximation for obtaining reliable kinetic data. In this study, the 

challenge organisms’ 254 nm kinetic data, which were obtained by following Bolton’s method 

[53] from the year of 2000 onward, were collected from the literature [69], and the average of the 

collected data was selected for simulation. The details were explained in Chapter 3.  

4.2.1.5 Geometrical model, mesh structure, and boundary condition  

In this study, two UV-LED reactors were simulated, and the geometries of each of them 

are shown in Figure 25. ANSYS 18.2 simulation package was used to build and discretize the 

problem domains of the reactor with and without a diffuser, hereafter reactor-1 and reactor-2 

(Figure 25), via 742539 hexahedral and 1047222 tetrahedral cells, respectively. Mesh size 

provided grid-independent results as further mesh refinement had a negligible impact on velocity, 

fluence rate, and concentration distributions. Fully developed boundary condition was applied to 

the inlet, and pressure-outlet and no-slip boundary conditions were imposed on the outlet and 

internal walls, respectively. The mass fraction of microorganisms at the inlet was set to one. 

Additionally, zero diffusive flux of species was specified on the walls. 

4.2.1.6 Numerical solution method and strategy 

ANSYS Fluent was employed to read the mesh and to perform the simulation. Two user-

defined functions were developed and integrated into ANSYS Fluent to compute the source terms 

in the species mass conservation equations and fluence rate distribution. The steps were taken to 

implement the fluence rate distribution were explained in Chapter 2. The species transport model 
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was utilized to implement the species mass conservation equations. A user-defined function was 

developed to compute the volumetric reaction rate (source term) within each computational cell 

throughout the simulation process. The Laminar and realizable 𝑘 − 𝜖 models from the 

hydrodynamic sub-models were selected for reactor-1 and reactor-2, respectively. The enhanced 

wall treatment method was used as a wall function. The SIMPLEC was selected for the pressure-

velocity coupling. The second-order upwind was chosen for pressure and momentum and QUICK 

for species under spatial discretization. Finally, 0.7 was used for species under-relaxation factor. 

The convergence of the results was approved once the errors of two successive iterations for the 

scaled residuals were less than10−6. Since the movement of microorganisms do not change the 

velocity distribution, the velocity field was initially obtained and kept frozen and then the species 

mass conservation equations were solved [75]. 

4.2.2 Experimental procedures 

The UV-LED reactor consisted of a 5 cm plexiglass pipe with a length of 17 cm to 

incorporate four UV-LEDs (Figure 25). To assess the performance of the reactor in a wider range 

of hydrodynamics, a 2 cm circular object, henceforth it is called diffuser, was fixed on the axis of 

the reactor by a narrow rod (Figure 25). The UV-LEDs were running in series mode, and they were 

separated from the water using a 3 mm thickness commercially grade quartz sheet (Technical Glass 

product, Inc.). To effectively control the temperature of each UV-LED during the operation, the 

heat dissipation was managed by means of a combination of a thermoelectric cooler, a heatsink, 

and a fan. The inlet and outlet pipes (ID= 1 cm) were aligned with the axis of the reactor. In 

addition, the length of the inlet pipe was chosen 20 cm to eliminate the effect of entrance length 

and let the fully developed flow enter the reactor. 
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To maintain the homogeneity of the microbial suspension (i.e., E. coli or MS2) throughout 

the experiment, the suspension inside the feeding tank was stirred continuously using a mixer. The 

initial concentration of the microbial suspension in the feeding tank was typically 106 CFU/ml or 

PFU/ml. The UVT of the suspension was measured at 270 nm using a spectrometer (Cary 100 UV-

VIS). The flow was pumped to the reactor by a peristaltic pump (Masterflex Analog pump system, 

Cole-Parmer Instrument Company), and a pulse dampener (Masterflex Pulse dampener, Cole-

Parmer Instrument Company) was installed after the pump to dampen the flow fluctuation. The 

samples were collected at the outlet and kept in the dark and cultivated shortly after the sample 

collection. 

 

Figure 25. Left: schematic of the flow-through UV-LED reactor setup including a feeding tank with a 

mixer (A), valve (B), peristaltic pump (C), pulse dampener (D), and the UV-LED reactor (E). middle: reactor-

1 and reactor-2. Right: the dimensions (cm) of the UV-LED reactor along with the diffuser.  

4.3 Results and discussion 

The simulation predictions were evaluated experimentally using two UV-LED reactors 

with E. coli and MS2 under different operating conditions such as different flow rates, flow 
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regimes, radiation intensities, and radiation distributions. In the following, the numerical and 

experimental results are presented, and a detailed discussion is provided about the UV-LED reactor 

performance and design modification. 

 

4.3.1 The effect of flow rate on Reactor-1 

The disinfection capacity of a UV reactor can be reported as a reduction equivalent fluence 

(REF). The reduction equivalent fluence is determined by inputting the measured log inactivation 

into the UV dose-response curve [6]. In other word, REF represents the amount of UV fluence 

which on average is delivered to the water. Since the delivered UV fluence determines the 

efficiency of a UV reactor, it was selected to compare the performance of the reactor in different 

conditions instead of log-inactivation, which depends on the type of microorganism. 

Figure 26 shows that 3 log10-inactivation of E. coli (i.e., REF=6.2 
𝑚𝐽

𝑐𝑚2) happened at the 

flow rate of 90 ml/min when all the UV-LEDs were operating at 375±5 mA. The log10-inactivation 

dropped sharply to 1.44 log10 (REF=4.2 
𝑚𝐽

𝑐𝑚2) when the flow rate changed to 120 ml/min. When 

the flow rate further increased and reached 150 ml/min, the E. coli inactivation dropped to 

0.97 log10 (REF=3.6 
𝑚𝐽

𝑐𝑚2). By increasing the flow rate by 33% and 67% with respect to 90 ml/min, 

the equivalent dose delivered by the reactor reduced by 32% and 42%.  

Simulations results agreed well with the measurements in all the flow rates (Figure 26), 

and the model captured this non-linearity of inverse inactivation versus flow rate. It was seen that 

utilizing the inactivation function for the reactor simulation led to slightly overprediction. The 

difference between the simulations and the average of measurements for the flow rates of 
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90 ml/min, 120 ml/min, and 150 ml/min were 2.5%, 10.5%, and 9.0%, respectively. Nonetheless, 

all the simulations lied within the standard deviation of the experimental measurements. 

 

Figure 26. The simulation and experimental data for E. coli inactivation in reactor-1 when UV-LEDs 

were operating at 375 mA. The error bars show standard deviations for three independent tests. 

The inactivation results can further be understood by studying the distribution of flow, 

radiation, and the delivered dose in the reactor. Figure 27-A shows the velocity contours on the 

longitudinal cross section of the reactor-1 at the 150 ml/min flow rate. The Reynolds numbers 

inside the pipe and the reactor were 317 and 63, respectively; therefore, the flow field was obtained 

using laminar model. It is seen that the water moves fast along the axis of the reactor-1, and the 

water recirculates in the region between the central axis and the walls due to the pressure 

difference. Due to the recirculation, the relatively higher residence time for the water is expected 

in that region. Figure 27-B shows that the fluence rate distribution is not uniform and decreases at 

farther distances from UV-LED. Since the refractive indices of the water (i.e., 1.37) and the 

plexiglass (i.e., 1.5) are close to each other which lead to a large amount of incident energy leaves 

the reactor, the reflection from the walls does not significantly alter the fluence rate distribution. 
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Figure 27-C displays a highly concentrated stream of E. coli passes through the central 

section while the rest of the reactor treats water to a high degree. Farther distances from UV-LEDs’ 

principal direction near the wall, where a relatively low fluence rate is available, the water has a 

lower microorganism concentration than the central section. The locally delivered fluence can 

explain the observation. In our model, each computational cell is analogous to an ideal CSTR 

which its efficacy is determined by the residence time and delivered fluence rate. In other words, 

local performance can be related to the delivered fluence in each computational cell. In this view, 

this reactor can be divided into three sections near UV-LED, middle section, and far from UV-

LEDs (Figure 27-D). Figure 27-D shows that near UV-LED where the water has low velocity and 

receives high fluence rate, the rate of inactivation is high (i.e., high fluence). In the middle section 

due to low residence time and fluence rate, the reactor performs poorly. Finally, in the area far 

from UV-LEDs, although lower fluence rate than middle section is received, the high fluence is 

delivered to microorganisms due to high residence time. 

The local fluence determines the performance of each cell; however, it should be noted that 

the overall performance of a UV reactor depends on the accumulated fluence. Microorganisms 

receive different amounts of UV energy depending on their trajectories within the reactor, and the 

sum of all the locally delivered fluences yields the accumulated fluence received by each 

microorganism. The accumulated fluence distribution shows how microorganisms receive UV 

energy along their trajectories, so the effect of any change on the local performance will appear on 

the accumulated fluence.  

In the Eulerian framework, the concentration of microorganisms represents the history of 

the interaction of hydrodynamics, radiation, and kinetic across the reactor. Therefore, using the 

microorganism’s fluence-response curve (e.g., Figure 20), the accumulated delivered fluence 
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across the reactor can be obtained. Figure 27-E displays the accumulated fluence across the reactor. 

The accumulated fluence decreases slightly at the top and adjacent to the walls because the water 

recirculates and brings back a part of untreated microorganisms. The amount of the accumulated 

fluence in the middle section is far less than other sections, showing the area that reduces the 

reactor performance. This information helps to identify the areas of low performance in the reactor. 

Such areas then can be minimized by implementing changes in the reactor design. For example, if 

the low fluence in one area results from short residence time (i.e., high velocity) the flow pattern 

in the reactor can be modified by applying flow modifier. Similarly, if the low fluence results from 

low fluence rate, the UV-LEDs can be rearranged to generate a better distribution. 

 

Figure 27. Velocity (A), fluence rate (B), normalized concentration (C), local delivered fluence (D), and 

accumulated delivered fluence (E) distributions on the longitudinal cross section of the UV-LED reactor at the 

flow rate of 150 ml/min and forward current of 375 mA. The reactor can be divided into three sections which are 

near UV-LED (D1), the middle section (D2), and far from UV-LEDs (D3). 
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4.3.2 The effect of radiant power and configuration 

Unlike UV lamps, the power of UV-LEDs can be adjusted. Such capability of UV-LEDs 

allows tailoring their outputs to the target microorganism, which results in the operational 

flexibility and energy saving. Another operation flexibility that a UV-LED system offers relates 

to UV-LED fast start-up capability. Since UV-LEDs have no warm-up time, they can be turned 

on/off instantly, thereby the number of operating UV-LEDs in the system can be managed based 

on the flow rate. In this section, the capability of the simulation method for capturing the behavior 

of the reactor under different UV-LEDs’ outputs and configuration is presented. 

To study the effect of radiant power on the performance, the forward current of UV-LEDs 

was halved at the flow rate of 90 ml/min, which resulted in a 48% reduction in the UV-LEDs 

outputs. Although the UV-LEDs’ outputs became approximately halved, the overall log10-removal 

decreased by more than 50% (Figure 28). If a linear relationship is assumed between the power 

and inactivation rate, it is expected to see ~50% reduction in log10-inactivation; however, 

67% reduction was observed. This further reduction in efficacy was related to the E. coli 

inactivation curve as it is not linear. The analysis of performance in terms of delivered fluence 

showed that when the output reduced by 48%, the REF decreased ~43%, which implies a linear 

relationship between REF and the outputs of UV-LEDs. 

In a separate set of the experiments, the effect of UV-LED arrangement on the reactor 

performance was studied. This experiment aimed to investigate the contribution of LED1 and 

LED4 to the overall inactivation at the flow rate of 90 ml/min; and if the model is capable of 

predicting such contribution. The experiments showed that 1.7 log10 (REF=4.5 
𝑚𝐽

𝑐𝑚2) could be 

achieved by the two LEDs (Figure 28), and this was closely predicted by the model which was 
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1.6 log10 (REF=4.4 
𝑚𝐽

𝑐𝑚2). The close agreement between the simulation and experiments showed 

the potential of this technique for assessing each element of the reactor. The circuit of UV-LEDs 

can be designed in such a way to turn the UV-LEDs on and off independently to meet the target 

REF in different flow rates. 

 

Figure 28. The simulation and experimental data of E. coli inactivation for reactor-1 when only LED1 

and LED4 were operating at 375 mA (Left), and all LEDs were operating at 186 mA (Right) at the flow rate of 

90 ml/min. 

4.3.3 The effect of hydrodynamic alteration 

The simulation results of reactor-1 revealed that the central area (Figure 27-D2) inside the 

reactor reduced the overall reactor performance. A diffuser was placed to divert the water from the 

central area to modify the flow and prevent the high-velocity flow jet at the reactor center. The 

realizable 𝑘 − 𝜖 model with Enhanced Wall Treatment (wall function method) was chosen to 

simulate the flow field in reactor-2. According to the simulation predictions, reactor-2 could 

disinfect E. coli at the flow rate of 250 ml/min beyond the detection limit; therefore, MS2, as a 

more UV resistant organism, was chosen for the experimental studies. As a result of the flow 

modification, reactor-2 could achieve 1.35 and 0.79 log10 of MS2 inactivation (Figure 29) or 25 
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𝑚𝐽

𝑐𝑚2 and 11.5 
𝑚𝐽

𝑐𝑚2 in terms of REF at 250 mL/min and 600 mL/min, respectively. Given reactor-2 

outperformed reactor-1 under the same operating conditions, the overall improvement can be 

attributed to hydrodynamic effects. The velocity contours on the longitudinal cross section of the 

reactor-2 (Figure 30-A) shows that the flow is diverted from the central part after hitting the 

diffuser, and water moves towards the reactor’s wall and then recombines somewhere near the 

outlet. As a result of the flow distribution, microorganisms pass near UV-LED and are exposed to 

the highest UV radiation inside the reactor (Figure 30-B). 

 

Figure 29. The simulation and experimental data for MS2 inactivation when UV-LEDs were operating 

at 375 mA. The error bars show standard deviations of six independent experiments. The experimental data 

are given as the mean of six independent tests at each flow rate. 

Figure 30-C shows the normalized concentration distribution on the longitudinal cross 

section of reactor-2. There is a significant difference between the concentration of MS2 before and 

after the diffuser (Figure 30-C). Due to the water recirculation before the diffuser, the MS2 

concentration decreases considerably, and unlike reactor-1, there is not a highly concentrated area 

around the axis of reactor-2. After the diffuser, however, the water gets disinfected gradually with 

higher inactivation in an area close to UV-LEDs. As seen, the concentration distribution is not 
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uniform despite the diffuser spreads microorganisms across the lateral cross section. Since fluence 

rate attenuates along the principal direction of UV-LEDs, microorganisms that pass under the 

diffuser and are far from UV-LED experience lower rates of inactivation compared to those pass 

near UV-LED (Figure 30-C). Therefore, concentration distributions over the lateral cross sections 

are not uniform.  

 

Figure 30. The distribution of velocity (A), fluence rate (B), normalized concentration (C), and local 

fluence (D) on the central longitudinal cross section of reactor2 at the flow rate of 250 ml/min. B2 shows the 

fluence rate of LED4 on the lateral cross section.  

As explained earlier, the local performance of a UV reactor equates with local fluence. In 

this study, a computational cell that receives low fluence is called dark cell, and a series of dark 

cells is called a dark channel. A dark channel forms either when fluid residence time is extremely 

short or local fluence rate is negligible. Not every dark channel has the same negative impact on 

the performance of a UV reactor. The one that bridges between the inlet and outlet drastically 
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reduces overall disinfection efficiency because such channel by-passes a large number of 

microorganisms. For example, the central part of Reactor-1 (Figure 27-D2), which has low local 

fluence, bridges between inlet and outlet and diminishes the overall performance. The diffuser 

impedes the formation of the channel by deviating the water; consequently, the dark blue region 

around the central part of Reactor-1 (Figure 27-D) disappears in Reactor-2 (Figure 30-D). 

However, the local fluence is not uniformly distributed across Reactor-2. For example, the 

delivered fluences are greater near UV-LEDs (high fluence rate) and the back of the diffuser (high 

residence time) than the rest of the reactor.  

Although the central dark channel of Reactor-1 disappears in Reactor-2 due to the diffuser, 

the dark regions that form because of the low radiant energy remain unchanged in Reactor-2 

(Figure 30-B). For example, the areas that lie beyond the radiation cone of UV-LEDs receive low 

fluence rate (dark blue contours in Figure 30-B2). The dark areas between UV-LEDs on the 

longitudinal cross section (Figure 30-B) and the lateral cross section (Figure 30-B2) have different 

impacts on the overall performance. Microorganisms that pass through the dark areas between UV-

LED on the longitudinal cross section have a chance of being exposed to UV along their 

trajectories. In contrast, microorganisms that pass through the lateral dark areas are not exposed 

by UV along their path because UV-LEDs are in a row and the dark area of one UV-LED is not 

irradiated by another one. It should be noted that since the body of the reactor is not reflective and 

most of the radiation energy is lost at the reactor’s internal surfaces, the reflection has a negligible 

impact on the received energy, particularly in the lateral dark regions (Figure 30-B).  

Iso-volume is the volume of the numerical domain that lies in a specific range. 
Figure 31-A shows the regions (iso-volume) with the normalized concentration of 0.1–1 across the 

reactor-2 at 250 ml/min. There is a strong correlation between the position of dark regions on the 
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lateral cross sections and the highly concentrated stream of microorganisms (pink color in Figure 

31-B). Such correlation implies the importance of the concentration profile in recognizing the 

worst dark channels in the UV reactor, which is essential information for reactor modification. 

 

Figure 31. The dark regions in Reactor-2 at the flow rate of 250 ml/min is shown (A). The dark regions 

form when the amount of the local fluence is negligible. (B) shows the iso-volume of normalized concentration 

with a value of 0.1–1 across reactor-2. The distributions of fluence on four lateral cross sections are shown (B). 

There is a strong correlation between the position of low fluence areas on the lateral cross sections and the 

highly concentrated stream in reactor-2.   

4.4 Summary 

In this study, UV-LED reactors were simulated in the Eulerian framework and evaluated 

experimentally. The germicidal factors of UV-LEDs were calculated and used for homogenizing 

the outputs of UV-LEDs. This practical approach reduced the complexity of the simulation and 

eliminated the necessity of developing kinetic data for each UV-LED. The successful predictions 

showed the ability of the proposed method for UV-LED reactor simulation. 

In this study, the performance of UV-LED reactors was discussed in detail. It was shown 

that the overall performance of a UV-LED reactor is influenced by the delivered fluence to each 

computational cell. The local fluence determines the performance of each part of a UV reactor. 
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This quantity is crucial for identifying and eliminating the low performing regions inside the 

reactor. It was shown that a series of low performing computational cells coincides with a highly 

concentrated stream of microorganisms; therefore, such regions should be modified either by a 

flow modifier or new UV-LED arrangement.  
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Chapter 5: The application of the reactor performance model  

5.1 Introduction 

Chapter 4 showed that the reactor performance improved once the uniformity of local 

fluence inside the reactor increased. The fluence is the product of fluence rate and the residence 

time, and since the residence time is inversely related to the local velocity, it can be inferred that 

local velocity and local fluence rate need to be proportionate to establish a uniform fluence across 

the reactor. When a uniform fluence across the reactor is established, the reactor behaves ideally. 

Theoretically, the ideal UV reactor delivers the ultimate fluence (𝐹𝑈); however, due to practical 

limitations, it is not feasible to attain such performance practically. 

Achieving the ideal performance from a UV reactor depends partly on the mode of 

irradiation. In the context of UV-LED reactor design, the modes of the irradiation of water can be 

categorized as cross-irradiation and parallel-irradiation. The cross-irradiation mode refers to the 

condition that the dominant direction of the fluid movement and UV rays are normal to each other 

(Figure 32), whereas, UV rays and the fluid are in the same direction in the parallel-irradiation 

(Figure 32). Since UV-LEDs are typically installed on the reactor wall, cross-irradiation is 

prevalent [e.g., 37, 45]. Since radiant energy intensity and fluid velocity distribution are inherently 

disproportionated in cross-irradiation, this type of water irradiation does not lead to the ideal 

performance. On the other hand, the parallel-irradiation aligns well with the concept of velocity-

radiation proportionality and promise higher efficiency. One study has applied parallel-irradiation 

to a UV-LED reactor with a transparent body [77]; however, no solution was proposed to eliminate 

the dissipation of the radiant energy to the reactor which happens because of the UV rays 

divergence.  



91 

 

In order to retain the photons within the reactor, the internal surfaces of the reactor need to 

be reflective or UV rays could be collimated along the water direction. This chapter proposes two 

UV-LED reactors that retain UV energy within the reactor as stated above and apply the integrated 

model to study the efficacy of such design concepts. 

Furthermore, the concept of ideal UV-LED reactor is discussed in this chapter. Since an 

ideal UV-LED reactor produces the maximum fluence, by comparing the REF, which is obtained 

through the experiment, with the maximum fluence derived through simulation, the room for the 

design modification is recognized.   

 

Figure 32. The schematic of the cross-irradiation and the parallel-irradiation. The cross-irradiation 

refers to the condition that the dominant direction of the fluid movement and UV rays are normal to each other 

(Left). The parallel-irradiation refers to the condition that UV rays and the fluid movement are in the same 

direction (Right). 

5.1.1 Ideal UV reactor 

The inactivation of microorganisms in a UV reactor is a function of delivered UV fluence 

to microorganisms, and UV fluence is the product of fluence rate and exposure time. An ideal UV 

reactor delivers the same fluence to all microorganisms, while a non-ideal UV reactor delivers a 

wide range of fluences to the water flow. A completely mixed batch reactor which harvests all the 

photons for the inactivation represents an ideal UV reactor. However, it is extremely difficult to 
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reach the ideal performance of a flow-through UV-LED reactor because radiant energy must be 

proportionated with the velocity distribution to reach uniform UV fluence distribution. This means 

that microorganisms with higher velocities (short residence time) should be exposed to higher 

fluence rates. 

A continuous stirred-tank reactor (CSTR) or a plug flow reactor (PFR) that harvests all the 

photons for microbial inactivation are two types of ideal flow-through UV-LED reactors. In a 

CSTR, the microorganism suspension is well mixed. Thus, even if the radiation distribution is non-

uniform, all the microorganisms will be exposed to the same level of radiant energy. As for the 

PFR, since all the microorganisms spend the same time in the reactor and the reactor is radially 

completely mixed, they receive the same fluence regardless of the radiation distribution inside the 

reactor. One example for the PFR could be a cylinder equipped with a collimator lens that without 

energy loss captures and collimates all the photons over the cross section of the PFR (Figure 32). 

In such PFR, the UV rays and the fluid have the same direction, resulting in optical length (Λ) and 

reactor length (L) have the same value. Here, the distance that the UV rays travel before leaving 

the reactor is called optical length (Λ). In the following section, this virtual reactor is used to derive 

a mathematical formula for calculating the maximum possible deliverable fluence in a reactor. 

Here, the maximum possible deliverable fluence is called the ultimate fluence (𝐹𝑈). 

5.2 Approach for the determination of an ideal UV-LED reactor efficiency 

When all the photons are collimated, the fluence rate on the pipe cross section will be equal 

to 
P

A
 where P (𝑊) and A (𝑚2) are the sum of each UV-LED’s germicidal output powers and the 

area of pipe’s lateral cross section, respectively. In a plug flow reactor, hydraulic retention time 

(HRT (s)) is 
A ∙ L

Q
, where L (m) is the length of the reactor and Q (

𝑚3

𝑠
) is the flow rate. In such PFR, 
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all the microorganisms will remain in the reactor for the same time equivalent to HRT, and they 

receive fluence rate of P/A (
𝑊

𝑚2) (assuming there is no absorption in the medium). Considering the 

effect of the UV absorption in water, fluence (
𝐽

𝑚2
) at each cross section with the thickness of ∆x 

will be equal to  
P∙∆x

A
10−α∙x (or 

P∙∆x

A
e−ln (10)∙α∙x) where x (m) is the distance from the one end of 

the pipe, where the radiation is emitted to the fluid (Figure 32), and α (
1

𝑚
) is the UV absorption 

coefficient of the water. In this regard, this reactor will deliver the fluence of ∫
P∙dx

Q
e− ln(10)∙α∙xL

0
 to 

the microorganism up to the length of L. If the absorption coefficient is zero, the maximum 

delivered fluence would be  
P ∙ L

Q
. However, taking into account the UV absorption of water (not 

100% UV transmittance), the following equation represents the maximum delivered fluence in a 

cylindrical reactor without reflective walls.  

F(L) =
P

Q
∙
1 − 10−α∙L

ln(10) ∙ α
 (18) 

In Equation 18, another perspective can be considered the logarithmic mean of power (𝑃̅) 

along the reactor length reaches to the microbial suspension. Therefore, 𝐹(𝐿) will be equal to 
P̅ ∙ 𝐿

Q
, 

where 𝑃̅ is equal to 
𝑃∙[1−10−𝛼∙Λ]

ln(10) ∙𝛼∙Λ
, P is the germicidal power of the UV-LED source, and Λ (optical 

length) is equal to L in this configuration.   

If the length of the PFR is infinite, then all the UV energy is cultivated for the inactivation 

and the reactor delivers ultimate fluence (𝐹𝑈) which is equal to 
𝑃

ln(10)∙α∙Q
. In this view, the ultimate 

fluence is a function of germicidal power (P), flow rate (Q) and absorption coefficient (𝛼), which 
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all are available prior to the reactor design, so the ultimate fluence can be estimated for a given 

UV-LED reactor by knowing the aforementioned parameters. 

 

Figure 33. The schematic of an ideal plug flow UV-LED reactor. The radiant power (i.e., P) is 

uniformly distributed across the lateral pipe cross section (F), and it is decreasing along the pipe length (i.e., X-

axis) due to absorption. A UV-LED (A), a collimator lens (B), collimated UV rays (C), longitudinal cross section 

of the reactor (D), velocity vectors (E), and the lateral cross section of the pipe (F) are shown in this figure.   

A general approach can be taken to the quantification of the maximum deliverable 

fluence of a non-ideal UV reactor with a known geometry and fluence rate distribution. For such 

a reactor, the maximum performance takes place when all the microorganisms are exposed to the 

volumetric average fluence rate for a time span equal to the hydraulic retention time (HRT) of 

the reactor (i.e., 
𝑉

𝑄
, where V is the reactor volume and Q is the flow rate). Such performance 

could be obtained if the fluid is completely mixed within the reactor. Hence, by calculating the 

volume-weighted average fluence rate (𝐸̅0), the maximum deliverable fluence resulting from the 

mixed flow assumption (𝐹𝑚𝑎𝑥
𝐻 ) is equal to 𝐸̅0 multiplied by HRT.  

The main application of Equation 18 is, however, the calculation of the input power 

(𝑃𝑖𝑛𝑝𝑢𝑡 (𝑊)) in order to obtain a specific target fluence (REF). For this purpose, germicidal power 

needs to be converted to the radiant power. As explained above, the germicidal power of a UV 

source is the product of its radianit power and germicidal efficiency (𝐺𝐸̅̅ ̅̅ ), so the radiant power 
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can be calculated knowing the the germicidal efficiency. In addition to the germicidal efficiency, 

the wall plug efficiency (WPE) of the UV source should be considered because a portion of input 

power converts to radiant energy and the rest is lost as heat. Taking all the factors into 

consideration, the following equation describes input power which is needed to obtain the desired 

fluence from an ideal UV reactor.  

1

P𝑖𝑛𝑝𝑢𝑡𝑖𝑑𝑒𝑎𝑙

=
1

𝐹𝑈

(𝐺𝐸̅̅ ̅̅ ∙ 𝑊𝑃𝐸)

Q

1

ln(10) ∙ α
 (19) 

The design efficiency (η) (Equation 20), which represents the ratio of REF to 𝐹𝑈 , can  be 

integrtaed into Equation 19 to yield the power requirement based on the target fluence. 

𝜂 =
𝑅𝐸𝐹

𝐹𝑈
 (20) 

By substituting Equation 19 in Equation 20, the input power needed to deliver a particular 

fluence to microorganisms in a real UV reactor is obtained (Equation 21). 

P𝑖𝑛𝑝𝑢𝑡_𝑟𝑒𝑎𝑙 =
𝑅𝐸𝐹

𝜂
∙
ln(10) ∙ α ∙ 𝑄

(𝐺𝐸̅̅ ̅̅ ∙ 𝑊𝑃𝐸)
 (21) 

The innate differences between UV sources pertain to their germicidal factors and wall 

plug efficiencies. The difference between UV reactors, however, relates to their design factor 
(i.e., 𝜂). As inferred from Equation 21, a decent UV source has higher WPE and 𝐺𝐸̅̅ ̅̅ , leading to a 

greater design efficiency (𝜂). Since UV-LEDs have a flexibility in emanating the desired 

wavelength, they offer higher 𝐺𝐸̅̅ ̅̅  compared to LP UV lamps. In addition, they promise better 

radiation-hydrodynamics interaction (higher design efficiency). Currently, the WPE of UV-LEDs 

are less efficient than LP UV lamps. However, this ever-growing technology has reached 4% WPE 

[18] and recent breakthroughs in material science—utilization of graphene as the substrate of UV-
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LED [20]— promise even higher efficiencies (~45%) [21], which is greater than that of LP UV 

lamp (~35%).  

5.3 The implication of the CFD tool to design concept  

As discussed earlier, the ideal PFR or CSTR that cultivate all photons for microbial 

inactivation are two examples of the ideal UV-LED reactors. To retain photons inside the reactor, 

the internal surfaces of the UV-LED reactor must be reflective. The impact of the internal surface 

reflectivity on the enhancement of the batch UV-LED system has been studied [43,61]; however, 

the challenge is to harness the reflection to design a flow-through UV-LED reactor properly. 

Another method for cultivating the radiant energy for microbial inactivation is irradiating the water 

inside an elongated PFR using an ideal collimator lens. In such reactor, UV rays are absorbed by 

water over the length of the PFR, and the photons are not dissipated to the walls, thereby all the 

photons are employed for the water disinfection. This concept was studied theoretically in the 

previous section under ideal PFR and collimation assumption. Since an ideal PFR and ideal 

collimator lens are unattainable, the integrated model can be applied to study the aforementioned 

design concepts to provide insight into their actual performance. 

5.3.1 Assumptions  

To establish ideal hydrodynamics-radiation interaction, a cylindrical reactor equipped with 

one UV-LED at one end of the pipe was chosen for a case study in this section. Further, two 

concepts of reflection and collimated rays are applied to the base model to investigate their impacts 

on the overall performance.  

The dimensions of the UV-LED reactors for the case study are shown in Figure 34. The 

UV-LED is separated from the water using a quartz window (1.5 mm) in Reactor-1 (base model) 

and Reactor-2 (reflective reactor), while a Fresnel lens is used for the separation in Reactor-3 
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(collimated rays reactor) (Figure 34). UV-LED is placed at the focal length (1.5 cm) of the Fresnel 

lens, and there was not a reflector to return to water the UV rays that did not hit the lens. Although 

the collimation of rays can be obtained utilizing a combination of two or more lenses, a Fresnel 

lens is used to establish collimated rays in this study.  

The internal surface of Reactor-2 was modeled as a reflective surface with a diffusive 

coefficient of one, whereas the walls of Reactor-1 and Reactor-3 were UV absorptive. The flow 

rate of 2000 mL/min was selected for this study and E. coli was chosen as a challenge organism. 

A UV-LED with the germicidal power of 25 mW was used as the radiation source when UV 

transmittance of water was set to 95%. The chosen UV-LED was twice as powerful as the LED1 

in Chapter 4. This selection allows comparing the result of this chapter with those of Chapter 4. 

 

Figure 34. Three cylindrical UV-LED reactors each contain one UV-LED are shown. The wall of 

Reactor-1 (A) is absorptive, whereas, Reactor-2 (B) has a reflective wall. Reactor-3 (C) is equipped with a 

Fresnel lens that collimates UV rays.  
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5.3.1.1 Numerical method 

The distributions of fluence rate in UV-LED reactors are different. The radiant energy field 

of Reactor-1 was obtained by considering all the main phenomena that impact ray propagation. As 

for Reactor-2, in addition to direct radiation, the effect of reflected rays was considered. Since the 

internal surface of Reactor-2 was reflective with a diffusive coefficient of one, the irradiance on 

each cell on the wall was initially calculated, and then the reflected energy was uniformly 

distributed across the domain. With regards to Reactor-3, the irradiance on the surface of the 

Fresnel lens was initially calculated, and the reflected energy was deducted from the incident 

energy and the remaining energy was collimated along the pipe axis (Figure 35), by taking into 

account the absorption of water and reflection at the lens-water interface. Since all the UV rays 

emanated from UV-LED do not hit the lens and get collimated, the amount of delivered UV energy 

to the water is less than that of Reactor-1 and Reactor-2. 

 

Figure 35. The schematic of the propagation of UV ray in Reactor-3. UV rays are shown in blue, and 

the reflected rays are shown in red. 𝑳𝟏is the focal length of the Fresnel lens, 𝑳𝟐is the lens thickness, x is the 

distance that a UV beam travel in the water. 

The procedure of UV-LED reactor simulation was explained in Chapter 4. The same 

approach was employed to simulate the cylindrical UV-LED reactors in this chapter (Figure 34). 

In short, the geometry was discretized into 355359 tetrahedral cells, and the realizable 𝑘 − 𝜀 model 
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with scalable wall function was chosen from hydrodynamic sub models. The velocity-inlet and 

pressure-outlet, no-slip boundary conditions were assigned to the inlet, outlet and the reactor’s 

walls, respectively. The convergence of the results was approved once the errors of two successive 

iterations for the scaled residuals were less than 10−6. 

5.3.2 Results and discussion 

Figure 36 shows the velocity profile on the longitudinal cross section of the reactors. As 

seen, velocity profiles even out and the impact of pressure difference diminishes as water moves 

toward the outlet. The principal direction of the water is from left to right; however, when water 

moves upward to leave the reactor, the main direction is inclined upward, which further contributes 

to the non-ideal flow in the reactor. Another aspect of non-ideal flow relates to water recirculation 

shown by red-dashed lines in Figure 36. In such areas, water residence time is relatively longer 

than the central part, and microorganisms are exposed to a higher amount of UV energy. 
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Figure 36. The velocity contours (A) and velocity vectors (B) on the longitudinal cross section of the 

UV-LED reactors.  

Figure 37 shows the fluence rate distribution on the longitudinal cross section of the 

reactors. UV-LED irradiates the water in parallel mode with higher UV energy near the UV source. 

The fluence rate decreases along the pipe length, but its uniformity increases across the lateral-

cross sections (Figure 37-A). The UV energy around the center is higher which is in accordance 

with the concept of ideal velocity-radiation interaction. However, UV rays diverge in short 

distances in Reactor-1, so the photons hit the wall and are eliminated at the end of their trajectories. 

Due to that, a large portion of emanated energy does not effectively contribute to the inactivation. 

The photons that are lost to the reactor wall in Reactor-1 are retained in Reactor-2 through the 

surface reflection. The increase in the magnitude of fluence rate in Reactor-2 shows the impact of 
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reflected rays (Figure 37-B). Although UV energy is preserved, still the fluence rate near the wall 

is higher than that of the center, which does not match well with velocity distribution.  

Figure 37-C illustrates how parallel rays produce the fluence rate distribution in Reactor-

3. The ideal collimator lens used in this case, collects rays and aligns them with the pipe axis. As 

a result of such behavior, the entire pipe is irradiated, and the gradient of UV energy along the pipe 

axis is much less than those of Reactor-1 and/or Reactor-2. This behavior exceptionally improves 

the uniformity of local fluence across the reactor (Figure 37-C). Since the profile of UV-LED is 

the balloon shape (Figure 10), the highest amount of UV energy is observed at the center. The UV 

rays lose their energy along their pass due to the absorption; therefore, the fluence rate contours 

taper as they progress toward the inlet. The simulation showed that 22% of radiant energy 

emanated by UV-LED does not hit the Fresnel lens in Reactor-3; therefore, the amount of delivered 

energy to Reactor-3 is less than that of either Reactor-1 or Reactor-2. Nonetheless, the radiant 

energy field is well matched with the velocity contours in Reactor-3 so that microorganisms with 

higher velocity are exposed to a higher amount of UV rays.  
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Figure 37. The fluence rate (left) and local fluence (right) distributions on the longitudinal cross 

sections of the three UV-LED reactors. 

Figure 37 shows the local fluence (local performance) on the longitudinal cross sections of 

all the reactors. Reactor-1 local fluence profiles (Figure 37-A2) reveals that the incoming flow 

receives low fluences near the inlet as a result of short residence time. However, the reactor 

performs better as fluid moves toward the outlet so that the maximum local fluence is seen near 

the UV-LED. In comparison to Reactor-1, Reactor-2 delivers higher fluence and diminishes the 

extent of the low-performing region. The impact of reflection is evident, particularly near the walls 

in which the fluid has higher residence time. Figure 37-C2 shows the local fluence of Reactor-3, 

and in comparison with two other reactors, the water receives the comparably higher amount of 

UV energy near the inlet; and the reactor performs even better as water flows toward the other end 

of the reactor. Reactor-3 has the highest fluence uniformity among all (Figure 37-C2), and the 

radiant energy field is well matched with velocity profile. 
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The profile of microorganisms’ concentration across the reactor illustrates how water is 

treated along the pipe (Figure 38). A large portion of the volume of Reactor-1 and Reactor-2 

contain water with highly concentrated microorganisms (red color), while much of the inactivation 

occurs near the UV-LED. This shows the susceptibility of such reactor designs because a small 

change in hydrodynamics drastically reduces their ability to treat water. In contrast, Reactor-3 

effectively disinfects the water along the pipe so that when the velocity profile becomes 

approximately uniform across the lateral cross section (x~10 cm in Figure 36), the concentration 

contours fade out linearly with respect to the pipe axis (Figure 38-C). Such behavior suggests that 

a more elongated pipe promise even higher design efficiency as a result of higher fluence 

uniformity. 

 

Figure 38. Concentration profile on the longitudinal cross sections of the three reactors 
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Figure 38 shows the log inactivation and their efficiency with respect to their corresponding 

ultimate fluence. The simulations showed that Reactor-1 could disinfect E. coli up to 0.35 log at 

the flow rate of 2000 ml/min. The result signifies the efficacy of parallel irradiation if the log-

inactivation is compared with what was observed during cross-irradiation in Chapter 4, where the 

reactor comprised 4 UV-LEDs (~43 mW) and could treat the water up to 1 log at 150 ml/min. 

Although ~43 mW was delivered to Reactor-1, the log inactivation was less than that of Reactor-3. 

The reflection and collimation enhanced the performance of Reactor-1 approximately two and four 

times, respectively. However, based on this result, it cannot be concluded that reflection alone 

always leads to lower performance because a well-mixed reactor with a reflective wall could be 

an ideal UV reactor. According to the behavior of a CSTR, improving the mixing in a reflective 

UV-LED reactor is a practical approach to attain higher performances. Nonetheless, the reflection 

is prone to bio-fouling which changes the characteristics of the reactor and decreases its 

performance drastically. Besides, the desired radiation profile may not be achieved through 

reflection. 

Table 6 shows that a 15-cm plug flow reactor with the collimated rays could deliver the 

fluence of 7.86 
𝑚𝐽

𝑐𝑚2, which is approximately the half of the ultimate fluence (14.67 
𝑚𝐽

𝑐𝑚2). This 

calculation shows that up to the length of 15 cm, only ~50% of total energy is cultivated for the 

inactivation, suggesting that increasing the length of the reactor improves the delivered fluence. 

Table 6 presents that Reactor-3 exhibited 33% of the performance of an ideal reactor, which shows 

significant improvement compared to the other reactors. In the configuration of Reactor-3 due to 

the divergence of UV rays emanated from UV-LED, 22% of UV energy does not hit the Fresnel 

lens, thereby do not contribute to the radiant energy field. It is expected that any effort to capture 

and collimate all the photons results in higher performance. One suggestion could be utilizing a 
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reflector that captures and returns UV rays. Note, since the reflected rays would hit the Fresnel 

lens with new incident angles that may not be optimum, the ultimate performance will not increase 

by 22%.   

Table 6. Reduction equivalent fluence (dose) and the design efficiency of the three reactors 

  Log-inactivation REF (mJ cm-2) 𝜂 =
𝑅𝐸𝐹

𝐹𝑈
 

Reactor-1 0.35 1.29 0.087 

Reactor-2 0.71 2.63 0.179 

Reactor-3 1.95 4.88 0.332 

15-cm Plug flow reactor with 

collimated beams 
 7.86  

Ideal reactor †  14.67  

Absorption coefficient=0.0222 [cm-1] equivalent to 95% UVT 

Germicidal power= 25 [mW] 

Length= 15 [cm] 

Flow rate= 2 [L/min] 

† an infinite length plug flow reactor with collimated beams or a well-mixed reactor with fully reflective internal 
surfaces 

 

5.4 Summary 

The concept of velocity-radiation proportionality was defined, and an ideal performance 

was built upon that concept. The concept of parallel-irradiation which leads to a better 

hydrodynamics-radiation interaction was introduced, and the integrated model was employed to 

show the efficacy of parallel-irradiation mode.  

The study of the ideal UV-LED reactor opened doors to the advent of new conceptual 

designs such as reactors with reflective internal surfaces and collimated UV rays which promise 

higher efficiency. The study of ideal UV-LED reactors led to the development of a mathematical 

formula to calculate the maximum fluence of a UV-LED reactor. The formula was used for the 
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calculation of the power consumption once the wall plug efficiency and germicidal efficiency of 

UV-LED were taken into account.  

Three cylindrical UV-LED reactors were simulated when the internal surface of Reactor-

1 and Reactor-3 were UV absorptive, while Reactor-2’s internal surface was reflective. The 

radiation profile of the UV-LED in Reactor-3 was modified using a Fresnel lens. The simulation 

results showed that the UV-LED reactors with reflective internal surfaces and collimated rays, in 

turn, could deliver two and four times higher fluence compared to Reactor-1. Reactor-3 could 

reach 33% of the ultimate fluence despite the fact that 22% of the radiant energy did not hit the 

Fresnel lens and did not get into the reactor. The analysis of the fluence distribution of Reactor-3 

suggested that a more extended reactor could increase fluence uniformity and ultimately higher 

design efficiency.  

The concepts proposed in this chapter can be employed to design more efficient reactors, 

and the intergraded model can be applied to study their performance under real operating 

conditions.  
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Chapter 6: Conclusions and recommendations 

This study developed an integrated model for simulating UV-LED reactors for water 

treatment. The integrated model needs three prerequisite models (hydrodynamic, radiation, and 

kinetic) to predict the overall performance of a UV-LED reactor. In this study, the appropriate 

hydrodynamic model was selected according to the prior works in our research group. The method 

for simulating UV-LED radiation was proposed and evaluated experimentally. The method for 

estimating the UV-LED microbial inactivation was proposed and examined using E. coli and MS2 

in different operating conditions. The prerequisites models were integrated into a commercial CFD 

software package (ANSYS FLUENT) to simulate the performance of UV-LED reactors. The 

robust CFD-based model could successfully predict the performance of UV-LED reactors under 

various operating conditions such as different flow rates, flow regimes, UV-LED outputs, and UV-

LED configurations. The reliable CFD-based model can be utilized as an engineering tool to 

design, optimize, scale-up similar UV-LED reactors. In the following, the general conclusions 

derived from this research study are presented.  

A general method for the prediction of the fluence rate within a UV-LED reactor was 

developed by considering an actual UV-LED’s radiation profile, Snell’s and Fresnel’s laws 

through the propagation of UV rays, and the reflection from internal wall surfaces. The UV-LED 

was modeled as a polychromatic radiation source, and the impact of the UV-LED emission 

spectrum on the quartz absorption coefficient and microorganism’s inactivation were studied. The 

results showed that UV-LEDs with larger wavelength than 265 nm could be assumed as 

monochromatic during the calculation of the quartz absorption coefficient. Moreover, the quartz 

had a negligible impact on the emission spectra of UV-LEDs with peak wavelengths larger than 

265 nm. The experimental measurements showed that UV-LED radiation profiles are not 
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symmetric with respect to the UV-LED normal vector. However, statistical analysis showed that 

the symmetric assumption could yield acceptable predictions. 

The evaluated radiation model was applied to predict the delivered fluence rate to the 

microbial suspension when the UV-LED was ~1.5 cm above the petri dish to produce high fluence 

rate. The simulation results showed that the reflection from the water surface was different and the 

fluence rate was non-uniform across the petri dish. The analysis of reflection from internal walls 

revealed that a negligible amount of UV reflects back to the water and the reflection effect can be 

ignored during the fluence rate calculations. The close agreement between the actinometry data 

and numerical predictions derived based on the polychromatic assumption implied that the entire 

emission spectrum of UV-LED needs to be considered to improve the accuracy of the fluence rate 

prediction.  

During the kinetics studies, the gently mixed microbial suspension was exposed to UV for 

different time periods to receive pre-determined fluences. The experimental fluence rate in the 

microbial suspension was back-calculated by considering the germicidal efficiency of UV-LEDs. 

The comparison between the numerical predictions and experimental data showed that when the 

exposure time became longer than 200 seconds, the experimental fluence rate approached the 

numerical fluence rate so that their differences reduced to less than 5%. Since numerical 

predictions were derived based on the completely-mixed assumption, the significant deviations 

between the numerical and experimental data in the shorter exposure times were related to the 

mixing as the water inside the petri dish was not well-mixed. Therefore, the output power of a UV-

LED must be adjusted prior to the experiment in such a way that a long exposure time (e.g., 200 s) 

is needed to deliver the target fluence. This conclusion was drawn based on the non-uniform 
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fluence rate distribution in the 5 cm and 9 cm petri dishes. It should be noted that if the fluence 

rate uniformity increases, it is expected that shorter exposure times lead to reliable kinetics data.  

The main conclusion drawn from this study was the use of the germicidal efficiency— 

derived based on the polychromatic assumption and the action spectra—could yield reliable 

kinetics information. Thus, the inactivation effect of UV-LEDs with different wavelengths can be 

estimated without experimental studies, which has real-life applications when a reactor of different 

UV-LEDs is to be simulated.  

Once the prerequisites models for the development of the integrated model were developed, 

the performance of two cylindrical UV-LED reactors was simulated using the integrated model. 

The simulations could predict the inactivation of E. coli and MS2 in continuous flow reactors under 

different operating conditions, showing the capability of the proposed method. The simulation of 

the reactors in the Eulerian framework facilitated the analysis of the behavior of the reactor, 

resulting in identifying the areas with low performance. The analogy of each computational cell to 

a well-mixed UV reactor allowed to define the local performance of a UV reactor based on the 

delivered local fluence. This study showed that the negative impact of low-performing regions 

could be different, and the concentration profile and/or accumulated fluence shows which poorly-

performed region has the worst impact. This study showed that by modifying the hydrodynamics 

of the reactor, the delivered fluence increased ten times, implying the capability of the integrated 

method for design modification. The general guideline proposed in this study can be applied to 

other similar photoreactors to improve efficiency. 

The analysis of cross-irradiation and parallel-irradiation modes showed that parallel-

irradiation could result in higher efficiencies. Therefore, two reactors based on parallel-irradiation 

concept were introduced, where reflective surfaces and collimated rays were two ways of 
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improving the radiation distribution in cylindrical reactors. The irradiating the water using the 

collimated rays, due to a better fluence uniformity, resulted in higher efficiency in such a way that 

the reactor could achieve 33% of the ultimate fluence. The efficiency of the cylindrical reactor 

with the collimated rays was almost two times higher than that of the reflective reactor. If the water 

is well-mixed inside the reflective reactor, the performance will rise. However, the reflective 

surfaces are prone to biofouling, which drastically reduce the overall performance.   

6.1 Recommendation  

This study used realizable 𝑘 − 𝜖 with along with wall functions (e.g., enhanced wall 

treatment and scalable wall function) to simulate the flow field according to the prior works in our 

research group. Since the validity of the hydrodynamic model is crucial for simulating the reactor, 

it is recommended to perform experimental studies to evaluate the numerical predictions, 

particularly for high Reynolds numbers. 

The integrated model could reliably predict reactor performance. It is recommended to 

couple the integrated model with an optimization routine to find the optimum performance of a 

UV-LED reactor for a given design criterion.  

The radiation model is applicable to a clear fluid where the scattering effect is negligible. 

When there are particles in the water or the turbidity of the water is low, the proposed radiation 

model may not predict the fluence rate inside the reactor accurately. If the distribution of particles 

across the reactor is known, through an iterative procedure the scattering effect can be captured. 

However, such process is computationally intensive. It is recommended to develop an efficient 

algorithm to simulate the propagation of rays considering scattering effect. Such a model could 

have applications in wastewater treatment processes.  
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The radiation distribution of a UV-LED reactor can be modified using optical lenses. The 

current model considers Snell’s and Fresnel’s laws during the propagation of rays. However, it 

was not utilized to predict the radiation distribution when an optical lens alters the UV-LED’s 

radiation profile. It is recommended to apply the algorithm proposed in this study to simulate the 

effect of an optical lens on the radiation distribution and evaluate the predictions experimentally. 

The radiation model developed in this study is applicable to systems that have a clear fluid 

with a constant absorption coefficient. Once photoreaction takes place within the photoreactor and 

the photo-products have significantly different absorption coefficient, the accuracy of the 

predictions based on the proposed model drops sharply. Therefore, the absorption coefficient 

across the reactor needs to be updated simultaneously throughout the simulation. This requires an 

iterative process in which the concentration profile is achieved, and then the radiation profile is 

updated to update a new concentration profile until the changes in concentration and radiation 

profiles become negligible. In each iteration, the mentioned iterative process needs to be 

implemented. The proposed method to simulate such a system is time-consuming, so it is 

recommended to develop an efficient algorithm to update radiation profile reliably in a time 

efficient manner. 
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