
 
 

 ABSTRACT 

 

JENNY, RICHARD MATTHEW. Numerical Optimization and Experimental Validation of a 

Continuous Flow Point-of-Use UV-LED Disinfection Reactor using Computational Fluid 

Dynamics. (Under the direction of Joel J Ducoste.)  

 

 

Ultraviolet light (UV) is becoming increasingly important as a drinking water disinfection 

process due to its ability to inactivate chlorine-resistant pathogens Cryptosporidium and 

Giardia. In addition, unlike chlorine, UV does not react with constituents in the water to 

form harmful by-products.  For these reasons, mercury lamp UV light sources are seen as an 

effective alternative to traditional chemical disinfection processes. However, mercury UV 

light sources contain hazardous waste, have short operating lives, are fragile, and have 

limited design flexibility. UV Light Emitting Diodes (UV-LEDs) offer an alternative UV 

source that have the potential for long operating periods, are robust, do not contain any 

known hazardous waste, and offer added design flexibility.  Computational Fluid Dynamics 

(CFD) modeling of UV reactor performance has been a significant approach to the 

engineering of UV reactors in drinking water treatment.  Yet, no research has been performed 

on the experimental and numerical modeling of a continuous flow UV-LED reactor. A 

research study was performed to validate a CFD model of a continuous flow UV-LED water 

disinfection process.  Reactor validation consisted of the following: 1) hydraulic analysis 

using tracer tests, 2) characterization of the average light distribution using chemical 

actinometry, and 3) microbial inactivation using biodosimetry.  Results showed good 

agreement between numerical simulations and experimental data.  Accuracy of the macro-

scale mixing prediction increased as flow rate increased from 109 mL/min to 190 mL/min, 

while the predicted effluent chemical actinometry conversion was slightly better at the low 

flow rate.  Biodosimetry testing was compared only at the low flow rate and saw good 

agreement for log inactivation of bacteriophage MS-2 and Qβ at 92% and 80% UV 

transmittance (UVT).  The validated CFD model was subsequently used to numerically 

optimize the number, placement, and wavelength of UV-LEDs in the point-of-use UV-LED 

reactor.  

 



 
 

The small size and ability for UV-LEDs to emit a targeted monochromatic wavelength adds 

substantial design freedom when configuring a UV-LED reactor. However, the increased 

flexibility in design options will add a substantial level of complexity when developing a 

UV-LED reactor, particularly with regards to reactor shape, size, spatial orientation of light, 

and germicidal emission wavelength. Anticipating that LEDs are the future of UV 

disinfection, new methods are needed for designing such reactors. In the design of UV-LED-

based systems, CFD will need to be coupled with rigorous optimization programs to sort out 

all possible optimized configurations under defined design, operational, and cost constraints. 

In this research study, we will discuss the evaluation of this new design paradigm using the 

validated UV-LED disinfection reactor. ModeFrontier, a numerical optimization platform, 

was coupled with COMSOL Multi-physics, a CFD program, to generate an optimized UV-

LED continuous flow reactor. ModeFrontier was set up to meet the provided objective 

functions by varying the placement of UV-LEDs, the number of active lights, and the 

wavelength of light (260 nm or 275 nm). Two optimality conditions were considered: 1) 

multi-objective analysis and generation of the Pareto front (maximizing the log10 inactivation 

and minimizing the supply power); 2) minimizing the input supply power by achieving at 

least (2.0) log10 inactivation of E. coli ATCC 11229. All optimality tests were completed at a 

flow rate of 109 mL/min and 92% UVT. The numerical solution from the second objective 

was validated experimentally using biodosimetry. In general, the optimal UV-LED 

wavelength and spatial arrangement followed hypothesized trends; however, the design had 

non-intuitive features, particularly related to the number of lights required to achieve a target 

log inactivation. The optimal designs would likely have not been suggested from even 

experienced designers due to the increased degree of freedom offered by UV-LEDs.
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1 INTRODUCTION  

Ultraviolet light (UV) has become an important drinking water treatment process for 

microbial disinfection due to many of its distinct advantages over traditional chemical 

processes. UV light is capable of inactivating chlorine resistant protozoa Cryptosporidium 

and Giardia.  These waterborne pathogens are regulated federally by the EPA and can 

significantly impact public health.  Although chemical disinfection is efficient at inactivating 

algae, viruses, and bacteria, Cryptosporidium and Giardia form cysts that provide protection 

from traditional disinfectants such as chlorine and ozone (Cho et al., 2010).  In addition, UV 

light is not known to produce disinfection by-products (DBP), does not lead to the production 

of taste/odor compounds, and over-dosing will not compromise public health (Chatterley et 

al., 2010). Traditional UV light sources employ mercury-based lamps; however, mercury is a 

hazardous waste, and if lamps are broken during maintenance, installment, or from foreign-

object collision, plant personnel may be exposed, and/or the waste may enter the drinking 

water supply (USEPA, 2006). In addition, the United Nations Environment Program (UNEP) 

has signed an agreement to significantly limit the mining and usage of mercury by the year 

2020 (UNEP, 2013). The agreement will significantly affect the manufacturing of all 

products that contain mercury, including UV lamps. UV Light Emitting Diodes (UV-LEDs) 

can potentially be an alternative UV light source; one which does not contain toxic mercury, 

can offer increased design flexibility due to their small size, are robust, have potential 

lifetimes of 100,000 hours, and require little input power (Chatterley et al., 2010). For these 

reasons, UV-LEDs are seen as a potential replacement of traditional mercury lamp UV light 

sources for drinking water disinfection processes.  

 

The research presented in this thesis focuses on the implementation of a small-scale UV-LED 

continuous flow disinfection reactor. The overall objective of the study was to numerically 

optimize a UV-LED reactor and validate the predictions using experimental biodosimetry 

techniques.  To achieve such a goal, an initial numerical validation is required to accurately 

represent the multiple physics (hydraulics, fluence rate, and microbial inactivation) that 
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simultaneously participate within a UV disinfecting reactor.  Therefore, a CFD model was 

generated to predict the flow field, light distribution, and microbial inactivation within a 

continuous flow UV-LED reactor. To validate the initial results from the numerical model, 

experimental testing was completed using salt tracer tests (hydraulics), iodide/iodate 

chemical actinometry (average light fluence), and biodosimetry (microbial inactivation). The 

results from the first study showed that, for a given set of operating conditions the model was 

accurate in predicting the physics through the reactor. Numerical optimization was performed 

by coupling commercial software (ModeFrontier), with commercial CFD software 

(COMSOL Multiphysics), following completion of the initial validation.  The optimization 

routine was designed to vary the placement, number, and wavelength of activated UV-LEDs 

in the system. The numerical optimization results were then experimentally validated using 

biodosimetry.   

 

2 BACKGROUND 

2.1 EFFECTIVE WAVELENGTHS FOR UV DISINFECTION 

The UV light spectrum ranges from 100-400 nm, and is divided into four sub-sections; 

vacuum UV (100-200 nm), UV-C (200-280 nm), UV-B (280-320 nm), and UV-A (320-400 

nm). Water efficiently absorbs vacuum UV, so it is not an effective source for drinking water 

disinfection (USEPA, 2006). UV-A light requires long exposure times and a high dosage of 

light to be effective as either a disinfecting or advanced oxidation process. UV-A light acts 

by generating highly reactive species, such as superoxide anions and hydroxyl radicals, to 

oxidize organics within a water source (Hamamoto et al., 2007). UV-A’s long exposure times 

prevent it from being an ideal disinfection strategy (USEPA, 2006). UV-B light (280-315 

nm) has shown some inactivation potential, particularly by attacking proteins within a cell; 

however, UV-B is not as effective as UV-C light (USEPA, 2006). UV-C light has been found 

to be the most efficient UV source at inactivating pathogenic microorganisms, primarily 

because of the effective absorption by many microorganisms (USEPA, 2006).  Potential 

mechanisms for UV-C inactivation are presented briefly. 
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Microbial inactivation from UV-C light at doses typical for water treatment processes (~40 

mJ cm
-2

) can occur in one of three ways: pyrimidine dimer formation, pyrimidine (6-4) 

pyrimidone photoproducts, and protein-DNA cross-links (USEPA, 2006). However, of these 

three possibilities, the most common pathway is pyrimidine dimer formation. In this case, 

covalent bonds form between adjacent pyrimidine bases on the same DNA or RNA strand. 

Thymine-thymine dimers are more common to form than any other pyrimidine combination 

(USEPA, 2006). The dimer formation prevents the organism from reproducing and will 

eventually result in microbial inactivation (USEPA, 2006). For the remainder of the 

document, the term ‘UV-C’ will more simply be referred to as ‘UV’. 

 

2.2 UV LIGHT SOURCES  

Currently, the majority of UV light technologies used in drinking water treatment are 

generated by mercury lamps. The three most common mercury-based UV sources are low-

pressure (LP), low-pressure high output (LPHO), and medium-pressure (MP) lamps. UV 

lamps operate by supplying a voltage across a gas mixture (typically mercury vapor), which 

results in a discharge of light energy.  The wavelength of light emitted is a function of the 

number of mercury atoms, which is related to the mercury vapor pressure within the lamp 

(USEPA, 2006).  LP and LPHO lamps operate at 1.35*10
-4

 and 2.3*10
-4

 pounds per square 

inch (psi) of pressure, respectively. These lamps function at a temperature of 40˚C (LP) or 

80˚C (LPHO), and both emit monochromatic light at 253.7 nm. Conversely, MP lamps emit 

polychromatic UV light (200-400 nm) and operate at much higher temperatures (600-900˚C), 

pressures (2-200 psi), and intensity than LP and LPHO lamps (USEPA, 2006).  Most 

microorganisms have a peak DNA absorbance near 260-265nm, which results in the LP and 

LPHO lamps having a higher germicidal efficiency (30-38%) in comparison to MP lamps 

(germicidal efficiency 10-20%). MP lamps also tend to have shorter lifetimes (4,000-8,000 

hours) than LP and LPHO light sources (8,000-12,000 hours). However, MP lamps require a 

smaller design footprint to their counterparts because of their increased irradiant intensity 

(USEPA, 2006). 
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Recent technological advances have led to the development of LEDs, around 5 mm in 

diameter, to generate light in the germicidal range (Bettles et al., 2007; Chatterley et al., 

2010; Bowker et al., 2012). LEDs generate light via electroluminescence; where light is 

created as a result of an electric current formation. In the most basic sense, LEDs are 

manufactured by forming minor impurities in the surface of two semiconductors and forming 

a junction between them.  One of the semiconductors is known as the p-side, which stands 

for “positive-side”; while the other is referred to as the n-side, or “negative-side”. The p-side 

is referred to as “positive” because during the doping process, electron holes are generated, 

which results in partially unfilled valence orbital’s and an electron deficit in the solid 

(Casiday et al., 2007). When a voltage is supplied to the system, electrons travel from the n-

side semiconductor to the p-n junction.  It is here where electrons can occupy the available 

space from the doped p-side semiconductor. However, in order for the electron to enter the 

valence orbital of the p-type semiconductor, energy must be released for the system to 

stabilize (Casiday et al., 2007). The released energy is in the form of light photons, where its 

wavelength is a function of the band gap between the semiconductor materials (Casiday et 

al., 2007). Light in the UV-C and UV-B range are currently generated by gallium nitride 

(GaN) and aluminum nitride (AlN) semiconductors (Bowker et al., 2012).  

 

2.3 BENEFITS OF UV-LEDS 

The small size of UV-LEDs provides significant design flexibility in the reactor shape and 

light orientation that is not offered using mercury UV lamps. Additionally, UV-LEDs can be 

manufactured to produce a targeted wavelength of light (from 255 nm to 405 nm), which 

further improves design flexibility over traditional lamp technologies (Shur et al., 2008). The 

design flexibility offered by UV-LEDs provides an opportunity to engineer a more efficient 

disinfection process.  Additional drawbacks to traditional UV lamps include its toxic 

components. Mercury is hazardous to both human health and the environment, and if the 

lamps are broken during installation, maintenance, disposal, or by foreign-object strike, 

mercury vapor may enter the drinking water supply or expose treatment plant personnel 
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(USEPA, 2006). Replacement and disposal of hazardous LP lamps can be especially difficult 

in developing countries, where energy-saving point-of-use (POU) disinfection processes are 

desired. In these rural and undeveloped regions, it is critical to implement systems that 

provide energy savings, long light replacement intervals, and components that are safe to 

handle and dispose. UV-LEDs provide these benefits, as they have been recognized as a 

system that saves energy (input power is in range of mW), lowers maintenance cost, 

lengthens replacement intervals, and are non-toxic (Chatterley et al., 2010). In addition, UV-

LEDs are robust, durable in transit and handling, easily reconfigurable, and require less 

auxiliary electronics than mercury UV lamps (Chatterley et al., 2010). For all these reasons, 

UV-LEDs have the potential to replace fluorescent lamps for point-of-use drinking water 

disinfection systems in developing countries.  

 

2.4 CURRENT UV-LED POWER EFFICIENCY 

The use of UV-LEDs in commercial products is currently hindered because of their low wall 

plug efficiency and inability to emit light at high output power (Bowker et al., 2012). UV-

LEDs function at 0.5-2% efficiency, which is largely a result of semiconductor material and 

the inefficient extraction of light through the sapphire substrate (Shur et al., 2008; Bowker et 

al., 2012). Most germicidal UV-LEDs are suggested to operate at 20 mA of current, and are 

capable of producing less than 1 mW of radiant power; by comparison, LP UV lamps emit 

0.2 W/cm (Bowker et al., 2012).  Increasing the current through the UV-LED can generate 

increased light intensity, but this will degrade the operating duration to below the expected 

lifetime of 1000 hours with the materials used today.   

 

Although UV-LEDs are currently inefficient, technological improvements have allowed for 

incremental growth in wall plug efficiency (and thus output power) as UV-LED wavelengths 

increase from 255-285 nm (Vilhunen et al., 2009: Bowker et al., 2011; Würtele et al., 2011). 

Therefore, the current research studied the impact of coupling a UV-LED reactor with two 

different wavelengths of UV light. One wavelength was chosen because of its ability to emit 
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at relatively higher optical power (275 nm), but low germicidal efficiency, while the other 

was chosen because of its larger germicidal efficiency (260 nm), but low power output. Thus, 

the optimization routine was designed to delineate between the 260 nm UV-LEDS, 275 nm 

UV-LEDs, or some combination of the two, in the small-scale UV reactor.  

 

2.5 CHALLENGE MICROORGANISMS 

Large-scale validation of UV reactors has traditionally involved the use of challenge 

microorganisms, such as Bacillus subtilis spores, that may serve as surrogates for parasitic 

organisms of public health, such as Cryptosporidium parvum. Coliphage MS-2 is another 

commonly used challenge microorganism that may serve as a surrogate for viral pathogens, 

such as adenoviruses (Hijnen et al., 2006). MS-2 is a single stranded RNA virus known for 

its relatively high resistance toward germicidal UV light.  Although MS-2 is a commonly 

used testing surrogate for Cryptosporidium and viruses of public health importance, its 

inactivation rate is much slower than that of the target pathogens, and therefore may not be 

an ideal representation of the frank pathogens of interest (Fallon et al., 2007). The large 

fluence response deviation between target and challenge microorganism, along with the non-

ideal nature of reactor hydraulics and light distribution, will lead to variability and 

uncertainty in UV disinfection process performance under site specific conditions (Hijnen et 

al., 2006). To mitigate these uncertainties, the US EPA (2006) has required the use of 

Reduction Equivalent Fluence (REF) bias factors when large-scale UV reactors are validated 

prior to operation (Fallon et al., 2007). The bias factors are used as a safe guard to obtain a 

more conservative estimate of the average dose a UV reactor can produce, for a given set of 

operating conditions. A viable option to reduce the REF bias factor and obtain more 

confidence in UV reactor operation is to use a challenge microorganism whose UV dose 

response data approaches the target pathogen. Qβ is another single-stranded RNA coliphage 

that is known to be less resistant than MS-2, and has a UV dose response that approaches that 

of Cryptosporidium (Hijnen et al., 2006). In addition, Qβ can be propagated to high titers, 

does not cause human illnesses, and is safe for the environment (Fallon et al., 2007). 
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Therefore, the present research validated the small-scale UV-LED reactor with the 

traditionally-used coliphage MS-2, along with the more UV sensitive coliphage, Qβ.  

 

Due to the small output power that currently plagues UV-LED light sources, it was also 

necessary to experiment with an even less resistant microorganism than Qβ. In this study, a 

third microorganism was selected, capable of achieving up to 4.0 log10 inactivation when 

operating the reactor under low flow, high UV transmittance conditions, with all UV-LEDs 

activated. By achieving a high log10 inactivation (~4.0), the research was able to explore UV-

LED reactor designs (varying UV-LED placement, number, and wavelength of light) while 

still maintaining a measurable log inactivation below 4.0.  For this reason, E. coli strain 

ATCC 11229, a commonly tested surrogate for UV disinfection studies, was chosen as a non-

pathogenic challenge microorganism, meant to display the proof-of-concept model for an 

optimized UV-LED continuous flow disinfecting device.  

 

2.6 UV-LED BIODOSIMETRY RESEARCH 

UV-LED disinfection research is growing, particularly with respect to biological studies.  

Hamamoto et al., (2007) developed a new UV-LED device incorporating 8 LEDs of 365 nm 

wavelength. The samples were tested by light in the UV-A (320-400 nm) range at high power 

outputs (315-672 J/cm
2
) for long exposure times (15-160 minutes).  The research focused on 

the primary inactivation method of various bacterial strains in the UV-A range.  Results 

showed oxidative damage on the cellular DNA stemming from superoxide anion radicals, 

hydroxyl radicals, and hydrogen peroxide. The damage was compared to pyrimidine dimer 

formation typically found with bacteria exposed to light in the UV-C range (200-280nm). 

Although the device was effective at reducing certain bacterial strains between 4 to 5 log, the 

dose required and exposure times are too high to be economically feasible. 

Mori et al., (2007) measured the efficacy of a UV-A LED device primarily for the 

inactivation of E. coli DH5α. The research compared the ability of a 254 nm low pressure 

mercury lamp, 365 nm UV-LEDs, and 405 nm UV-LEDs to inactivate bacteria in a batch 
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system. Each LED device consisted of eight lights aligned in series, and exposed the bacterial 

samples for either 15 or 30 minutes. The results showed that the 405 nm LED system was 

unable to inactivate E. coli DH5α, while the 365 nm device behaved similar to the 254 nm 

lamp (3.0-3.5 log inactivation) at an exposure time of 30 minutes. However, the UV dose 

from the 365 nm device was 27,000 mJ cm
-2

; by comparison, a large-scale flow-through UV 

reactor typically operates at approximately 40 mJ cm
-2

. Conversely, with 15 minutes of 

exposure time, the 254 nm lamp was significantly more efficient than the 365 nm LEDs. The 

literature did not report the reasoning for this deviation; however, it is suspected that 15 

minutes of exposure was not sufficient for the LEDs to generate highly reactive species, such 

as hydroxyl radicals and superoxide anions, in order to oxidize components along the cell 

wall or internally within the cell. Further research should be completed to understand the 

applicability of using UV-A light in continuous flow reactors. 

 

Vilhunen et al., (2009) examined the inactivation potential of E. coli K12 through two 

separate UV-LED batch reactors; each equipped with 10 LEDs of either 269 nm or 276 nm 

wavelengths.  The samples were exposed to the individual wavelengths in 5 minute 

increments, from 0 to 20 minutes, in three different background fluid conditions: ultra-pure 

water; nutrients and water; or nutrients, humic acid, and water.  The study found that the 

background fluid conditions had a minor impact on the viable cell concentrations, which is 

intuitive. Lowering the solution UV transmittance (nutrients or nutrients and humic acid 

addition) decreased the log inactivation in the batch system, particularly under long exposure 

times (15-20 minutes). In addition, for a given operating condition, the 276 nm LEDs slightly 

outperformed the 269 nm LEDs, even though the former emits nearly two times the output 

power than the latter. The greater efficiency from the 269 nm LEDs is attributed to the higher 

DNA absorbance at that wavelength. This study did not analyze the effects of a continuous 

flow UV-LED reactor.  
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Chatterley et al., (2010) built a proof-of-concept UV-LED reactor using 265 nm LEDs, and 

compared the inactivation kinetics of E. coli K12 to a low pressure mercury lamp. The 

collimated beam design consisted of 3 LEDs, while the flow-through reactor contained one 

row of 10 LEDs, placed one millimeter above the water surface. Chatterley et al., (2010) 

showed no significant difference between the mercury lamp and the UV-LED batch system 

when comparing samples at doses less than 20 mJ cm
-2

. The continuous flow UV-LED 

reactor was able to achieve an average dose of 10 mJ cm-2 at 88% UVT with a 14 mL/min 

flow rate (dose was determined by a conventional biodosimetry method).  Chatterley et al., 

(2010) suggests that up-scaling the number of LEDs within the reactor to 40 total LEDs 

would likely result in an average dose of 40 mJ cm
-2

 for the given flow rate and UVT, which 

is typical for a full scale UV reactor system.  The research did not optimize the placement of 

LEDs, nor did it evaluate alternative UV-LED wavelengths. In addition, the low flow 

conditions imposed in this study may not be feasible for use in a developing country. 

 

Gaska et al., (2011) designed a point-of-use (POU) 4 LED flow through device using one 

wavelength of 273 nm.  The reactor was 3 inches in diameter and 6 inches long, and operated 

at 0.5, 1, or 2 liters per minute.  The research varied the amperage to each LED, ranging from 

100-500 mA, and analyzed the impact the system had on E. coli ATCC 11303 and 

Enterococcus ATCC 10541. The device was capable of achieving 6 log10 inactivation of E. 

coli at 0.5 L/min and 14 W of input power. In addition, the study showed that for both 

microorganisms, log inactivation decreased with increasing flow rate and decreasing input 

power, both of which are expected.  The literature suggests a continual optimization 

technique was performed to improve the reactor efficacy; however, details of this 

optimization were not included. A numerical modeling approach was not implemented to 

characterize the hydraulics, fluence distribution, or the biodosimetry within the reactor. For 

this reason, the results of this study may not be considered optimum. In addition, the lowest 

amperage used per LED in the Gaska et al., (2011) research (100 mA) was 5 times greater 

than the amount used in the presented research.  
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Bowker et al., (2011) designed a novel UV-LED collimated beam apparatus using CFD. The 

numerical model was designed to minimize total cost, subject to LED spacing and target 

wavelength constraints (255 nm or 275 nm; operated independently), and varying the light 

travel distance from the LEDs to the sample surface area. The 255 nm collimated beam was 

designed with 8 LEDs, while the 275 nm collimated beam incorporated 4 LEDs, as the 275 

nm lights emitted nearly twice the output power of the 255 nm lights. Following construction 

of the optimized collimated beam, numerical results were validated by experimentally 

determining the Petri factor (Bolton et al., 2003), and irradiance along the sample surface. 

Microbial response kinetic curves of two coliphages, MS-2 and T7, and one bacteria, E. coli 

ATCC 11229, were generated at 255 nm and 275 nm UV-LED wavelengths, and compared 

to the kinetics of a traditional 254 nm mercury lamp. The shape of the kinetic curve for E. 

coli (shouldering phenomenon at low UV dose followed by log linearity) was consistent 

among the three light sources; however, the 254 nm lamp was significantly more effective 

than the 275 nm LEDs, which in turn was more efficient than the 255 nm LEDs. This result 

was unexpected, as the 254 nm and 255 nm emit similar wavelengths. The discrepancy was 

attributed to a possible deviation from the intensity time reciprocity rule. Bowker et al., 

(2011) hypothesized that the low output power of the 255 nm LEDs (0.3 mW) was not 

significant enough to effectively inactivate the bacteria (even under increased exposure 

times), and there was potentially photo-reactivation activity present within the 

microorganisms. It was also hypothesized that the 275 nm LEDs outperformed the 255 nm 

LEDs (in regards to the E. coli) by disrupting protein functions within the cell (which absorbs 

UV near 280 nm). With regards to MS-2, the study found greater log inactivation with the 

254 nm lamp in comparison to both LED wavelengths; however, the deviation was not 

significant, as all wavelengths inactivated the coliphage within the upper and lower limits as 

suggested by the US EPA UV Disinfection Guidance Manual (2006). Coliphage T7 found 

comparable results to all light sources as well, with slightly higher log inactivation to 275 nm 

in comparison to 255 nm LEDs, which was attributed to a peak DNA absorbance near 270 
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nm for T7. Overall, the study suggested LEDs have the potential to be used as a point-of-use 

disinfection application.  

 

Würtele et al., (2011) constructed batch and continuous flow reactors to measure the 

applicability of UV-C LEDs for disinfecting Bacillus subtilis spores. The batch system was 

unconventional, with the LEDs arranged to irradiate from below the sample, as opposed to 

being placed above, as in a collimated beam apparatus. This alternative placement of UV-

LEDs was done to compensate for the low power output of UV-LEDs and to more uniformly 

distribute the irradiance throughout the sample. The constructed batch reactor was validated 

by comparing the results to that of a traditional mercury-based collimated beam apparatus. 

The research found a significantly more sensitive inactivation response to the 282 nm LEDs 

in comparison to the 254 nm mercury lamp. Chen et al., (2009) had reported similar response 

kinetics of B. subtilis when comparing the effects of a 279 nm and 254 nm mercury-based 

UV source.  The deviation from the Chen et al., (2009) research was explained by the 

modified batch structure used in the study. Although the constructed system resulted in data 

that was inconsistent with the literature, the test set up system did generate consistent data. 

Additional results suggest that the rate of inactivation for the B. subtilis spores is slightly 

greater when exposed to 269 nm LEDs in comparison to 282 nm LEDs; which was attributed 

to a peak DNA absorbance near 269 nm.  However, the 282 nm LEDs emit nearly twice the 

output power in comparison to the 269 nm LEDs, which resulted in the overall efficiency 

being tilted in the favor of the higher wavelength light.  For this reason, the continuous flow 

reactor incorporated the 282 nm LEDs. Experimental tests quantified the log inactivation of 

the spores through the continuous flow reactor at multiple operating conditions. These 

conditions were achieved by varying the flow rate and LED power output, and recording the 

log inactivation for a given average fluence. The reactor was capable of achieving 3 log10 

inactivation of Bacillus subtilis spores with an average fluence of 45 mJ cm
-2

. Numerical 

techniques were not used to characterize the distribution of fluence within the reactor, or to 

optimize the spatial arrangement of LEDs.  
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Chevermont et al., (2012) used a multivariate approach to understand the factors influencing 

the inactivation potential of three E. coli and two Enterococcus faecalis strains in a UV-LED 

batch system.  The research analyzed the effect pH (6 or 8), microbial density (10
5
 cfu mL

-1
 

or 10
7
 cfu mL

-1
), wavelength (254 nm, 280 nm, 365 nm, 405 nm), and exposure time (60, 

120, 180 seconds) had on the inactivation of E. coli strains ATCC 11303, ATCC 15597, CIP 

6224, and E. faecalis strains ATCC 194333 and ATCC 33186.  A batch reactor was set up to 

expose a microbial sample to one UV-LED or a coupled system of one UV-C LED and one 

UV-A LED. An initial screening study was performed and found that pH only had an effect 

on one E. faecalis strain, and density affected one strain of each bacterium. Conversely, the 

turbidity of the sample influenced the inactivation of all the strains tested, as did a change in 

wavelength. Exposure time only influenced the inactivation rate of the E. coli strains. 

Additional research focused on the statistical significance of using individual and/or coupled 

wavelengths with varying exposure times (10, 20, 30 seconds), on inactivating each strain. 

Microbial density and pH were omitted from this analysis as both of these factors are not 

commonly modified in full scale applications. Results showed a range in UV response 

sensitivity for the different microorganisms.  For example, E. coli ATCC 11303 underwent 7 

log inactivation within 30 seconds of exposure to either 280 nm, 280/365 nm, 280/405 nm or 

254/365 nm LEDs, while E. coli ATCC 15597 only resulted in a maximum of 0.4 log 

inactivation after 30 seconds of exposure to one 280 nm LED. Similar results were found for 

E. faecalis, but no discussion was made explaining the inactivation discrepancy among E. 

coli and E. faecalis strains.  Overall, the study found the most effective LED design was a 

coupled configuration (280/365, 280/405, or 254/365). The explanation as to why the 

coupled wavelengths were more efficient was incomplete, as the authors failed to mention 

the germicidal efficiency of the UV-C light in comparison to the UV-A light sources. 

Furthermore, additional research should be done on optimizing a batch or continuous flow 

reactor using LEDs in the UV-A and UV-C range. 
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Oguma et al., (2013) constructed a batch and continuous flow reactor and measured the 

effectiveness of 265 nm, 280 nm, and 310 nm LEDs on the inactivation of E. coli K12.  The 

batch reactor consisted of a 3 x 3 array of LEDs, while the flow-through reactor had 30 

available locations for LEDs. At the center of the continuous flow device was a triangularly 

shaped prism used for housing the LEDs. On each face of the prism there was a column of 10 

LEDs of one wavelength; this set up allowed the irradiance to project outward from the 

center of the reactor. Surrounding the LED housing was a cylindrical quartz sleeve for 

protective purposes, and an open channel for fluid flow. Water was cycled through the 

reactor to achieve desired (average) fluence values at a flow rate of 385 mL/min. The study 

analyzed the log inactivation by varying the light exposure time for all three wavelengths, in 

both the batch and continuous flow reactor.  The 280 nm LEDs were the most “time-

efficient” wavelength, followed by the 265 nm and 310 nm lights.  In other words, for a 

given exposure time, the 280 nm was able to achieve a greater log inactivation than the other 

two wavelengths.  The results can be partly attributed to the higher power output of 280 nm 

LEDs (in comparison to the 265nm source). Conversely, the 265 nm LEDs were most ideal 

at achieving the highest log inactivation for a given fluence value, followed by the 280 nm 

and 310 nm LEDs.  The results can be accredited to the higher germicidal efficiency of the 

265 nm LEDs.  Overall, the 310 nm LEDs were ineffective at inactivating E. coli K12.   

Further analysis should be completed to better understand the effects of using two 

complementary wavelengths of light in a continuous flow reactor.  

 

2.7 UV DISINFECTION: CFD MODELING RESEARCH  

The above literature review focused on experimental biodosimetry experiments; however, 

many researchers have used CFD to model hydraulics, average light fluence, biodosimetry, 

or some combination of each, to provide a better understanding of disinfection performance.    

Knowledge of the reactor hydraulics, irradiance distribution, and microbial response within a 

UV reactor is necessary for complete reactor validation. The hydraulic validation provides 

comprehensive information about the flow field, pressure distribution and macro-scale 



 

 

 

 

 

14 

 

mixing behavior of fluid inside a reactor (Wols et al., 2010). Chemical actinometry can help 

characterize the average irradiance produced by the reactor at various operating conditions 

(flow rate, water transmittance, and lamp power output).  For a given set of reactor operating 

conditions, the hydraulics and irradiance distribution can provide information on the UV 

dose distribution, which is necessary to predict the microbial inactivation of any pathogenic 

microorganism (for which a dose-response kinetics model has been generated) (Blatchley et 

al., 2008). The following review will shed light on the research that has helped to 

characterize the physics inside a UV disinfection chamber using CFD. 

 

Downey et al., (1998) validated the hydraulics of a UV (mercury lamp) reactor using CFD to 

better understand the hydraulic efficiency within a small-scale UV reactor. The CFD model 

was validated using salt tracer experiments at four flow rates, ranging from 3.79 L min
-1

 to 

15.14 L min
-1

. Downey et al., (1998) found good agreement between the numerical 

simulations and experimental results at the low flow rate, while the model slightly under 

predicted the residence times at the higher flow rate.  

 

Ducoste et al., (2005) examined the applicability of the Eulerian approach and Lagrangian 

particle tracking approach to determine the fluence distribution through low pressure and 

medium pressure UV reactors using CFD. The fluence distribution was combined with 

knowledge of the microbial inactivation kinetics of Bacillus subtilis spores and bacteriophage 

MS-2 to determine the log inactivation through a UV reactor. Bioassay tests, using the 

aforementioned microorganisms, validated the numerical predictions from the dose 

distribution model.  Overall, the research found good agreement with respect to fluence 

distribution between the Lagrangian and Eulerian method, assuming the correct effluent 

plane is chosen when implementing the Eulerian method. In addition, reasonable agreement 

was achieved when validating the numerical model with the bioassay experiments.  
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Bohrerova et al., (2005) designed an experiment to better understand the dose distribution 

through a continuous flow mercury lamp UV reactor. The study used a CFD model to predict 

the fluence distribution in a UV reactor, and compared the numerical solutions 

to experimental tests based on fluorescent microspheres traveling through the reactor. The 

study was completed at two flow rates, 3 gallons per minute (GPM) and 7.5 GPM; overall, 

the CFD model over-predicted the average dose within the reactor. The dose distribution data 

found better agreement between the experimental and numerical results at the high flow 

condition.  

 

Blatchley III et al., (2008) validated CFD modeling predictions of the dose distribution 

through a large-scale continuous flow UV LP reactor using dyed microspheres.  The 

numerical dose distribution simulation and the experimental dose distribution determination 

were further validated by performing biodosimetry tests on bacteriophages MS-2 and Qβ.  

The predicted log inactivation from the numerical and experimental dose distribution data 

were compared to experimental biodosimetry results, and the study revealed good agreement 

between biodosimetry and each dose distribution curve for multiple operating conditions.  

 

Zhao et al., (2009) assessed the impact upstream reactor piping has on the UV dose 

distribution curve within a LPHO reactor.  Numerical predictions of the dose distribution 

were generated using CFD and were experimentally validated using fluorescent 

microspheres.  Three influent piping configurations were modeled, which included a straight 

pipe feeding the reactor, and two additional configurations with 90˚ elbow bends leading to 

the disinfection system. The experimental and numerical results showed that the straight 

influent piping shifts the UV dose distribution curve to higher doses when compared to each 

elbow configuration. The shift to higher average dose was attributed to the improved 

hydraulic conditions when the inlet pipe is straight.  The experimental results showed 

minimal difference in dose distribution with respect to the elbow configurations; however, 

different peaks were found when comparing the numerical dose distribution data. The slight 
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deviations were attributed to the fluorescent microspheres’ inability to produce a single 

fluorescent intensity response to an applied UV dose. Nonetheless, the study suggests that 

microspheres can serve as an additional tool for UV reactor validation.  

 

Wols et al., (2010) also conducted a study where CFD was used to validate the hydraulics in 

a UV reactor.  Experimental tests were conducted using the traditional salt tracer procedure; 

however, additional experimental validation consisted of tracer dye analysis to visualize 

mixing patterns within the reactor, and Laser Doppler Anemometry (LDA) to understand 

local instantaneous velocity gradients.  Results from the initial numerical model were used to 

predict an improved reactor design; the updated design included geometry and light 

placement modifications. The upgraded design predicted improved hydraulics and shifted the 

UV dose distribution curve to a higher dose range; however, the curves were not 

experimentally validated.  

 

Wang et al., (2012) used CFD modeling and a continuous flow UV-LED reactor to 

understand the applicability of an advanced oxidation, TiO2-based, photo-catalytic process 

for odor abatement.  The research used 27 UV-A LEDs and a thin TiO2 plate to generate 

highly reactive species for the oxidation of dimethyl sulfide (DMS). The study used a CFD 

model to determine the light intensity gradients within the reactor using alternative UV-LED 

spatial locations, and also determined the DMS concentration gradients at these LED 

locations.  The model predicted an optimal placement of LEDs at an ‘intermediate’ distance 

from the TiO2 surface. The moderate light travel distance was ideal because it allowed for 

relatively uniform light intensity gradients at the metal surface.  A highly heterogeneous 

irradiance distribution (LEDs exceptionally close to metal surface) was deemed inefficient 

because it generated pockets within the reactor with few reactive species.  

Although a steadily increasing amount of experimental research has been performed using 

UV-LEDs, no research has combined the results from a CFD model and completely validated 

the data with experimental testing.  This lack of a complete CFD validation of a UV-LED 
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reactor model is likely due to the novelty that comes in designing a UV-LED continuous 

flow drinking water disinfection system. Furthermore, no research has used such a model to 

numerically optimize a UV-LED reactor, and experimentally validate the optimized design. 

In this study, the optimization model varied the spatial orientation of LEDs, the number of 

LEDs, and the wavelength of light (260 nm or 275 nm). Prior to its use as an optimization 

tool, the numerical predictions of the reactor hydraulics, irradiance, and microbial 

degradation within the reactor were validated experimentally. The validation approaches, 

although performed separately, are combined to provide a detailed characterization of the UV 

reactor behavior. In this study, the CFD-predicted numerical solutions were validated by a 

NaCl step input tracer test (hydraulic validation), iodide/iodate chemical actinometry 

(average irradiance), and biodosimetry (microbial inactivation). Following the initial 

validation, numerical optimization software, ModeFrontier, was used in conjunction with a 

CFD program, COMSOL Multiphysics, to generate an optimized point-of-use UV-LED 

device. Two optimality conditions were considered: 1) multi-objective analysis and 

generation of the Pareto front (maximizing log10 inactivation and minimizing supply power); 

and 2) minimizing input supply power by achieving at least (2.0) log10 inactivation of E. coli 

ATCC 11229. All tests were completed at a flow rate of 109 mL/min and 92% UVT. The 

numerical solution for the second optimality criteria was validated experimentally using 

biodosimetry. Two additional non-optimal solutions were validated to show the legitimacy of 

the inferior solutions.  

 

3 METHODS  

3.1 HYDRAULIC CHARACTERIZATION 

The hydraulic characteristics of a UV reactor is generally determined by a tracer test, where a 

non-reactive tracer is injected at the inlet under steady state flow conditions, and time 

dependent tracer concentration is measured at the outlet. In this study, a positive step tracer 

test was conducted where a NaCl (127 μS/m) (Certified ACS Crystalline S271-1, Fischer 

Scientific Pittsburg PA) solution was used as a non-reactive tracer. NaCl solution was 
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injected as a continuous input at the inlet and samples were collected at the outlet at an 

interval of 5% of theoretical residence time. Conductivity of all the samples were measured 

with a digital conductivity meter (PH/CON 2700 MTR W/PROBE, Cole-Parmer, Court 

Vernon Hills, Illinois) and normalized to the initial conductivity of the salt solution. These 

normalized values were plotted against elapsed time to get the cumulative residence time 

distribution curve F(t). Tracer simulations were performed using COMSOL Multiphysics 

(version 4.3a, COMSOL, Inc., Burlington, MA). The transport of the tracer chemical was 

performed using the flow field (as calculated using the continuity and Navier-Stokes 

equations) and the scalar convective-diffusion transport equations (Liu et al., 2007). The 

back ground fluid transport was performed at steady state while the tracer transport 

simulation was performed under transient conditions to replicate the experimental conditions.  

 

3.2 FLUENCE RATE CHARACTERIZATION 

The fluence rate characterization was performed using chemical actinometry. Standard 

actinometry solution was created using potassium iodide, potassium iodate, and borax. The 

concentration of iodide, iodate, and borax used was 0.6M, 0.1M and 0.01M, respectively. 

When the iodate and iodide are exposed to UV light, the chemical species react to form 

triiodide. The triiodide concentration was measured using spectroscopy where the excitation 

wavelength is 352 nm. The absorbance value was converted to a molar concentration of 

triiodide using the following equation (Equation 3.1):  

 

               
                                     

     
 

3.1 

The reactor was operated with the UV LEDs (260nm) on for approximately 11.8 minutes and 

20 minutes for the 190 mL/min and 109 mL/min flow rates, respectively. These time periods 

were used to yield the maximum triiodide concentration at the outlet and to ensure that the 

flow had achieved steady state conditions. A 2.25L actinometry batch solution was used as 
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the stock feed to achieve steady state and make replicate measurements in the reactor 

effluent. Continuous flow-through experimental tests were performed at two different UV 

LED light configurations, 25 and 30 active LEDs. A model of the iodide/iodate/triiodide 

chemical reaction was used to predict the effluent concentration of triiodide using CFD. The 

chemical equations (Equations 3.2-3.7) display reactions involved in the transformation of 

iodide and iodate to triiodide in the presence of UV light, or Ia: (Rahn, 1997). 

 

              
         

  
                            

3.2 

               
  
       

        

3.3 

            
  
       

        

3.4 

         
  
             

3.5 

           
  
        

  

3.6 

   
    

  
          

  

3.7 

 

In the reaction equations shown (Equation 3.2-3.7), the chemical intermediate (IO
-
, H2O2, 

OH*, I*, I2
-
) rate equations were assumed to immediately achieve steady-state conditions 

(Equations 3.8-3.12). The species concentrations were substituted in the rate equations 

(Equations 3.13-3.18) to develop the final rate equations for iodide, iodate, and triiodide 

(Equations 3.19-3.24). Substituting the species concentrations into the rate equations 

simplifies the number of rate constants to one overall rate constant that must be determined 
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from experimental tests. Bench scale actinometry tests were performed to determine the 

reaction rate constant (k2). The iodide, iodate, and triiodide rate equations were then 

incorporated into the CFD model (i.e., through the convective diffusion equation with a 

reaction term) with the evaluated constant (k2) from the bench scale tests to assess its 

performance. 
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3.3 MICROBIAL INACTIVATION CHARACTERIZATION 

Microbial inactivation kinetic data for the reactor was generated using bacteriophages MS-2 

and Qβ, and bacterium E. coli ATCC 11229. The two coliphages are model indicator 

organisms representing single-stranded human RNA viruses, such as Hepatitis A virus and 

human Noroviruses, while E. coli ATCC 11229 is a commonly used surrogate representing 

the pathogenic E. coli O157:H7 strain. The virus stocks used for collimated beam and 

continuous flow experiments were propagated and spiked at 10
8
 pfu (plaque forming 

unit)/mL such that a 5 log10 inactivation could be determined; similarly, E. coli was grown to 

10
8
 cfu (colony forming unit)/mL. Viral and bacterial inactivation trials were conducted 

independently; therefore, individual stocks (MS-2, Qβ, and E. coli) were not mixed and each 

was evaluated without the presence of the other.   
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A standard collimated beam protocol was followed where cell samples (10mL) were placed 

under the 15 UV-LED collimated beam and exposed to light to achieve various UV dosages 

(Bolton and Linden 2003).  Control samples were collected prior to exposure to UV.  A 2250 

mL solution of saline-calcium, spiked with the appropriate sample (MS-2, Qβ, or E. coli 

ATCC 11229), was used for the flow-through reactor experimental tests. The solution 

volume provided time for steady-state conditions to be achieved in the reactor, allowed for 3 

times the hydraulic retention time (HRT) to pass through the system prior to sample 

collection, and was consistent with the testing volume used in the chemical actinometry 

validation tests. Operating conditions included 109 mL/min flow rate at 92% and 80% UV-

transmittance (UVT), with each UV-LED operating at 20 mA, per manufacturer 

specifications. To lower the UVT, an appropriate amount of super-hume (CropMaster Super 

Hume, UAS of America, Inc., Lake Panasoffkee, Florida) was added to the solution. 

Following super-hume and saline-calcium mixture, the sample was autoclaved for 

sterilization purposes and allowed to cool overnight at room temperature.  

 

The sample was pumped through the reactor using a peristaltic pump (Ocaton PC 2700 

Master flex L/S Drives, Cole-Parmer, Court Vernon Hills, Illinois) for 15 minutes prior to 

collecting the first of three samples. The remaining two samples were collected in 2.0 minute 

increments following the first sample collection. A control sample for each test was collected 

and stored in a sterile dark tube prior to exposure to the UV-LEDs.  In addition, a dark 

sample measuring the effluent microbial concentration, with the UV-LEDs turned off, was 

prepared, and confirmed no difference between influent and effluent microbial concentration. 

All bacteriophage trials were collected in 50mL sterile dark tubes to prevent unwanted UV 

inactivation during transport and/or bioassay, and promptly assessed. E. coli ATCC 11229 

samples were also collected in dark sterile tubes to prevent unwanted inactivation from 

ambient light, and also to lower the probability of photo-reactivation. Research (Quek et al., 

2008) has shown that the inactivation rate for E. coli ATCC 11229 (when grown to log 

phase) has a greater repair rate via photo-reactivation (~40% log repair for one hour of light 
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exposure) than through dark repair (~10% log repair for one hour of dark incubation). The 

procedures for the enumeration and propagation of the coliphages and E. coli bacteria are 

provided in Section 3.4. 

 

3.4 MICROBIAL ASSAY PROCEDURES 

MS-2, Qβ, and E. coli ATCC 11229 were delivered from American Type Culture Collection 

(ATCC) to Broughton Hall on North Carolina State University campus (Raleigh, NC, USA) 

and promptly revived (according to ATCC procedural guidelines) and stored in -85°C 

temperatures. The propagation and enumeration of both bacteriophages followed the assay 

method used by Bohrerova et al., 2006, while enumeration of E. coli ATCC 11229 followed 

a similar method to Cho et al., (2005). All solutions (agar, broth, dilution, etc.) were 

autoclaved following preparation, and all bioassay procedures were performed aseptically 

under a laminar flow biological safety cabinet to prevent contamination of microbial stocks. 

Details describing broth, agar, and dilution preparation are provided in Table 1 and Section 

19.1.  

 

E. coli Host Preparation 

E. coli (American Type Culture Collection 15597, strain C3000) was used as the host 

microorganism for both bacteriophages (MS-2 and Qβ), and was cultivated using tryptone-

based broth. A 1 mL host sample was taken from -20°C storage, allowed to thaw, inoculated 

in 50 mL of fresh tryptone broth solution, and incubated at 37°C for 18-24 hours. Following 

overnight incubation, broth solution was either used to conduct bioassay experiments, or a 

series of 1 mL aliquots were made containing a 1:1 mixture of stationary-phase broth and 

glycerol (10%); individual 1 mL aliquots were then mixed and placed in a -20°C freezer for 

long-term storage.  
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Coliphage Enumeration and Propagation 

Tryptone broth, tryptone top and bottom agar, and saline-calcium were prepared and 

autoclaved (250°F, 20 pounds per square inch, 20 minutes) prior to performing bacteriophage 

enumeration.  Immediately following autoclaving, bottom agar was poured in Petri dishes 

under a biological safety cabinet and allowed to cool. Upon cooling, Petri dishes were placed 

at 4°C for 18-24 hours, until used for experiments.  Broth, top agar, and saline-calcium were 

allowed to cool to room temperature. After reaching ambient temperature, an E. coli host 

sample (1 mL) was combined with the 50 mL fresh broth sample and incubated overnight, as 

described in the preceding section (E. coli Host Preparation). On the day of the assay, top 

agar was returned to a molten state, separated in 5 mL sterile tubes, and placed in a 50°C 

water bath. Additionally, the refrigerated Petri dishes were incubated at 37°C for one hour 

prior to performing the assay for the plates to warm. Frozen coliphage samples were thawed 

and inoculated (0.1 mL or 2.25 mL for collimated beam and continuous flow experiments, 

respectively) in saline-calcium dilution (9.9 mL or 2247.5 mL for collimated beam and 

continuous flow experiments, respectively). Suspensions then underwent photochemical 

testing, and were immediately assayed.  Ten-fold serial dilutions of the virus involved saline-

calcium (0.9 mL) and phage (0.1 mL). A 0.1 mL sample of dilution mixture was inoculated 

in 0.1 mL of host broth solution.  Combined viral/broth solution was then placed in the 5 mL 

molten agar, mixed, and poured over the solidified bottom agar and allowed to harden. Petri 

dishes were inverted and incubated at 37°C for 18-24 hours prior to counting viral plaques. 

Target counting range was 20-200 plaque forming units (pfu) on each plate. 

 

Propagation of both viruses followed the procedural guideline ATCC15597-B1. Briefly, 

cultivation of the E. coli host was completed in the identical manner as described in the E. 

coli Host Preparation section (Section 3.4). Additionally, thawed viral samples (0.1 mL) were 

combined in a series of centrifuge tubes containing saline-calcium (0.9 mL), such that each 

aliquot underwent only a one tenth dilution. Following this step, 0.1 mL of diluted sample 

was combined with 0.1 mL of overnight broth solution. The 0.2 mL viral/host solution was 
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mixed with 5 mL molten top agar (0.3% agar) and poured over solidified bottom agar, and 

incubated inverted at 37˚C for 18-24 hours. Following these steps, 5 mL of saline-calcium 

dilution was evenly spread over each sample Petri dish for 30 minutes (to soften the top 

agar).  The soft agar solution was then scraped off the bottom agar and collected in six 15 mL 

centrifuge tubes. Samples were then centrifuged using a Sorvall Ultra 80 (Thermo-Scientific 

Inc., Asheville, NC, USA) bench-top device at 700 G (4˚C) for 25 minutes. The supernatant 

was then separated, passed through a 0.22μm filter (to collect singlet viruses), and stored in a 

-85˚C freezer in 1.5 mL aliquots.  

 

E. coli ATCC 11229 Enumeration and Propagation 

Enumeration of E. coli ATCC 11229 followed a similar method to Cho et al., (2005). Frozen 

aliquots (0.5 mL) were thawed and a 0.3 mL sample was inoculated in a 50 mL fresh nutrient 

broth solution and incubated at 37˚C for 18-24 hours.  Following overnight incubation, 0.3 

mL stationary-phase broth solution was combined with 10 mL fresh broth and incubated at 

37˚C for 4-5 hours to achieve log-growth phase.  The sample was then placed in two sterile 

tubes in a room-temperature Sorvall Ultra 80 centrifuge (Thermo-Scientific Inc., Asheville, 

NC, USA) and spun at 1000 G for 10 minutes.  Supernatant was extracted and disposed, 

while saline-calcium (10 mL or 22.5 mL for batch and continuous flow experiments, 

respectively) was added to re-suspend the pellets and remove opacity associated with the 

growth media.  Samples then underwent photochemical testing.  Following exposure, saline-

calcium (0.9 mL) was placed in serial dilution tubes and irradiated samples (0.1 mL) were 

diluted appropriately. Dilutions (0.1 mL) were spread over agar plates using cell spreaders, 

allowed to dry, and incubated inverted at 37˚C for 18-24 hours prior to counting bacterial 

colonies.  Target counting range was 20-200 colony forming units.        

 

E. coli ATCC 11229 was delivered in lyophilized form from ATCC to North Carolina State 

University and revived according to manufacturer guidelines. Propagation of E. coli ATCC 

11229 was completed using a sterile inoculating loop and sampling a colony off a freshly 
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incubated agar plate.  The loop was then added to 50 mL of fresh nutrient broth and 

incubated for 24 hours at 37˚C. Following overnight incubation, 0.2 mL of broth was added 

to 10 mL of fresh broth and incubated at 37˚C for 4 hours.  Finally, 0.4 mL of log-phage 

broth was combined with 0.1 mL glycerol (10%) and placed in a -85˚C freezer for long term 

storage.   

 

Table 1. Microorganism Specifications  

Microorganism Host Broth* Agar* Dilution* 

MS-2 
E. coli ATCC 15597 

(C3000) 
Tryptone Tryptone Saline-calcium 

Qβ 
E. coli ATCC 15597 

(C3000) 
Tryptone Tryptone Saline-calcium 

E. coli ATCC 

11229 
N/A Nutrient Nutrient Saline-calcium 

*see Section 19.119.1 for preparation 

details 
    

3.5 UV DOSE DISTRIBUTION CHARACTERIZATION 

The dose distribution within the reactor was numerically determined using a Lagrangian 

approach (Ducoste et al., 2005), to which the reader is directed for the equations describing 

particle position and velocity, and particle interactions as a result of Brownian motion. The 

Lagrangian approach centers on equations that describe the evolution of particle position 

within a flow field.  The UV fluence as seen by each particle in the Lagrangian method is 

calculated by integrating the fluence rate over the particle track time history where Fluence 

(P) (Equation 3.25) is the UV dose for a particle P (J m
-2

 or mJ cm
-2

) and I(t) is the UV 

fluence rate (W m
-2

 or mW cm
-2

) calculated using the fluence rate model.     
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3.25 

In a Lagrangian particle-track simulation, a spatial homogeneous concentration of particles is 

released at the UV system influent.  Similar to establishing a grid-independent CFD solution, 

the predicted fluence distribution should not be a function of the number of particles released 

at the inlet.  Results from increasing particle number concentration at the reactor influent 

showed that a stable distribution was produced using 1500 particles. 

 

3.6 REACTOR CONSTRUCTION 

The reactor was constructed and modeled according to the research done by Arafin et al., 

(2010). The reactor body consisted of one stainless steel box and a single mid-baffle wall. All 

interior walls were painted black to reduce the contribution of UV irradiance from wall 

reflection. The box had outside dimensions of (18.26 cm X 5.74 cm X 5.74 cm) and inside 

dimensions of (17cm X 4.47 cm X 4.47 cm).  The baffle was 14.5 cm long, 4.47 cm wide, 

and 0.08 cm thick. The free end of the baffle had a tiny extended portion to guide the flow 

smoothly in the direction of outlet (Arafin et al., 2010). The reactor was designed to 

incorporate 30 LEDs oriented in two arrays of 15 on two opposing sides of the reactor. Figure 

3.1 depicts the small-scale flow-through UV-LED reactor. Two quartz glass plates (Quark 

Glass Inc. Durham, NC) were placed just underneath the LED arrays to prevent the LEDs 

from direct exposure to the flowing contaminated water. Both of the glass plates were 11.43 

cm long, 4.47 cm wide and 0.3 cm thick, and had a refractive index (glass water) of 0.9.  The 

reactor was manufactured and assembled in a machine shop (Precision Instrument Machine, 

NC State University Raleigh, NC, USA) at North Carolina State University. Silicon was 

applied at the crevices between the adjacent walls of the reactor to make the whole system 

water tight. The green arrows in Figure 3.1 display the direction of entering fluid and red 

arrows display the direction of fluid leaving the reactor. 
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Figure 3.1. Reactor body 

 

3.7 NUMERICAL SIMULATIONS 

A finite element based CFD modeling software, COMSOL Multiphysics (COMSOL Inc., 

Burlington MA), was used to solve the conservation of mass and momentum equations 

(Equation 3.26 and Equation 3.27, respectively) to predict the flow field and pressure 

distribution inside the reactor volume. This software was used for geometry generation, 

meshing, physics settings, solving, and post processing. An iterative matrix solver (GMRES) 

was used to solve the governing equations of fluid dynamics, and convergence was 

considered to be achieved when relative errors of the numerical solutions were below 1E-06.  

 

The entire flow domain was discretized by 436,123 tetrahedral elements to calculate flow 

rates of 109 mL/min and 190 mL/min. The mesh size provided a grid-independent solution, 

as refining the mesh further had minimal (~1%) impact on the predicted numerical results. A 

22.56 cm long pipe was modeled at the inlet to obtain a fully developed flow profile prior to 

entrance into the main reactor body. The same length of pipe was also provided at outlet, 
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according to the suggestion of Durst et al., (2005). A constant velocity (uniformly distributed 

over the inlet area), was maintained at the inlet and zero pressure boundary condition was 

imposed at the outlet. Other closed boundaries were modeled as no slip wall. Calculation of 

the Reynolds number at the modeled flow rates (Re = 182 and 318 for 109 mL/min and 190 

mL/min, respectively) suggest a laminar flow field through the reactor. Positive step and 

negative step tracer tests were simulated by using the unsteady convective diffusion equation 

(Equation 3.28). Light model (Equation 3.29) was used to calculate the fluence rate 

distribution inside the computational domain (Liu et al., 2004; Bowker et al., 2010). The 

radiant intensity emitting from a point source of light is defined by the inverse square law, 

where P is the light power (W) and   is the radial distance (m) from the light source. Viewing 

angle α = 60
o
 was imposed in this study based on the manufacturer specifications. The light 

power is multiplied by the UVT (%) to account for UV absorbance of differing UV 

wavelengths.  All of the LEDs were assumed to have flat window (FW) configurations, as 

established by the manufacturer (SET, Inc., 2008). 

 

The microbial inactivation kinetic data, as determined from the collimated beam 

experiments, was incorporated into the numerical model to assess the microbial degradation 

performance of the reactor.  Numerical modeling of MS-2, Qβ and E. coli ATCC 11229 was 

solved using the steady state convective diffusion equation (Equation 3.30), where the model 

incorporated a microbial fluence response term, R. The R term was dependent on the 

microorganism. MS-2 and Qβ both show near log-linear dose response curves in response to 

260 nm UV-LEDs (as found from collimated beam testing); therefore, the kinetics most 

accurately follow the Chick-Watson equation (Equation 3.31). E. coli ATCC 11229 UV 

response displays a shoulder region at low doses, and is best simulated using the Series-

Event model (Equation 3.32).  

 

Continuity equation: 
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3.26 

Conservation of momentum equation: 

 
  

  
                   

3.27 

Unsteady Convective diffusion equation:   

  
                   

3.28 

Light model: 

  
 

               
             

3.29 

Microbial inactivation: 

                 

3.30 

Chick Watson Model: 

        

3.31 

Series-Event model:  

   
             

3.32 

 

3.8 OPTIMIZATION ROUTINE 

ModeFrontier, multi-objective optimization software, was coupled with COMSOL 

Multiphysics, a CFD program, to determine the potentially optimal UV-LED configurations 

in the small-scale water treatment reactor. MS DOS batch scripts and Matlab code were used 
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to link ModeFrontier with COMSOL, using the LiveLink for Matlab module in COMSOL 

4.3a.  

 

Prior to solving the three-dimensional reactor design, a preliminary study was completed to 

determine the genetic algorithm that most quickly and accurately solves a simplified (two-

dimensional) version of the problem.  The MOGA-II algorithm converged on the global 

optimal solution in the fewest number of iterations, and was therefore deemed the 

evolutionary algorithm of choice for the three-dimensional design. MOGA-II is powerful 

because it is a multi-search elitism algorithm that maintains potentially optimal solutions 

without pre-mature convergence on a local optimal (Poles 2003). The total number of 

evaluations the algorithm performs is the initial population size multiplied by the number of 

generations.  In this study, the initial population consisted of 100 “individuals”, where an 

“individual” is a potential light configuration (i.e. all 30 275 nm UV-LEDs activated). Ten of 

the 100 individuals were user-defined inputs, and represented previously simulated 

configurations (i.e. 30 260 nm UV-LEDs activated, 30 275 nm UV-LEDs activated, 15 260 

nm UV-LEDs activated, 15 275 nm UV-LEDs activated, etc.). The remaining 90 initial 

reactor configurations were determined by the SOBOL sampling algorithm, which attempts 

to uniformly distribute the input variables across the decision space. The algorithm 

performed 100 generations, providing a total of 10,000 simulations for a given multi-

objective problem.  Two multi-objective analyses were performed: 1) maximize the log 

inactivation and minimize the input supply power to the system; 2) minimize the log 

inactivation and maximize the input supply power. The second, less intuitive, multi-objective 

solution presented the lower-bound of feasible UV-LED reactor designs.  

 

Evaluating one design at a time is computationally expensive; however, ModeFrontier has 

the functionality to distribute simulations across multiple desktop computers.  The research 

utilized this feature to distribute the simulations across up to three computers at a time. Each 

COMSOL simulation took approximately three minutes to solve the light intensity field and 
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the biodosimetry through the system.  For a given flow rate, the hydraulics do not deviate 

from one simulation to the next; therefore, the fluid profile was saved prior to the 

optimization, eliminating the need for re-solving one of the physics.  At three minutes per 

simulation (using one computer), the optimization would have taken up to 500 hours, or 

about 21 days.  However, by distributing the simulations, each optimization took between 

three and five days. 
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The use of ultraviolet (UV) light for water treatment disinfection has become increasingly 

popular due to its ability to inactivate chlorine-resistant microorganisms without the 

production of known disinfection by-products. Currently, mercury-based lamps are the most 

commonly used UV disinfection source; however, these lamps are toxic if broken during 

installation or by foreign object strike during normal operation. In addition, disposal of 

degraded, hazardous mercury lamps can be challenging in rural and developing countries for 

point-of-use (POU) drinking water disinfection applications. UV light emitting diodes 

(LEDs) offer an alternative, non-toxic UV source that will provide design flexibility due to 

their small size, longer operating life, and fewer auxiliary electronics than traditional 

mercury-based lamps. Modeling of UV reactor performance has been a significant approach 

to the engineering of UV reactors in drinking water treatment. Yet, no research has been 

performed on the experimental and modeling of a continuous flow UV-LED reactor. A 

research study was performed to validate a numerical computational fluid dynamics (CFD) 

model of a continuous flow UV-LED water disinfection process.  Reactor validation 

consisted of the following: 1) hydraulic analysis using tracer tests, 2) characterization of the 

average light distribution using chemical actinometry, and 3) microbial dose-response and 

inactivation using biodosimetry.  Results showed good agreement between numerical 

simulations and experimental testing. Accuracy of fluid velocity profile increased as flow 

rate increased from 109 mL/min to 190 mL/min, whereas chemical actinometry saw better 

agreement at the low flow rate.  Biodosimetry testing was compared only at the low flow rate 

and saw good agreement for log inactivation of bacteriophage Qβ and MS-2 at 92% and 80% 

UV transmittance (UVT).  The results from this research can potentially be used for the 

design of alternative point-of-use drinking water disinfection reactors in developing countries 

using UV LEDs.  

 

Keywords 

Drinking water disinfection; UV Light Emitting Diodes; Numerical model; Chemical 

actinometry, biodosimetry  
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5 INTRODUCTION 

The use of ultraviolet (UV) light for water treatment disinfection has become increasingly 

popular due to the ability of UV to inactivate the chlorine-resistant protozoa Cryptosporidium 

and Giardia. Other advantages of UV light include: no known disinfection by-product (DBP) 

formation, no resulting taste/odor issues, and over-dosing will not compromise public health 

(Chatterley et al, 2010).  

 

Presently, the majority of UV light technologies used for water treatment are generated by 

mercury-based lamps. The three most common mercury-based UV sources are low-pressure 

(LP), low-pressure high output (LPHO), and medium-pressure (MP) lamps. LP and LPHO 

lamps emit monochromatically at 253.7nm, at approximately 10
-4

 pounds per square inch 

(psi), and generate low to medium power outputs. Conversely, MP lamps emit polychromatic 

light (200-400nm) and operate at much higher temperature, pressure, and intensity than LP 

and LPHO lamps. Although MP lamps emit higher output energy than LP and LPHO lamps, 

the broadened wavelengths emitting from the MP lamp reduces its germicidal efficiency 

(USEPA, 2006).    

  

Recent technological advances has allowed for the use of small Light Emitting Diodes 

(LEDs) between 5-9 mm in diameter that generate light in the germicidal range (Chatterley et 

al., 2010; Bowker et al., 2011).  Currently, UV-LEDs operate in the range of 247-365 nm 

(Gaska et al., 2011).  LEDs can be manufactured to produce a desired wavelength of light, 

which can offer a significant increase in design flexibility over traditional lamp technologies 

(Shur and Gaska, 2008). The additional design flexibility offered by UV-LEDs provides an 

opportunity to engineer a more efficient disinfection process.  Further drawbacks to 

traditional UV lamps include its toxic components.  Mercury is hazardous to both human 

health and the environment, and if the lamps are broken during installation, maintenance, 

disposal, or by foreign-object strike, mercury vapor may enter the drinking water supply or 

may expose plant personnel (USEPA, 2006). Replacement and disposal of hazardous LP 
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lamps can be especially difficult in developing countries where energy-saving POU 

disinfection processes are desired. In these rural and undeveloped regions, it is critical to 

implement systems that provide energy savings, long light replacement intervals, and 

components that are safe to handle and dispose. LEDs provide these benefits, as they have 

been recognized as a system that saves energy (input power is in range of mW), lowers 

maintenance cost, lengthens replacement intervals, and are non-toxic (Chatterley et al., 

2010). In addition, LEDs are compact in size, shape, durable in transit and handling, easily 

reconfigurable, require less auxiliary electronics than mercury based lamps, and ensure 

robust building (Chatterley et al., 2010). For all these reasons, LEDs have the potential 

(assuming wall plug efficiency continues to improve) to replace fluorescent lamps for point-of-

use drinking water disinfection systems in developing countries.  

 

Until now, only limited research has been performed on UV-LED disinfection.  Hamamoto et 

al., (2007) developed a new UV-LED device incorporating 8 LEDs of 365nm wavelength. 

The study focused on the primary inactivation method of various bacterial strains in the UV-

A range. Vilhunen et al., (2009) tested E. coli (K 12) in two batch reactors using an array of 

10 LED lights (269nm and 276nm). Their study revealed greater inactivation efficiencies 

using the 269nm lights; possibly because of a peak DNA absorbance near 260nm.  Chatterley 

et al., (2010) found slightly higher inactivation of E. coli K12 for 265nm collimated beam 

LEDs than for a 254nm collimated beam LP lamp; this may also be related to the peak DNA 

absorbance near 260nm. Bowker et al. (2011) determined the response kinetics of MS2, T7, 

and E. coli 11229 by conducting bench scale collimated beam experiments with a LP 

mercury lamp, and two different arrays of LEDs (255nm and 275nm). The study revealed 

that MS-2 and T7 displayed similar response kinetics for all of the sources with few 

exceptions, where MS-2 showed a slightly higher inactivation rate with the LP mercury lamp 

and T7 displayed a lower inactivation with the 255 nm UV-LEDs compared to other sources. 

Gaska et al., (2011) tested the efficiency of a point-of-use deep UV-LED (DUV) disinfection 

system on the inactivation of bacteriophage MS-2 using 272-273nm wavelengths.  Their 
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research found 1.6 log inactivation of MS2 at 0.5 liters per minute flow rate (34mW input 

power).   

 

Although a steadily increasing amount of experimental research has been performed using 

UV-LEDs, only limited research has combined the results from a computational fluid 

dynamics (CFD) model and experimentally validated the numerical results (Wang et al., 

2012). In their work, Wang et al., (2012) performed a CFD model of a photo-catalytic 

process for odor removal in a continuous flow reactor. The limited validation research is 

largely due to the current state of UV- LED technology, where UV-LEDs are at the initial 

stage of development and therefore have limited commercial point-of-use applicability to 

date. Nonetheless, CFD is still considered a powerful and well-established tool for UV 

reactor modeling and design (Liu et al., 2007; Wols et al., 2010). Several authors used CFD 

calculations to validate reactor hydraulics, and in most of the cases a relatively good 

agreement was established (Ducoste et al., 2005; Sozzi et al., 2006; Zhao et al., 2009; Wols 

et al., 2010). Knowledge of the reactor hydraulics, irradiance, and microbial response of the 

reactor is necessary for validation for a variety of reasons. The hydraulic validation provides 

comprehensive information about the flow field, pressure distribution, and mixing behavior 

of the fluid inside a reactor (Wols et al., 2010). Chemical actinometry is vital to 

understanding the average irradiance inside the reactor at various operating conditions (flow 

rate, water transmittance, and lamp power output).  For a given set of reactor operating 

conditions, the hydraulics and average irradiance can provide information about the average 

dose within the reactor. The final validation component involves the prediction of the 

microbial log inactivation. These validation approaches, although performed separately, are 

combined to provide important understanding of the model performance to predict the UV 

reactor behavior. In this study, the CFD-predicted numerical solutions were validated by a 

NaCl step input tracer test (hydraulic validation), iodide/iodate chemical actinometry 

(average irradiance), and biodosimetry (microbial inactivation).  
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6 METHODS 

6.1 HYDRAULIC CHARACTERIZATION 

The hydraulic characteristics of a UV reactor is generally determined by a tracer test, where a 

non-reactive tracer is injected at the inlet under steady state flow conditions, and time 

dependent tracer concentration is measured at the outlet. In this study, a positive step tracer 

test was conducted where a NaCl (127 μS/m) (Certified ACS Crystalline S271-1, Fischer 

Scientific Pittsburg PA) solution was used as a non-reactive tracer. NaCl solution was 

injected as a continuous input at the inlet and samples were collected at the outlet at an 

interval of 5% of theoretical residence time. Conductivity of all the samples were measured 

with a digital conductivity meter (PH/CON 2700 MTR W/PROBE, Cole-Parmer, Court 

Vernon Hills, Illinois) and normalized to the initial conductivity of the salt solution. These 

normalized values were plotted against elapsed time to get the cumulative residence time 

distribution curve F(t). Tracer simulations were performed using COMSOL Multiphysics 

(version 4.3a, COMSOL, Inc., Burlington, MA). The transport of the tracer chemical was 

performed using the flow field (as calculated using the continuity and Navier-Stokes 

equations) and the scalar convective-diffusion transport equations (Liu et al., 2007). The 

back ground fluid transport was performed at steady state while the tracer transport 

simulation was performed under transient conditions to replicate the experimental conditions.  

 

6.2 FLUENCE RATE CHARACTERIZATION 

The fluence rate characterization was performed using chemical actinometry. Standard 

actinometry solution was created using potassium iodide, potassium iodate, and borax. The 

concentration of iodide, iodate, and borax used was 0.6M, 0.1M and 0.01M, respectively. 

When the iodate and iodide are exposed to UV light, the chemical species react to form 

triiodide. The triiodide concentration was measured using spectroscopy where the excitation 

wavelength is 352 nm. The absorbance value was converted to a molar concentration of 

triiodide using the following equation (Equation 6.1):  
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6.1 

The reactor was operated with the UV LEDs (260nm) on for approximately 11.8 minutes and 

20 minutes for the 190 mL/min and 109 mL/min flow rates, respectively. These time periods 

were used to yield the maximum triiodide concentration at the outlet and to ensure that the 

flow had achieved steady state conditions. A 2.25L actinometry batch solution was used as 

the stock feed to achieve steady state and make replicate measurements in the reactor 

effluent. Continuous flow-through experimental tests were performed at two different UV 

LED light configurations, 25 and 30 active LEDs. A model of the iodide/iodate/triiodide 

chemical reaction was used to predict the effluent concentration of triiodide using CFD. The 

chemical equations (Equations 6.2-6.7) display reactions involved in the transformation of 

iodide and iodate to triiodide in the presence of UV light, or Ia: (Rahn, 1997). 
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In the reaction equations shown (Equation 6.2-6.7), the chemical intermediate (IO
-
, H2O2, 

OH*, I*, I2
-
) rate equations were assumed to immediately achieve steady-state conditions 

(Equations 6.8-6.12). The species concentrations were substituted in the rate equations 

(Equations 6.13-6.18) to develop the final rate equations for iodide, iodate, and triiodide 

(Equations 6.19-6.24). Substituting the species concentrations into the rate equations 

simplifies the number of rate constants to one overall rate constant that must be determined 

from experimental tests. Bench scale actinometry tests were performed to determine the 

reaction rate constant (k2). The iodide, iodate, and triiodide rate equations were then 

incorporated into the CFD model (i.e., through the convective diffusion equation with a 

reaction term) with the evaluated constant (k2) from the bench scale tests to assess its 

performance. 
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6.3 MICROBIAL INACTIVATION CHARACTERIZATION 

Microbial inactivation kinetic data for the reactor was generated using bacteriophages MS-2 

and Qβ, both of which are model indicator organisms representing single-stranded human 

RNA viruses, such as Hepatitis A virus and human Noroviruses. Each virus stock used for 
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collimated beam and continuous flow experiments were propagated and spiked at 10
8
 pfu 

(plaque forming unit)/mL such that a 5 log10 inactivation could easily be followed for each 

virus. Virus inactivation trials for each bacteriophage were conducted independently; 

therefore, individual viral stocks (MS-2 and Qβ) were not mixed and each was evaluated 

without the presence of the other.  A standard collimated beam protocol, as described in 

Bolton et al., (2003) was followed; bacteriophage samples (10mL) were placed under the 

LED collimated beam and exposed to UV light to achieve various UV dosages.  Control 

samples were collected prior to exposure to UV LEDs.  A 2250 mL solution of saline-

calcium spiked with the appropriate bacteriophage (MS-2 or Qβ; 10
8
 pfu/mL) was used for 

the flow-through reactor experimental tests. The solution volume provided time for steady-

state conditions to be achieved in the reactor, allowed for 3 times the hydraulic retention time 

(HRT) to pass through the reactor prior to sample collection, and was consistent with the 

testing volume used in the actinometry tests. Operating conditions included 109 mL/min flow 

rate at two different UV-transmittance (UVT) values; 92% and 80%. To lower the UVT, 

appropriate amounts of super-hume (CropMaster Super Hume, UAS of America, Inc., Lake 

Panasoffkee, Florida) was added to the solution. Once the super-hume and saline-calcium 

were mixed, the sample was autoclaved for sterilization purposes and allowed to cool 

overnight at room temperature.  Each test included 30 active LEDs (260nm) at a total current 

and voltage of 0.6A and 9.7V, respectively (as suggested by the manufacturer).  

 

The sample was pumped through the reactor using a peristaltic pump (Ocaton PC 2700 

Master flex L/S Drives, Cole-Parmer, Court Vernon Hills, Illinois) for 15 minutes prior to 

collecting the first of three samples. The remaining two samples were collected in 2.0 minute 

increments following the first sample collection. A control sample for each test was collected 

and stored in a sterile dark tube prior to exposure to the UV-LEDs.  All trials were collected 

in 50mL sterile dark tubes to prevent unwanted UV inactivation during transport and/or 

bioassay and promptly assessed. Enumeration of MS-2 and Qβ followed a similar assay 

method used by Bohrerova et al., 2006. In summary, E. coli host (American Type Culture 
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Collection 15597, strain C3000) was cultivated using tryptone-based broth and incubated at 

37°C for 18-24 hours.  Ten-fold serial dilutions of the virus involved saline-calcium (0.9mL) 

and phage (0.1mL). A 0.1mL sample of dilution mixture was inoculated in 0.1mL of host 

broth solution.  Combined viral/broth solution was then placed in 5mL molten agar, mixed, 

and poured over solidified agar and allowed to harden. Petri dishes were then inverted and 

incubated at 37°C for 18-24 hours prior to conducting plaque counts. Target counting range 

was 20-200 plaque forming units (pfu). 

 

Propagation of the viruses followed procedure ATCC15597-B1. In review, cultivation of the 

E. coli host was completed in the identical manner as described in the preceding paragraph. 

Similarly, a 0.2 mL sample of virus/host solution was mixed with 5mL molten agar and 

poured over solidified agar, and inverted and incubated at 37˚C for 18-24 hours. Following 

these steps, 5mL saline-calcium dilution was evenly spread over each sample Petri dish and 

allowed to sit for 30 minutes.  The soft agar solution was then scraped off the hardened agar 

and collected in six 15mL centrifuge tubes.  Samples were then centrifuged using a Sorvall 

Ultra 80 (Thermo-Scientific Inc., Asheville, NC, USA) bench-top device at 700 G (4˚C) for 

25 minutes.  The supernatant was then extracted, passed through a 0.22μm filter, and stored 

in a -85˚C freezer in 1.5mL aliquots. 

 

Prior to the enumeration and propagation of the virus, the agar, dilution, and broth solutions 

were autoclaved.  Following the autoclave process, each experimental step was performed 

underneath a laminar flow fume hood to prevent unwanted contamination. 

 

The microbial inactivation kinetic data, as determined from the collimated beam 

experiments, was incorporated into the numerical model to assess the microbial biodosimetry 

performance of the reactor.  Numerical modeling of MS-2 and Qβ was solved using a steady 

state convective diffusion equation (Equation 6.30).  MS-2 and Qβ both show near log-linear 
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dose response curves to 260 nm UV LEDs (as found from collimated beam testing); 

therefore, the kinetics most accurately follow the Chick-Watson equation (Equation 6.31). 

  

6.4 UV DOSE DISTRIBUTION CHARACTERIZATION 

The dose distribution within the reactor was numerically determined using a Lagrangian 

approach (Ducoste et al., 2005), to which the reader is directed for the equations describing 

particle position and velocity, and particle interactions as a result of Brownian motion. The 

Lagrangian approach centers on equations that describe the evolution of particle position 

within a flow field.  The UV fluence as seen by each particle in the Lagrangian method is 

calculated by integrating the fluence rate over the particle track time history in which 

Fluence (P) (Equation 6.25) is the UV dose for a particle P (J m
-2

 or mJ cm
-2

) and I(t) is the 

UV fluence rate (W m
-2

 or mW cm
-2

) calculated using the fluence rate model.  

 

                     

 

 

     

6.25 

In a Lagrangian particle-track simulation, a spatial homogeneous concentration of particles is 

released at the UV system influent.  Similar to establishing a grid-independent CFD solution, 

the predicted fluence distribution should not be a function of the number of particles released 

at the inlet.  Results from increasing particle number concentration at the reactor influent 

showed that a stable distribution was produced using 1500 particles. 

 

6.5 REACTOR CONSTRUCTION 

The reactor was constructed and modeled according to the research done by Arafin et al. 

(2010). The reactor body consisted of one stainless steel box and a single mid-baffle wall. All 

interior walls were painted black to reduce the contribution of UV irradiance from wall 

reflection. The box had outside dimensions of (18.26 cm X 5.74 cm X 5.74 cm) and inside 
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dimensions of (17cm X 4.47 cm X 4.47 cm).  The baffle was 14.5 cm long, 4.47cm wide, and 

0.08 cm thick. The free end of the baffle had a tiny extended portion to guide the flow 

smoothly in the direction of the outlet (Arafin et al., 2010). The reactor was designed to 

incorporate 30 LEDs that are oriented in two arrays of 15 on two opposing sides of the 

reactor. Figure 6.1a and Figure 6.1b depict the small-scale flow-through UV LED reactor 

(external and internal volume, respectively). Two quartz glass plates (Quark Glass Inc. 

Durham, NC) were placed just underneath the LED arrays to prevent the LEDs from direct 

exposure to the flowing contaminated water. Both of the glass plates were 11.43 cm long, 

4.47 cm wide and 0.3 cm thick, and had a refractive index (glass water) of 0.9.  The reactor 

was manufactured and assembled in a machine shop (Precision Instrument Machine, NC 

State University Raleigh, NC, USA) at North Carolina State University. Silicon was applied 

at the crevices between the adjacent walls of the reactor to make the whole system water 

tight. The green arrows in Figure 6.1a display the direction of entering fluid and red arrows 

display the direction of fluid leaving the reactor. 



 

 

 

 

 

45 

 

 

 

Figure 6.1. a) Reactor body; b) Internal reactor volume 

 

6.6 NUMERICAL SIMULATIONS 

A finite element based CFD modeling software, COMSOL Multiphysics (COMSOL Inc., 

Burlington MA), was used to solve conservation of mass and momentum equations 

(Equation 6.26 and Equation 6.27) to predict the flow field and pressure distribution inside 
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the specified domain. The software was used for geometry generation, meshing, physics 

settings, solving, and post processing. An iterative matrix solver (GMRES) was used to solve 

the governing equations of fluid dynamics, and convergence was considered to be achieved 

when relative errors of the numerical solutions were below 1E-06. 

 

The entire flow domain was discretized by 436,123 tetrahedral elements to calculate flow 

rates of 109 mL/min and 190 mL/min. The mesh size provided a grid-independent solution, 

as refining the mesh further had minimal (~1%) impact on the predicted numerical results. A 

22.56 cm long pipe was modeled at the inlet to obtain a fully developed flow profile prior to 

entrance into the main reactor body. The same length of pipe was also provided at outlet, 

according to the suggestion of Durst et al., (2005). A constant velocity (uniformly distributed 

over the inlet area), was maintained at the inlet and zero pressure boundary condition was 

imposed at the outlet. Other closed boundaries were modeled as no slip wall. Calculation of 

the Reynolds number at the modeled flow rates (Re = 182 and 318 for 109 mL/min and 190 

mL/min, respectively) suggest a laminar flow field through the reactor. Positive step and 

negative step tracer tests were simulated by using the unsteady convective diffusion equation 

(Equation 6.28).  Light model (Equation 6.29) was used to calculate the fluence rate 

distribution inside the computational domain (Liu et al., 2004; Bowker et al., 2011). The 

radiant intensity emitting from a point source of light is defined by the inverse square law, 

where P is the light power (W) and   is the radial distance (m) from the light source. Viewing 

angle α = 60
o
 was imposed in this study based on the manufacturer specifications. The light 

power is multiplied by the UVT (%) to account for UV absorbance of differing UV 

wavelengths.  All of the LEDs were assumed to have flat window (FW) configurations, as 

established by the manufacturer (SET, Inc., 2008). 

Microbial inactivation was calculated using a steady state convective diffusion equation 

(Equation 6.30) where the model incorporated a microbial fluence response term, R. The 

term R was defined by the Chick Watson model (Equation 6.31). 
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Continuity equation: 

      

6.26 

Conservation of momentum equation: 

 
  

  
                   

6.27 

Unsteady Convective diffusion equation:   

  
                   

6.28 

Light model: 

  
 

               
             

6.29 

Microbial inactivation: 

                

6.30 

Chick Watson Model: 

       

6.31 

7 RESULTS 

7.1 HYDRAULIC RESULTS 

Table 2 displays the tracer data achieved from experimental hydraulic testing. Good 

agreement (maximum 3% deviation) was established between theoretical mean residence 

time (
      

         
) and experimental mean residence time.  
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Table 2. Comparison between experimental and theoretical residence time 

 

 

The data generated from the positive-step tracer test provides a cumulative distribution 

function, which was subsequently differentiated to generate the density function. Figure 7.1 

displays the experimental residence time density function (RTD) of the tracer particle for 190 

mL/min and 109 mL/min flow rates. Knowledge of the RTD is important because it 

describes reactor hydraulic behavior and mixing pattern of the fluid elements inside the 

reactor.  
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Figure 7.1. Residence Time Density (RTD) curve for a) 190 mL/min flow rate b) 109 

mL/min flow rate. 

 

The level of axial dispersion inside the reactor can be characterized by using the “dispersion 

model”, proposed by Levenspiel (1972); where the dimensionless vessel dispersion number 

is  or Pe
-1

.  (m
2
/sec) is the diffusion coefficient, u (m/s) is the characteristic velocity, 

and  (m) is a characteristic length. Under plug flow conditions the value should approach 

zero, while under low dispersion and high dispersion conditions these values will gravitate 

toward 0.002 and 0.2, respectively (Levenspiel, 1972). Deviation of reactor behavior from 

the ideal plug flow pattern can significantly impact process efficiency (Levenspiel, 1972). 

The open form of the plug flow dispersion model, Equation 7.1, was incorporated to 

calculate the dispersion number     by minimizing the sum of squared errors between the 

experimental density function and the fitted density equation. Theta (θ) represents the 

dimensionless ratio of the collection time to theoretical hydraulic residence time (HRT).  
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7.1 

Using the plug flow dispersion model, it was found that the reactor was behaving closer to 

plug flow than complete mix as the vessel dispersion number was found to be very small for 

both flow rates (0.0062 and 0.014 for 109 and 190 mL/min flow rates, respectively). The 

noise at the tail of RTD curves gives further indication that some degree of mixing was 

present inside the reactor. Intensity of mixing increased with increasing flow rate.  

 

Figure 7.2a and Figure 7.2b display the velocity profile of the fluid elements for the 109 

mL/min and 190 mL/min flow rate, respectively. The high fluid velocities at the inlet and 

outlet of both figures are intuitive; however, as the fluid particles progress farther from the 

inlet, there is a slight spreading of fluid elements in accordance to the dispersion within the 

reactor. The fluid particles are then predicted to travel in a more uniform manner on the 

secondary side of the device, following the bend around the mid-baffle wall. The similarities 

between both velocity profiles suggest that the model predicts a similar degree of dispersion 

under both flow conditions.  
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Figure 7.2. Velocity field profile for a) 109 mL/min flow rate b) 190 mL/min flow rate 

 

Figure 7.3a and Figure 7.3b display the agreement between numerical simulation and 

experimental mean RTD curves computed for both flow rates. Relatively good agreement 

was established at the higher flow rate compared to the lower flow rate. The model more 

accurately predicts the dispersion that occurs during the 190 mL/min flow rate condition, 
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predicting a dispersion number of 0.024 (experimental analysis found a dispersion number of 

0.014). However, under the low flow condition the model does not as accurately capture the 

dispersion, as the dispersion number is predicted to be 0.025 (experimental analysis found a 

dispersion number of 0.0062). This represents a situation where the model is over-predicting 

the macro-scale dispersion within the reactor at the low flow condition.      
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Figure 7.3. Comparison between simulation and experimental residence time density 

functions at (a) 109 mL/min and (b) 190 mL/min. 
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Using the Lagrangian particle tracking method in COMSOL, it was found that the model 

predicts a significant amount of fluid mixing near the mid-baffle lip during the 109 mL/min 

flow condition. This is likely the region where the model over-predicts dispersion at the 109 

mL/min operating condition. The particle position and the duration spent in six specific zones 

within the reactor were analyzed at the 109 mL/min flow rate.  Under ideal conditions, 

particles will travel in subsequent order from Zone 1 to Zone 6 (Figure 7.4). However, it was 

found that 281 out of 1500 particles (19%) back-mixed between Zones 2 and 3, and Zones 3 

and 4. Some of this dispersion can also be captured in the velocity profile for the 109 mL/min 

flow rate (Figure 7.2a) near the back end of the reactor.  

 

 

Figure 7.4. Analyzing the location of dispersion within the reactor at the 109 mL/min flow 

condition 
 

 

Table 3 displays a comparison between the numerical and theoretical mean residence time as 

determined by the model. Relatively good agreement was established between theoretical 

mean residence time and mean residence time obtained from numerical simulations at 190 

mL/min flow rate (only 3% deviation). The deviation is higher (around 6%) at the low flow 

rate (109 mL/min).  
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Table 3. Comparison between numerical and theoretical residence time 

 

 

7.2 FLUENCE RATE RESULTS: CHEMICAL ACTINOMETRY 

The chemical kinetics of the actinometry solution was determined using collimated beam 

experiments as discussed earlier in the methods section (Section 6.2). A reaction coefficient 

was fit to the triiodide formation equations and yielded a value 

of            
  

                    
. The goodness of fit of the kinetics model compared to 

the collimated beam bench tests at the different UV doses is shown in Figure 7.5a. The 

kinetics model accurately predicts the iodide/iodate to triiodide transformation with an error 

less than 1%. Figure 7.5b shows the predicted light distribution when 30 260 nm UV-LEDs 

are activated. 
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Figure 7.5. a) Goodness of fit curve with reaction constant k2; b) Predicted UV LED light 

distribution with 30 260 nm UV LEDs activated. 
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Figure 7.6a and Figure 7.6b depict the concentration of triiodide in the reactor at 109 mL/min 

with 30 and 25 UV LEDs active, respectively. Each figure displays the high concentration of 

triiodide formed in the fluid layer adjacent to the UV LEDs. The highly concentrated 

triiodide layer is convected and dispersed in accordance to the hydraulics of the reactor as 

shown in the velocity field profiles. The light intensity is unable to penetrate deeply through 

the reactor as a result of the triiodide formation and low transmissivity conditions. This 

results in most of the triiodide production in the fluid layer adjacent to the UV LEDs. A 

similar triiodide concentration profile is displayed for the higher flow rate (190 mL/min) for 

the two UV LED light distributions (Figure 7.6c and Figure 7.6d). 
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Figure 7.6.  Triiodide formation at various operating conditions  
   

   ; a) 30 LEDs operating 

at 109 mL/min. b) 25 LEDs at 109 mL/min. c) 30 LEDs at 190 mL/min. d) 25 LEDs at 190 

mL/min. 

 

 

The experimental and numerical effluent triiodide concentration values determined at the 

outlet of the reactor are shown in Table 4. Although the model agrees well with the 

experimental results and shows the decrease in effluent triiodide concentration with 

increasing flow rate, the model seems to under predict the experimental triiodide 

concentrations at the low flow rate while over predict the results at the higher flow rate. 

Overall, the minor inaccuracies are likely a result of simplifying the final rate equations 

characterizing the consumption of iodide/iodate and formation of triiodide. Additionally, the 
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inaccuracies at the low flow condition likely stem from the model over-prediction of 

dispersion within the reactor. The inappropriate, over-characterization of dispersion 

decreases the efficiency of the reactor and results in an under-prediction of triiodide 

formation at the low flow rate. 

 

 

Table 4. Model and experimental comparison of triiodide formation at different operating 

conditions 

 

 

7.3 MICROBIAL INACTIVATION: BIODOSIMETRY 

Figure 7.7 displays the experimentally generated microbial response kinetics of MS-2 and 

Qβ. The graph shows both the log inactivation response from 254 nm mercury-based low 

pressure (LP) lamps and 260nm LEDs.  
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Figure 7.7. Kinetics curve of MS-2 and Qβ; comparison of response to 260nm LEDs and 

254nm LP lamps. 

 

 

The kinetics for the LP dose-response curve for MS-2 displays a slight tailing region at doses 

greater than 30 mJ cm
-2

. This result is consistent with the study completed by Bowker et al., 

(2011).  However, the MS-2 did not experience this tailing phenomenon when exposed to 

260nm LEDs; rather, there was a log-linear relationship between fluence values ranging from 

0-60 mJ cm
-2

.  In comparison to LP lights (254nm), the results show an overall greater log 

inactivation was achieved for both Qβ and MS-2 at a LED wavelength of 260nm. The higher 
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overall log inactivation is a result of microorganisms having a peak DNA absorbance to light 

near 260nm (USEPA, 2006).   

 

The continuous flow reactor was tested at two operating conditions: 109 mL/min flow rate at 

92% UVT and 109 mL/min flow rate at 80% UVT. Both conditions were operated with all 

30 LEDs (260nm) activated.  Lab testing found that MS-2 was the more resistant 

bacteriophage, achieving only 0.63 log inactivation (92% UVT), while Qβ displayed more 

sensitivity to the LEDs, achieving more than 1.5 times greater log inactivation (1.01) at the 

same UVT. Qβ was expected to result in higher log inactivation in comparison to MS-2, 

based on the more UV sensitive response kinetics for Qβ. Figure 7.8 compares the numerical 

and experimental results from the biodosimetry testing.  The model shows good agreement 

between numerical predictions and experimental results for both phages at both operating 

conditions.  

 

 

Figure 7.8. Comparison of experimental results and numerical simulations for log 

inactivation of bacteriophage Qβ and MS-2 at 109 mL/min flow rate (92% and 80% UVT). 

Vertical error bars depict statistical significance at the 95% confidence interval. 
 

 

The relatively low log inactivation found in experimental testing may be a result of the 

limited power output of the LEDs.  UV-LED technology in the germicidal range is currently 
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at the embryonic stage of research; typically operating with 0.5-2% input power efficiencies 

and only able to generate approximately 1mW of power (Bowker et al, 2012).  The LEDs 

used in this study averaged 0.5mW of output power. Such low output powers can result in a 

fraction of the light that is unable to penetrate large distances through the testing solution; 

this effect is compounded as UVT decreases. For those microorganisms that travel in areas 

where light is unable to penetrate, they will pass through the reactor unexposed to a 

significant amount of UV light. In addition, for those microorganisms that travel on pathways 

close to the LEDs, they must be exposed to light for large time periods in order to be 

inactivated. 

 

7.4 UV DOSE DISTRIBUTION 

The UV dose distribution within the reactor was numerically determined based on a 

Lagrangian particle tracking simulation for the 109 mL/min flow rate at 92% and 80% UVT. 

The curves help to provide insight on the combined effects of the hydraulics and light 

distribution within the reactor. Figure 7.9a and Figure 7.9b display the UV dose distribution 

at 92% and 80% UVT (109 mL/min flow rate), respectively.  
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Figure 7.9. a) Dose distribution at 92% UVT for the 109 mL/min flow rate; average dose 9.15 

mJ/cm
2
. b) Dose distribution at 80% UVT for the 109 mL/min flow rate; average dose 7.66 

mJ/cm
2
. 

 

 

In Figure 7.9, the dose distribution curves had similar shapes but shifted in the dose range 

due to the change in UVT, and displayed a relatively narrow distribution at the low dose 

range, with some minor tailing in both instances. The similar shapes are expected since the 
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only change was in the light distribution and not the flow conditions. The shape of the UV 

dose distribution suggests that the reactor has a small degree of fluid dispersion contributing 

from certain regions of the reactor. Computation of the dimensionless variance (0.028 and 

0.045 for 92% and 80% UVT, respectively) confirms the high efficiency of the reactor (i.e., 

dimensionless variance should be near zero when ideal plug flow conditions are achieved).  

The 80% UVT conditions show a curve that is shifted slightly to the left, signifying that the 

reactor is receiving less dosage under lower UVT conditions. This result was expected, as 

lower UVT waters provide a better opportunity for microorganisms to be shielded from the 

light and pass through the reactor less exposed to the UV irradiance.  

 

8 CONCLUSIONS 

In this study, CFD was used to evaluate the process of a continuous flow UV LED reactor. 

COMSOL Multiphysics was used to predict and validate the hydraulic characteristics, light 

distribution, and microbial log inactivation within the disinfection reactor. To determine the 

macro-scale mixing characteristics of the UV LED reactor, a step input tracer test was 

conducted for two different flow rates. Analysis of residence time distribution data showed 

that the reactor experiences a small degree of mixing. Although there was some mixing 

identified inside the reactor, the effect was not severe.  

 

Iodide/Iodate chemical actinometry was completed in order to characterize the light 

distribution within the reactor. Good agreement was established between the collimated beam 

triiodide formation and the kinetics model that predicts the formation of triiodide.  

Experimental and numerical validation was also completed comparing the effluent triiodide 

concentration with 25 lights and 30 lights on, and at two flow rates: 109 mL/min and 190 

mL/min.  The model seemed to under predict the experimental triiodide concentrations at the 

low flow rate while over predict the results at the higher flow rate. A possible reason for the 

deviation with increasing flow rate is due to the difference in the model characterization of 

the dispersion that has occurred in the reactor, particularly at the 109 mL/min flow rate. 
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Biodosimetry testing included examining the kinetics of two non-pathogenic challenge 

microorganisms, Qβ and MS-2, and determining the log inactivation of both bacteriophages 

during continuous flow operation.  The kinetics shows that these bacteriophages are more 

sensitive to 260nm LEDs compared to the low pressure mercury-based 254nm lamps. The 

increased UV sensitivity is likely due to the greater DNA absorbance to 260nm light.  The 

continuous flow experimentation resulted in higher Qβ log inactivation than the more UV-

resistant phage, MS-2, and both saw decreasing log inactivation as UVT decreased. The 

model showed good agreement in predicting the log inactivation of both bacteriophages at a 

109 mL/min flow rate and at two different UVTs (92% and 80%).  

 

UV dose distribution curves were generated for 92% and 80% UVT operating conditions 

(109 mL/min flow rate) using the Lagrangian particle tracking approach. Both cases 

represent a relatively narrow distribution of the light dosage within the reactor, which means 

that microorganisms passing through the reactor have a higher probability of receiving the 

average dose than if the distribution were more wide spread. As expected, the 80% UVT 

curve is shifted slightly to the lower UV dose range compared to the 92% curve.     

 

As technology and LED efficiency improves, the price of UV-C LEDs is expected to decline. 

The increased efficiency is likely to result in larger output power and decrease the required 

exposure time for inactivation of pathogenic microorganisms. The advancement of 

germicidal LED technology will make such point-of-use water disinfection units more 

economically viable, safer to handle, easier to dispose and longer lasting than mercury-based 

disinfection devices; all of which are necessary criteria for people in developing countries.  
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Highlights 

 A point-of-use UV-LED disinfection reactor was numerically optimized 

 Experimental validation of the optimized design showed good agreement with model  

 Design approach offers a method for engineering UV-LED disinfection reactors  

Since the development of the Long Term 2 Surface Water Treatment (LT2SWTR) and 

Disinfection By-Products (DBP) rules, alternative disinfection sources such as ultraviolet 

light (UV) have been pursued to inactivate pathogenic microorganisms such as 

Cryptosporidium and Giardia, while simultaneously reducing the risk of exposure to 

carcinogenic DBPs in drinking water treatment. UV-LEDs offer an alternative UV 

disinfecting source that do not contain mercury, have the potential for long lifetimes, are 

robust, and have considerable flexibility for design and optimization. However, the increased 

flexibility in design options will add a substantial level of complexity when developing a 

UV-LED reactor, particularly with regards to reactor shape, size, spatial orientation of light, 

and germicidal emission wavelength. Anticipating that LEDs are the future of UV 

disinfection, new methods are needed for designing such reactors. In this research study, the 

evaluation of a new design paradigm using a point-of-use UV-LED disinfection reactor has 

been performed. ModeFrontier, a numerical optimization platform, was coupled with 

COMSOL Multi-physics, a computational fluid dynamics (CFD) software package, to 

generate an optimized UV-LED continuous flow reactor. Two optimality conditions were 
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considered: 1) multi-objective analysis and generation of the Pareto front (maximizing log10 

inactivation and minimizing supply power); and 2) minimizing input supply power by 

achieving at least (2.0) log10 inactivation of E. coli ATCC 11229. All tests were completed at 

a flow rate of 109 mL/min and 92% UVT. The numerical solution for the second objective 

was validated experimentally using biodosimetry. Two additional non-optimal solutions were 

validated to show the legitimacy of the inferior solutions. Experimental data show good 

agreement with the optimal and non-optimal numerical predictions. Optimality results 

showed non-intuitive designs (i.e. number of UV-LEDs, wavelength of emission, and spatial 

arrangement) that would likely have not come from even experienced designers due to the 

increased degree of freedom offered by using UV-LEDs.    

 

Keywords 

Drinking water disinfection; UV Light Emitting Diodes; Numerical model; Numerical 

optimization; Biodosimetry  

 

10 INTRODUCTION 

UV has become an increasingly important drinking water and wastewater disinfection 

process due to its ability to inactivate chlorine resistant protozoa Cryptosporidium and 

Giardia without the formation of known disinfection by-products (DBP). In addition, UV 

does not result in taste/odor compounds and over-dosing will not compromise public health 

(Chatterley et al., (2010).  

 

Currently, the majority of UV light technologies used for water treatment are generated by 

mercury lamps. The three most common mercury-based UV sources are medium-pressure 

(MP), low-pressure (LP), and low-pressure high output (LPHO) lamps. MP lamps emit 

polychromatic UV light (200-400nm) and operate at much higher temperature, pressure, and 

intensity than LP and LPHO lamps, which emit monochromatic light at 253.7 nm (USEPA, 

2006). Most microorganisms have a peak DNA absorbance of UV light near 260-265nm, 
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which results in the LP and LPHO lamps having a higher germicidal efficiency in 

comparison to MP lamps (USEPA, 2006). Mercury UV lamps, however, are long and 

cylindrical in stature and do not offer a large degree of design flexibility. Further drawbacks 

to traditional UV lamps include its toxic components. Mercury is hazardous to both human 

health and the environment, and mercury vapor may enter the drinking water supply or may 

expose plant personnel if the lamps are broken during installation, maintenance, disposal, or 

by foreign-object strike (USEPA, 2006). In addition, the United Nations Environment 

Program (UNEP) has signed an agreement to significantly limit the mining and usage of 

mercury by the year 2020 (UNEP, 2013). The agreement will significantly affect the 

manufacturing of all products that contain mercury, including UV lamps. 

 

Recent technological advances have led to the development of small Light Emitting Diodes 

(LEDs), around 5 mm in diameter, to generate light in the germicidal range (Bettles et al., 

2007; Chatterley et al., 2010; Bowker et al., 2012). UV-LEDs have the potential to be 

spatially distributed in UV reactors in a seemingly infinite number of ways, due to their small 

size. Additionally, UV-LEDs can be manufactured to produce a targeted wavelength of light 

(from 255 nm to 405 nm), which further increases design flexibility over traditional lamp 

technologies (Shur et al., 2008). The design variability offered by UV-LEDs provides an 

opportunity to engineer a more efficient disinfection process.   

 

UV-LED disinfection research has grown steadily, particularly with respect to quantifying 

the kinetic response to germicidal light exposure (Vilhunen et al., 2009; Chatterley et al., 

2010; Gaska et al., 2011; Bowker et al., 2011; Würtele et al., 2011; Oguma et al., 2013). 

Conversely, some studies have incorporated LEDs within the UV-A spectrum, or a coupled 

system that uses light emission from both the UV-A and UV-C ranges (Hamamoto et al., 

2007; Chevremont et al., 2012). Additionally, computational fluid dynamics (CFD) has 

become a common method to characterizing UV reactor physics (Downey et al., 1998; 

Ducoste et al., 2005; Zhao et al., 2009; Wols et al., 2010). However, only a small fraction of 
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published research has experimentally validated the CFD numerical predictions of a UV-

LED reactor system (Wang et al., 2012; Jenny et al., 2014).  

 

As mentioned previously, traditional mercury lamp UV sources are long and cylindrical in 

nature, are often arranged either parallel or perpendicular to the direction of fluid flow, and 

offer only two emission profiles: monochromatic (254 nm) or polychromatic (200-400 nm). 

Thus, the design degree of freedom for cylindrical UV lamps is relatively small, making it 

reasonable for engineers to determine (with the assistance of CFD) the optimal lamp type, 

number, and spatial arrangement in a disinfection reactor. Conversely, UV-LEDs are point 

sources of light able to emit at any targeted monochromatic wavelength. The combination of 

UV wavelength options and spatially discrete light locations provides a significant number of 

design options that will make it difficult for engineers to optimally design such a system. 

Coupling CFD models with optimization software will offer an opportunity to heuristically 

determine the most efficient UV-LED reactor design under specified design constraints. For 

these reasons, ModeFrontier, commercial optimization software, was coupled with COMSOL 

Multi-physics, commercial CFD software, to numerically optimize a continuous flow UV-

LED reactor. Optimized designs were built upon a preliminary evaluation of the reactor 

hydraulics, irradiance, and biodosimetry through the continuous flow device (Jenny et al., 

2014). The optimization routine was designed to vary the placement, number (0-30), and 

wavelength (260 nm or 275 nm) of UV-LEDs irradiating through the system under two 

optimality criteria: 1) multi-objective analysis (i.e. maximizing log10 inactivation and 

minimizing input power) and generation of the Pareto front; and 2) minimizing the total input 

UV-LED power while achieving a target log10 inactivation (2.0) of E. coli ATCC 11229. 

Two additional non-optimal solutions were validated to show the legitimacy of the inferior 

solutions. All tests were completed at a flow of 109 mL/min and 92% UVT. The numerical 

solution for the second objective was validated experimentally using biodosimetry.  
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11 METHODS 

11.1 REACTOR CONSTRUCITON  

The reactor was constructed and modeled according to the research performed by Arafin et 

al., (2010). The reactor body consisted of one stainless steel box and a single mid-baffle wall 

(Figure 11.1 and Figure 11.2). All interior walls were painted black to reduce the 

contribution of UV irradiance from wall reflection. The box had outside dimensions of 

(18.26 cm X 5.74 cm X 5.74 cm) and inside dimensions of (17cm X 4.47 cm X 4.47 cm).  

The baffle was 14.5 cm long, 4.47 cm wide, and 0.08 cm thick. The free end of the baffle had 

a small extended portion to guide the flow smoothly in the direction of outlet (Arafin et al., 

2010). The reactor was designed to incorporate 30 LEDs oriented in two arrays of 15 on two 

opposing sides of the reactor. Two quartz glass plates (Quark Glass Inc. Durham, NC) were 

placed just underneath the LED arrays to prevent the LEDs from direct exposure to the 

flowing contaminated water. Both of the glass plates were 11.43 cm long, 4.47 cm wide and 

0.3 cm thick, and had a refractive index (glass water) of 0.9.  The reactor was manufactured 

and assembled in a machine shop (Precision Instrument Machine, NC State University 

Raleigh, NC, USA) at North Carolina State University. Silicon was applied at the crevices 

between the adjacent walls of the reactor to ensure a water tight system. The green arrows in 

Figure 11.1 display the direction of entering fluid and red arrows display the direction of 

fluid leaving the reactor. 
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Figure 11.1. Reactor body 

 

 

Figure 11.2. Profile view: internal depiction of reactor; mid-baffle wall and baffle lip are 

installed to reduce mixing. 

 

 

11.2 NUMERICAL SIMULATIONS 

A finite element based CFD modeling software, COMSOL Multiphysics (COMSOL Inc., 

Burlington MA), was used to solve conservation of mass and momentum equations 

(Equation 11.1 and 11.2, respectively) to predict the flow field and pressure distribution 

inside the specified domain. The software was used for geometry generation, meshing, 

physics settings, solving, and post processing. An iterative matrix solver (GMRES) was 
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used to solve the governing equations of fluid dynamics, and convergence was 

considered to be achieved when relative errors of the numerical solutions were below 1E-

06. 

 

The entire flow domain was discretized with 171,893 tetrahedral elements to calculate a 

flow rate of 109 mL/min. The mesh size provided a grid-independent solution, as refining 

the mesh further had minimal (~1%) impact on the predicted log inactivation through the 

system. A 22.56 cm long pipe was modeled at the inlet to obtain a fully developed flow 

profile prior to entrance into the main reactor body. The same length of pipe was also 

provided at the outlet (Durst et al., 2005). A constant velocity (uniformly distributed over 

the inlet area), was maintained at the inlet and zero pressure boundary condition was 

imposed at the outlet. Other closed boundaries were modeled as no slip walls. Calculation 

of the Reynolds number (Re = 182) at the modeled flow rate (109 mL/min) suggests a 

laminar flow field through the reactor. Light model (Equation 11.3), which is a derivative 

of the Multiple Point Source Summation (MPSS) model, was used to calculate the 

fluence rate inside the computational domain (Liu et al., 2004; Bowker et al., 2011). The 

radiant intensity emitting from a point source of light is defined by the inverse square 

law, where P is the light power (W) and   is the radial distance (m) from the light source. 

Viewing angle α = 60
o
 was imposed in this study based on the manufacturer 

specifications. The light power is multiplied by the UVT (%) to account for UV 

absorbance of differing UV wavelengths.  All of the LEDs were assumed to have flat 

window (FW) configurations, as established by the manufacturer (SET, Inc., 2008). 

Microbial inactivation was calculated using a steady state convective diffusion equation 

(Equation 11.4) where the model incorporated a microbial fluence response term     . 

The      term was dependent on the microorganism. Bacteriophage Qβ displays a near 

log-linear dose response curve to 260 nm and 275 nm UV-LEDs (as found from 

collimated beam testing); therefore, the kinetics most accurately follow the Chick-

Watson equation (Equation 11.5). Conversely, E. coli ATCC 11229 is initially UV-
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resistant (to both 260 nm and 275 nm light) until it experiences a threshold dose, after 

which its inactivation rate increases rapidly. Therefore, the rate of E. coli ATCC 11229 

degradation is well described by the Series-Event model (Severin et al., 1983) (Equation 

11.6). Equations 11.5 and 11.6 account for both wavelengths of light (260 nm and 275 

nm) and are therefore considered modified versions of the traditionally-used microbial 

rate equations.  

 

Continuity equation: 

      

11.1 

Conservation of momentum equation: 

 
  

  
                   

11.2 

Light model: 

  
 

               
             

11.3 

Microbial inactivation: 

                 

11.4 

Modified Chick Watson model: 

                         

11.5 

Modified Series-Event model:  

   
                                               

11.6 
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11.3 UV DOSE DISTRIBUITON CHARACTERIZATION  

The dose distribution within the reactor was numerically determined using a Lagrangian 

approach (Ducoste et al., 2005), to which the reader is directed for the equations describing 

particle position and velocity, and particle interactions as a result of Brownian motion. The 

Lagrangian approach centers on equations that describe the evolution of particle position 

within a flow field.  The UV fluence as seen by each particle in the Lagrangian method is 

calculated by integrating the fluence rate over the particle track time history (Equation 11.7) 

where Fluence (P) is the UV dose for a particle P (J m
-2

 or mJ cm
-2

) and I(t) is the UV 

fluence rate (W m
-2

 or mW cm
-2

) calculated using the fluence rate model.  

 

                     

 

 

     

11.7 

In a Lagrangian particle-track simulation, a spatially homogeneous concentration of particles 

is released at the UV system influent.  Similar to establishing a grid-independent CFD 

solution, the predicted fluence distribution should not be a function of the number of particles 

released at the inlet.  Results from increasing particle number concentration at the reactor 

influent showed that a stable distribution was produced using 1500 particles. 

 

11.4 MICROBIAL INACTIVATION CHARACTERIZATION  

Microbial inactivation data for the reactor was generated using bacteriophage Qβ and the 

bacterium E. coli ATCC 11229; Qβ is a model indicator organism representing single-

stranded human RNA viruses, such as Hepatitis A virus and human Noroviruses, while E. 

coli ATCC 11229 is a commonly used surrogate representing the pathogenic E. coli O157:H7 

strain. The virus stocks used for collimated beam and continuous flow experiments were 

propagated and spiked at 10
8
 pfu (plaque forming unit)/mL such that a 4-5 log10 inactivation 

could easily be followed; similarly, E. coli was grown to 10
8
 cfu (colony forming unit)/mL. 
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Viral and bacterial inactivation trials were conducted independently. Therefore, individual 

stocks (Qβ and E. coli) were not mixed and each was evaluated without the presence of the 

other.  

 

A standard collimated beam protocol was followed where cell samples (10mL) were placed 

under the 15 UV-LED collimated beam and exposed to light to achieve various UV dosages 

(Bolton et al., 2003).  Control samples were collected prior to exposure to UV.  A 2250 mL 

solution of saline-calcium spiked with the appropriate sample (Qβ or E. coli ATCC 11229) 

was used for the flow-through reactor experimental tests. The solution volume provided time 

for steady-state conditions to be achieved in the reactor, allowed for 3 times the hydraulic 

retention time (HRT) to pass through the reactor prior to sample collection, and was 

consistent with the testing volume used in the chemical actinometry validation tests (Jenny et 

al., 2014). Operating conditions included 109 mL/min flow rate at 92% and 80% UV-

transmittance (UVT), with each UV-LED operating at 20 mA, per manufacturer 

specifications. To lower the UVT, an appropriate amount of super-hume (CropMaster Super 

Hume, UAS of America, Inc., Lake Panasoffkee, Florida) was added to the solution. 

Following super-hume and saline-calcium mixture, the sample was autoclaved for 

sterilization purposes and allowed to cool overnight at room temperature.  

 

The sample was pumped through the reactor using a peristaltic pump (Ocaton PC 2700 

Master flex L/S Drives, Cole-Parmer, Court Vernon Hills, Illinois) for 15 minutes prior to 

collecting the first of three samples. The remaining two samples were collected in 2.0 minute 

increments following the first sample collection. A control sample for each test was collected 

and stored in a sterile dark tube prior to exposure to the UV-LEDs. In addition, a dark sample 

measuring the effluent microbial concentration with the UV-LEDs turned off was also 

collected.   All bacteriophage trials were collected in 50mL sterile dark tubes to prevent 

unwanted UV inactivation during transport and/or bioassay, and promptly assessed. E. coli 

ATCC 11229 samples were also collected in dark sterile tubes to prevent unwanted 
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inactivation from ambient light, and also to lower the probability of photo-reactivation. 

Although it could be argued that the bacteria will undergo dark repair in this state, it has been 

shown that the inactivation rate for E. coli ATCC 11229 (when grown to log phase) has a 

greater repair rate via photo-reactivation than thru dark repair (Quek et al., 2008). 

 

Enumeration of Qβ followed a similar assay method used by Bohrerova et al., 2006. In 

summary, E. coli host (American Type Culture Collection 15597, strain C3000) was 

cultivated using tryptone-based broth and placed in a 37°C incubator for 18-24 hours.  Ten-

fold serial dilutions of the virus involved saline-calcium (0.9mL) and phage (0.1mL). A 

0.1mL sample of dilution mixture was inoculated in 0.1mL of host broth solution.  Combined 

viral/broth solution was then placed in 5mL molten agar, mixed, and poured over solidified 

agar and allowed to harden. Petri dishes were then inverted in a 37°C incubator for 18-24 

hours prior to conducting plaque counts. Target counting range was 20-200 plaque forming 

units (pfu). 

 

Propagation of the viruses followed procedure ATCC15597-B1. In review, cultivation of the 

E. coli host (ATCC 15597 C3000) was completed in the identical manner as described in the 

preceding paragraph. Similarly, a 0.2 mL sample of virus/host solution was mixed with 5mL 

molten agar and poured over solidified agar, and inverted in a 37˚C incubator for 18-24 

hours. Following these steps, 5mL saline-calcium dilution was evenly spread over each 

sample Petri dish and allowed to sit for 30 minutes.  The soft agar solution was then scraped 

off the hardened agar and collected in six 15mL centrifuge tubes.  Samples were then 

centrifuged using a Sorvall Ultra 80 (ThermoScientific Inc, Asheville, NC, USA) bench-top 

device at 700 G (4˚C) for 25 minutes.  The supernatant was then extracted, passed through a 

0.22μm filter, and placed in -85˚C storage in 1.5mL aliquots. 

 

Enumeration of E. coli ATCC 11229 followed a similar method to Cho et al., (2005), and 

will be summarized here.  Aliquots were thawed and 0.3mL sample was inoculated in a 
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50mL fresh nutrient broth solution and incubated at 37˚C for 18-24 hours.  Following 

overnight incubation, 0.3mL broth solution was combined with 10mL fresh broth and 

incubated at 37˚C for 4-5 hours to achieve bacterial growth to log phase.  The sample was 

then placed in sterile tubes in a room-temperature Sorvall Ultra 80 centrifuge (Thermo-

Scientific Inc., Asheville, NC, USA) and spun at 1000 G for 10 minutes.  Supernatant was 

extracted and disposed, while saline-calcium (10mL or 22.5mL for batch and continuous 

flow experiments, respectively) was added to re-suspend the pellets.  An initial (non-

irradiated) sample was taken, UV absorbance at 254 nm was recorded, and the solution was 

exposed to UV light (via batch or continuous flow tests).  Following exposure, saline-

calcium (0.9mL) was placed in serial dilution tubes and irradiated samples (0.1mL) were 

diluted appropriately. Dilutions (0.1mL) were spread over agar plates, allowed to dry, and 

incubated inverted at 37˚C for 18-24 hours prior to conducting plate counts.  Target counting 

range was 20-200 colony forming units.    

 

To propagate E. coli ATCC 11229, an inoculating loop was sterilized and then used to swap 

a colony off a previously incubated (24-hour) E. coli ATCC 11229 agar plate.  The colony 

was then added to 50mL of fresh nutrient broth and incubated for 24 hours at 37˚C. 

Following overnight incubation, 0.2 mL of broth was added to 10mL of fresh broth and 

incubated at 37˚C for 4-5 hours.  Finally, 0.4mL of log-phage broth was combined with 

0.1mL glycerol (10%) and placed in a -85˚C freezer for long term storage. 

 

Prior to the enumeration and propagation of the virus and bacteria, the agar, dilution, and 

broth solutions were autoclaved.  After autoclaving, each experimental step was performed 

under a laminar flow biological safety cabinet to prevent contamination. 
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11.5 OPTIMIZATION ROUTINE 

ModeFrontier, multi-objective optimization software, was coupled with COMSOL 

Multiphysics, a commercial CFD program, to determine the potentially optimal UV-LED 

configurations in the small-scale water disinfection reactor. MS DOS batch scripts and 

Matlab code were used to link ModeFrontier with COMSOL, using the LiveLink for Matlab 

module in COMSOL 4.3a.  

 

The MOGA-II algorithm was chosen as the evolutionary algorithm to determine the optimal 

three-dimensional design. MOGA-II is a multi-search elitism algorithm that maintains 

potentially optimal solutions without pre-mature convergence on a local optimal solution 

(Poles 2003). The total number of design evaluations is defined as the initial population size 

multiplied by the number of generations.  In this study, the initial population consisted of 100 

“design options”, where each design option can represent a UV LED placement, number, or 

emission wavelength. Ten of the 100 design options were user-defined inputs, and 

represented previously simulated configurations (i.e. 30 260 nm UV-LEDs activated, 30 275 

nm UV-LEDs activated, 15 260 nm UV-LEDs activated, 15 275 nm UV-LEDs activated, 

etc.). The remaining 90 were determined by the SOBOL sampling algorithm, which attempts 

to uniformly distribute the input variables across the decision space. The genetic algorithm 

performed 100 generations, providing a total of 10,000 simulations for a given multi-

objective problem.   

 

Evaluating one design at a time is computationally expensive. In this research, the 10,000 

design options were simulated across multiple desktop computers to reduce the total 

computational time. Each COMSOL simulation took approximately three minutes to solve 

the light intensity field and the biodosimetry through the system.  For a given flow rate, the 

hydraulics do not deviate from one simulation to the next; therefore, the fluid profile was 

saved prior to the optimization, eliminating the need for re-solving one of the physics.  At 

three minutes per simulation (using one computer), the optimization would have taken up to 
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500 hours, or about 21 days.  However, by distributing the simulations, each optimization 

took approximately three to five days. 

 

12 RESULTS 

12.1 BACTERIOPHAGE KINETIC RESPONSE  

Bacteriophage Qβ was exposed to three different UV light sources (mercury vapor LP, 260 

nm UV LED, and 275 nm UV LED) under batch conditions to determine the UV response 

rate to each light source. The kinetic data was modeled and incorporated in the steady-state 

convective diffusion transport equation. Results of the collimated beam Qβ data is provided 

in Figure 12.1. 

 

Figure 12.1. Bacteriophage Qβ kinetic response data 
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As discussed previously, Qβ responds in a near log linear fashion with respect to each of the 

wavelengths tested. The trend at 254 nm follows the results reported in the literature (Fallon 

et al., 2007). Although no known research has reported the UV dose response data for Qβ 

phage at 260 nm or 275 nm UV-LEDs, Fallon et al., (2007) found greater phage sensitivity to 

filtered MP 265 nm lights and greater UV resistance to filtered MP 280 nm lights, relative to 

a 254 nm LP lamp. In this study, the 275 nm wavelength follows similarly to the 254 nm LP 

lamps, while the 260 nm source has the greatest fluence efficiency.  The increased fluence 

efficiency at 260 nm is a result of the peak 260 nm Qβ RNA absorbance.  Overall, Figure 

12.1 shows that Qβ is a relatively UV-resistant microorganism, requiring a dose of 45 mJ cm
-

2
 to achieve over 4 log10 inactivation (for 260 nm UV-LEDs).  

 

12.2 BIODOSIMETRY: BACTERIOPHAGE Qβ 

Upon collection of the Qβ kinetic data, biodosimetry was performed to characterize the 

accuracy of the numerical model. Initial Qβ phage biodosimetry tests were completed with 

four different operating conditions; each consisted of a 109 mL/min fluid flow rate, and all 

available (30) UV-LEDs activated.  The initial tests were completed at 92% and 80% UVT, 

with each experiment involving only one UV wavelength (260 nm or 275 nm). Figure 12.2 

compares the experimental and numerical biodosimetry results from these tests.   
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Figure 12.2. Log inactivation data in response to 30 UV-LEDs of a common wavelength; 260 

nm or 275 nm at 109 mL/min flow rate. Experiment involved Qβ phage. 

 

 

The numerical predictions show good agreement (less than 7% deviation) with experimental 

results for both UVT values and wavelengths. The model predicts the slight decrease in log 

inactivation with decreasing UVT, which is caused by the fraction of light that is absorbed by 

the super-hume, as opposed to the microorganisms. The model also follows experimental 

results showing a decrease in log inactivation as wavelength of light shortens from 275 nm to 

260 nm. The decreased log inactivation appears counter-intuitive, as the data from the 

collimated beam study showed the 260 nm UV-LEDs were more fluence-efficient. However, 

the 275 nm UV-LEDs used in this research emit nearly twice the radiant output power than 

the 260 nm lights (0.89 mW LED
-1

 versus 0.5 mW LED
-1

, respectively). Recalling from 

Section 11.2, the rate of inactivation for bacteriophage Qβ is dependent on the wavelengths’ 

germicidal intensity, which is the product of      (   represents the UV germicidal 

effectiveness for a given microorganism and    is the wavelength light intensity at a given 

location in the reactor). Therefore, the wavelength that generates the largest (      product is 

expected to be most effective at inactivating the phage.  
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Although these tests show the 275 nm UV-LEDs currently have the higher germicidal 

intensity (in relation to the 260 nm UV-LEDs), the “best-case” log inactivation for both 

wavelengths is still quite low (1.0-1.6 log10 at 92% UVT) for both wavelengths. The low log 

inactivation is a result of the limited power output of the UV-LEDs (as mentioned briefly 

above). UV-LEDs function at 0.5-2% efficiency, which is largely a result of semiconductor 

material and the inefficient extraction of light through the sapphire substrate. Low operating 

efficiency produces low output radiant energy, which can result in a fraction of the light that 

is unable to penetrate large distances through the testing solution. The effect is compounded 

as UVT decreases.  

 

12.3 DOSE DISTRIBUTION DATA 

The previous section (Section 12.2) provided insight into the efficiency of each respective 

UV-LED wavelength, but provided no information on the hydraulic and light distribution 

efficacy of the device. Understanding the hydraulic and light distribution within a UV reactor 

is vital for the design and optimization of such a system.  Generating the UV dose 

distribution data is a commonly used technique to understand reactor performance, and was 

used in the present research to provide confidence in the optimization results.  It was 

hypothesized that if a UV dose distribution could be generated to analyze specific sub-

regions within the UV-LED reactor, then predictions could be made regarding general traits 

that the optimized reactor would have. Namely, the question was asked: “Does the UV dose 

distribution data give accurate insight to which side of the reactor is more efficient (influent 

or effluent), in terms of hydraulic flow and light distribution?” In turn, these results could be 

used to hypothesize which side the majority of UV-LEDs may be placed in the optimized 

system.  

 

The dose distribution curves were generated using the Lagrangian particle tracking approach. 

The disinfection system was solved using four different operating conditions, each with 15 

UV-LEDs of a common wavelength: 275 nm Influent (275I), 275 nm Effluent (275E), 260 
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nm Influent (260I), and 260 nm Effluent (260E). Figure 12.3 (a and b) display the numerical 

UV dose distribution curves for the 275I, 275E and 260I, 260E reactor configurations, 

respectively. Although the four operating conditions were calculated independently, curves 

from common wavelengths were combined on one graph for comparative purposes.  
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Figure 12.3 (a and b). a) Numerically-predicted dose distribution data for 15 275 nm UV-

LEDs on influent (275I) and 15 275 nm UV-LEDs on effluent (275E) side of the reactor. 

Average dose 275I: 8.8 mJ cm
-2

. Average dose 275E: 14.6 mJ cm
-2

. b) Numerically-predicted 

dose distribution data for 15 260 nm UV-LEDs on the influent (260I) and 15 260 nm UV-

LEDs on the effluent (260E) side of the reactor. Average dose 260I: 3.5 mJ cm-2. Average 

dose 260E: 5.7 mJ cm-2. 
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The dose distribution data predicts the 275 nm light source emits higher average fluence than 

the 260 nm source on both the entrance and exit sides of the reactor, respectively. The higher 

average fluence for the 275 nm lights was expected due to their ability to emit nearly twice 

the radiant output power than the shorter wavelength. Additionally, the model predicts an 

increase in average dose exposure (regardless of wavelength emission) as microorganism’s 

progress to the effluent side of the reactor. Jenny et al., (2014) showed that a high velocity 

fluid jet enters the UV-LED reactor body as fluid exits the small-diameter inlet piping and 

arrives in the wide-body reactor system (Figure 12.4).  Following progression around the 

mid-baffle wall, the fluid then travels in a more uniform manner, at a lower average velocity, 

until exiting the system.  Therefore, the hydraulics suggest that the average microorganism 

spends more time on the effluent side of the reactor, is exposed to more light, and receives a 

greater average UV dose than when progressing through the influent side, regardless of 

wavelength emission.  

 

Figure 12.4. CFD predicted velocity profile at 109 mL/min flow rate. The influent hydraulic 

jet results in a shorter average fluid space time on the influent side of the reactor in relation to 

the effluent side. 
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The spread of the UV dose distribution curves is another important way to characterize 

reactor efficiency, as it is beneficial to understanding the likelihood that a given 

microorganism will experience the average dose within the reactor. The dimensionless 

variance was used to characterize the width of the distribution.  A dimensionless variance of 

0.033 and 0.036 was calculated for the light configuration of 275 nm and 260 nm LEDs on 

the effluent side of the reactor, respectively, while the dimensionless variance was 0.137 and 

0.129 for the 275 nm and 260 nm LED configuration on the influent side of the reactor, 

respectively. The small dimensionless variance values on the effluent side are a function of 

the amount of dispersion in that section. The high influent velocity causes fluid mixing in the 

influent side, particularly around the mid-baffle wall. The same level of dispersion is not 

present on the effluent.  

Ultimately, the results from the UV dose distribution data suggest that the effluent side of the 

reactor contributes to the increased disinfection efficiency of the UV LED reactor, regardless 

of wavelength analyzed. Biodosimetry tests experimentally validated the trends found in the 

numerical UV dose distribution data, and the results are discussed in the following section.  

 

12.4 ALTERNATING WAVELENGTH EXPERIMENTS: BIODOSIMETRY 

Two operating conditions were experimentally tested to validate the trends found from the 

dose distribution curves. The tests compared the impact of placing 15 260 nm UV-LEDs on 

the influent side of the reactor with 15 275 nm UV-LEDs on the effluent side (260I/275E) 

and then flipping the wavelengths (275I/260E) to the opposite side. This arrangement of tests 

will hereafter be referred to as the “Alternating Wavelength” experiments. It can be argued 

that validating the efficacy of each side of the reactor could have been performed in a simpler 

manner, i.e. compare the log inactivation when inserting 15 UV-LEDs of a common 

wavelength on one side of the reactor, while leaving the other side void of lights, and then 

flipping the placement of UV-LEDs to the opposite configuration. However, the Alternating 

Wavelength experiments validated the models’ ability to predict the log inactivation using 



 

 

 

 

 

89 

 

multiple wavelengths, while also providing insight to the location of reactor efficacy. Figure 

12.5 displays the comparison between experimental and numerical results for the Alternating 

Wavelength trials. 

 

 

Figure 12.5. Alternating Wavelength Experiments. Compares 15 UV-LEDs of a common 

wavelength on one side of the reactor, and 15 UV-LEDs of the other wavelength on the 

opposing reactor side, for a given operating condition. The light configuration was then 

flipped. 109 mL/min flow rate, 92% UVT. Experiment involved Qβ phage. 

 

 

In Figure 12.5, the numerical model displayed good agreement in predicting the log 

inactivation under both operating conditions. Under the hypothetical situation in which the 

260I/275E and 275I/260E operating conditions produced similar log inactivation, the 

conclusion could be drawn that both sides of the reactor have similar hydraulic and light 

distribution efficiency. However, the results in Figure 12.5 do not support that prediction; 

rather, the 260I/275E outperformed the 275I/260E configuration.  Given that the            

term is larger than the            term for a given location within the reactor (as 
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demonstrated in Section 0), it can be said that the most photo-chemically efficient side is the 

one which takes greatest advantage of the most germicidal intense light.  Figure 12.5 shows 

that Qβ phage is more successfully inactivated when fifteen 275 nm UV-LEDs are located on 

the effluent side; therefore, the effluent side of the reactor has greater UV disinfection 

efficiency than the influent side. Non-coincidentally, the identical conclusion was drawn 

from the numerically-generated UV dose distribution curves.  

The totality of the aforementioned results in Sections 12.1-12.4 leads us to two hypotheses: 

1) the optimal lights are expected to emit at 275 nm (assuming the      rate constant is not 

vastly inferior to the      rate constant for E. coli ATCC 11229): and 2) the optimization 

routine will preferentially place the majority of the lights on the effluent side of the reactor. 

 

12.5 E. COLI ATCC 11229 KINETIC RESPONSE  

Considering the biodosimetry results from Sections 0 and 12.4, the relatively high Qβ UV-

resistance, combined with the low output power of UV-LEDs, provides a narrow Qβ log 

inactivation window (0-1.6) to explore optimal design configurations. Conversely, the use of 

a more UV-sensitive microorganism, such as E. coli ATCC 11229, will increase the range of 

feasible log inactivation values to explore a wider range of optimality experiments.  

Therefore, E. coli strain ATCC 11229 was chosen as a non-pathogenic testing 

microorganism, meant to display the proof-of-concept model for an optimized UV-LED 

continuous flow disinfecting device. Figure 12.6 displays the kinetic response results for E. 

coli ATCC 11229.  
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Figure 12.6. Kinetic response of E. coli ATCC 11229 to three UV light sources: 260 nm UV-

LEDs, 275 nm UV-LEDs, 254 nm LP lamp. 

  

 

Similar to Qβ phage, the 260 nm LEDs have the greatest fluence efficiency in the low dose 

range (0-7 mJ cm
-2

).  The increased fluence efficiency is again attributed to the bacteria DNA 

having a peak absorbance to UV at 260 nm. Conversely, when comparing E. coli ATCC 

11229 and Qβ response curves of both microorganisms, it is clear that the E. coli ATCC 

11229 strain has a significantly higher UV response. Nearly 4.5 log10 inactivation is achieved 

with a dose exposure of only 7 mJ cm
-2

, while Qβ phage requires a dose of 45 mJ cm
-2

 to 

reach the same level of inactivation (in response to 260 nm UV-LEDs). Additional deviations 

lie in the shape of the response curves. Unlike bacteriophage Qβ, E. coli ATCC 11229 is 

initially resistant to UV, “shouldering” at low doses, where the shoulder is more pronounced 

with the 254 nm LP and 275 nm LED than the 260 nm lights.  It has been suggested that the 
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shouldering phenomenon at low doses may be the result of enzymes maintaining a rate of 

dimer repair that is similar to the rate of dimer formation. Upon receiving some threshold 

dose, the cell is then unable to maintain the rate of repair; therefore, the dimer formation rate 

dominates and the microorganism is quickly inactivated in the presence of additional UV 

light (Eischeid et al., 2007). In relation to the 260 nm UV-LEDs, it is likely that the initial 

UV-resistance is less pronounced because the rate of dimer formation is potentially greater 

than for the other two wavelengths; therefore, the repair enzymes are likely unable to 

adequately maintain cell viability. Overall, the trends follow results reviewed in (Chevrefils 

et al., 2006) for the 254 nm LP lamp; no known research has described the E. coli ATCC 

11229 kinetic response to 260 nm and 275 nm UV-LEDs. 

 

Figure 12.7 displays the results showing the series-event model representation of the dose 

response of E. coli ATCC 11229.        
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Figure 12.7. Use of series-event model to mathematically capture the rate of microbial 

inactivation of E. coli ATCC 11229; “n” represents threshold event level. 

 

 

Results shown in Figure 12.7suggest that the series-event model does an adequate job at 

representing the shouldering phenomena at the low dose range (0-7 mJ cm
-2

) for the 260 nm 

wavelength. However, the 275 nm curve does slightly underestimate the amount of 

shouldering in response to the longer wavelength UV-LEDs. Consequently, the mathematical 

representation slightly over-predicts the experimental log inactivation data in the 

intermediate dose range (2-4 mJ cm
-2

). Based on data displayed in Figure 12.7, four (n=4) 

series-event reaction rate equations must be implemented in the CFD model to represent the 

photo-degradation rate of the E. coli microorganism at both wavelengths of light. 
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12.6 BIODOSIMETERY: E. COLI ATCC 11229  

Prior to performing the optimization simulations with E. coli ATCC 11229, validating certain 

reactor configurations was necessary to ensure that the numerical model was accurate in 

simulating the inactivation of E. coli ATCC 11229 using the series-event disinfection 

kinetics.  Two different conditions were validated: 1) 30 activated 260 nm UV-LEDs; 2) 15 

275 nm UV-LEDs activated on the influent side of the system.  Option 1 was chosen to 

compare against prior validation designs. Option 2 was selected because it was expected to 

produce a measureable effluent microbial concentration.  It has been discussed previously 

that the 275 nm wavelength lights emit comparatively higher intensity light and the kinetic 

rate constant is not significantly lower than the 260 nm UV-LEDs. It was therefore expected 

that including all 30 275 nm UV-LEDs would result in an untraceable effluent cell 

concentration. Figure 12.8 compares the experimental and numerical results for the E. coli 

ATCC 11229 validation tests.  

 

 

Figure 12.8. E. coli ATCC 11229 continuous flow validation of series-event model. 
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The results suggest that the CFD model is in good agreement with the experimental log 

inactivation of E. coli ATCC 11229 at both UV wavelengths. Additionally, the results from 

the model provide a strong foundation to demonstrate the models’ ability to optimize the UV- 

LED reactor over a broad log inactivation range using E. coli ATCC 11229.   

 

12.7 OPTIMIZED UV-LED REACTOR 

The optimal designs chosen for experimental validation testing were extracted from a multi-

objective analysis, where COMSOL and Mode-Frontier were coupled to simultaneously 

solve for the maximum log inactivation and minimum electrical power through the reactor. 

An additional multi-objective optimality criterion was performed that minimized the log 

inactivation and maximized input supply power to produce the worst-case (lower-bound) 

conceivable UV-LED reactor designs. The results from both multi-objective analyses are 

combined and plotted in Figure 12.9 to show the breadth of conceivable reactor designs for 

the system, for a given flow rate (109 mL/min) and UVT (92%).  
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Figure 12.9. Two multi-objective analyses plotted and combined to show the upper and lower 

limits of conceivable design options for a given flow rate and UVT of the small-scale UV-

LED reactor. 

 

 

The possible reactor configurations are striated along power values, as the individual input 

UV-LED power is constant, regardless of emission wavelength. As expected, Figure 12.9 

shows that increasing the supply power will lead to increasing log inactivation. The inherent 

nature of multi-objective analyses provides insight to the trade-off between the objective 

functions, where the set of optimal solutions is located along the Pareto front (green line). 

Any solution on the Pareto front represents optimality, where one objective function can 

theoretically no longer be improved without compromising the other objective(s). 
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Additionally, the least efficient solutions (lower bound, worst-case) are also plotted in Figure 

12.9 (marked by the red line). Although the two multi-objective plots are effective at 

representing the wide range in potential reactor configurations, the plot is not exhaustive. 

Figure 12.9 encompasses nearly 20,000 possible reactor configurations; however, additional 

arrangements (within the Pareto front and lower bound) are conceivable, seeing as this 

reactor can be designed with more than two billion different combinations.  

 

Three additional (one optimal, two suboptimal) reactor configurations were extracted from 

the multi-objective analysis and experimentally validated (Figure 12.9). Two of the data 

points revolved around an optimal solution, where the reactor was designed to achieve 2.0 

log10 inactivation of E. coli ATCC 11229 by minimizing the input power. Non-Optimal 

solution #1 represents a potential design that uses over 1.5 times the minimum required 

power but maintains 2.0 log10 inactivation. Conversely, Non-Optimal #2 represents a design 

that uses the same input power as the optimal design, but poorly distributes the UV-LEDs 

and results in near 1.0 log10 inactivation. 

 

The optimal solution will be discussed initially, where Figure 12.10 (a and b) display the 

influent and effluent side light configurations, respectively.  
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Figure 12.10 (a and b). a) Influent side optimal light configuration of UV-LED reactor (all 

lights emit at 275 nm); b) Effluent side optimal light configuration of UV-LED reactor (all 

lights emit at 275 nm). Optimality conditions were as follows: minimize input power while 

achieving a target log10 inactivation (2.0) of E. coli ATCC 11229. 

 

 

The optimal configuration consists of seven UV-LEDs (all emitting 275 nm) with five of the 

seven lights located on the effluent side of the reactor. The design agrees well with the 

hypothesis developed earlier, where it was predicted that the ideal configuration will consist 

of 275 nm lights, the majority of which will be placed on the effluent side of the reactor. 
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Although the placement of the UV-LEDs was hypothesized based on preliminary 

experiments and modeling, the number of UV-LEDs and the exact location of each UV-LED 

were not as intuitive.  The configuration has five of the seven UV-LEDs arranged along the 

center columns (two on influent; three on effluent), with the remaining two lights placed 

along each side wall on the effluent section. UV-LED placement along the center line of fluid 

flow is logical, as the microbial concentration and light intensity is high compared to the side 

walls, and the rate of microbial degradation is dependent upon both cell concentration and 

light intensity.  

 

The influent side of the reactor also contains UV-LEDs located along the center flow path; 

based on the preceding discussion, the central arrangement is expected. The results suggest 

that including two UV-LEDs on the influent is more beneficial than moving the two lights 

along the effluent side wall or at the two available spots along the effluent center. Although it 

was hypothesized that the majority of UV-LEDs would be located on the higher efficiency 

side, it is not surprising that some UV-LEDs are located along the influent section, as the 

dispersion on the influent is minor and only minimally decreases efficiency. It is possible that 

the influent lights are acting to minimize the negative impact the impinging jet has on the 

system.  

 

Although the spacing of five of the seven UV-LEDs can be at least partially explained, the 

two UV-LEDs located along the effluent side walls was not well understood.  Therefore, a 

cognitive approach was used to determine if “better-than-optimal” solution(s) existed. 

Several new designs were hypothesized, where minor modifications (re-arranging the UV-

LEDs, not altering the number of activated lights) were made to the ModeFrontier-generated 

solution. It was determined that if the only adjustment was to place the side-wall UV-LEDs 

in the center column on the effluent side of the reactor, the log10 inactivation is predicted to 

increase 5% from 2.0 to 2.1. The effluent side of the “newly-optimal” design is shown in 

Figure 12.11. The “newly-optimal” design was not experimentally validated.  
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Figure 12.11. Effluent side light configuration of the newly-optimized UV-LED reactor. A 

cognitive approach was used to determine the effluent light placement. All lights emit at 275 

nm. 

 

 

Although the log inactivation increase is minor for the newly optimized design in Figure 

12.11, the results bring about a few realizations: 1) The hypothesis that the lights are best 

served in the center of the reactor still holds; 2) Using a joint cognitive-heuristic based search 

may be more appropriate to find a truly optimal design; 3) Even though the genetic algorithm 

did not find a true optimal, it was quite effective at significantly reducing the decision space, 

and can still be considered a powerful tool in aiding the design engineer.  

 

Until this point the entirety of the discussion has focused on the first optimized design and 

the validation results defending the spatial arrangement and emission wavelength of the 

optimal reactor configuration. However, no discussion has been made regarding the number 

of activated UV-LEDs required to achieve the target log inactivation. Predicting the number 

of UV-LEDs necessary to achieve a target inactivation in a UV-LED reactor is complex, 

where increasing the number of activated UV-LEDs is not linearly proportional to the 
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increase in log inactivation through the system.  As a result, the only way to predict the 

number of UV-LEDs (which is directly proportional to input power) needed to achieve a 

target log inactivation is a trial-and-error approach.  Clearly, this is a time-consuming, 

unrealistic method and precisely what the optimization routine is aimed to accomplish for the 

design engineer. Therefore, even if the designer has a thorough understanding of the 

hydraulics and light distribution in the reactor, it can be exceedingly complex to predict the 

number of UV-LEDs necessary to achieve a target inactivation. This discussion builds nicely 

to the next set of experimental tests, where a non-optimal solution was experimentally 

validated to show that incorrectly designing the reactor can still provide 2.0 log10 inactivation 

of E. coli ATCC 11229, but at a cost of more input energy than the optimal configuration. 

The first non-optimal test is referred to as Non-Optimal #1. 

 

The Non-Optimal #1 configuration was experimentally tested to show two things: 1) The 

model is accurate in predicting alternative designs that lie in the feasible, but inferior 

objective space; 2) In the case where alternative designs are not desired, changes from the 

optimal will negatively impact reactor performance. In regards to searching for non-optimal 

alternative designs, it is probable that in practical applications, design engineers may have 

restrictions (beyond the modeled constraints) inhibiting the actual application of an 

optimized UV-LED reactor.  Limitations may include construction difficulties, ease of 

maintenance, installation, and repair, among others. Ultimately, the additional constraints 

(that are unable to be applied to the numerical model) may force design engineers to examine 

a set of alternative designs that are less than, but near, optimal. Non-Optimal #1 (Figure 

12.12a and Figure 12.12b) is an arrangement that uses over 1.5 times the necessary input 

power but still predicts 2.0 log inactivation of E. coli ATCC 11229.  



 

 

 

 

 

102 

 

 

Figure 12.12 (a and b). a) Light configuration on influent side of Non-Optimal solution #1; b) 

Light configuration on effluent side of Non-Optimal solution #1. Smaller light intensity 

represent UV-LEDs emitting at 260 nm, larger intensities are UV-LEDs emitting at 275 nm. 

 

 

In Figure 12.12, results show that Non-Optimal #1 has a distribution of lights that is nearly 

symmetrical about the center column on both influent and effluent sides, 6 of the 11 lights 

are on the effluent side, and 6 of the 11 lights emit at 275 nm. Overall, the light configuration 

is well distributed throughout the reactor, with a near-equal use of both wavelengths of light.  

For these reasons, it appears to be a practical UV-LED design for an engineer who does not 
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have thorough background information on the particular system. However, given the 

extensive validation data that has been collected, it is obvious why this particular design is 

not optimal.  

 

The second non-optimal design was completed to more adequately show the negative 

consequence of configuring a UV-LED reactor without numerically solving for the optimal 

solution.  Non-optimal #2 was extracted from the plot of multi-objective solutions, where the 

number of UV-LEDs (seven; input power: 1.61W) was held constant in relation to the 

optimal solution.  The test is effective at showing that, even in situations where the reactor 

provides adequate light power, the spatial orientation and emission wavelength play a vital 

role in the efficacy of the disinfection system. The light distribution on the influent and 

effluent side of Non-Optimal #2 are shown in Figure 12.13 (a and b), respectively.  
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Figure 12.13 (a and b). a) Light configuration on influent side of Non-Optimal solution #2; b) 

Light distribution on effluent side of Non-Optimal solution #2. Configuration represents the 

importance of spatial arrangement and UV-LED emission wavelength in design. Smaller 

light intensity represent UV-LEDs emitting at 260 nm, larger intensities represent UV-LEDs 

emitting 275 nm light. 

 

 

Assuming a practicing engineer has not accumulated the extensive validation (both 

wavelength and reactor subsection) data, the influent side of Non-Optimal #2 is a 

conceivable arrangement (three 260 nm UV-LEDs along the center channel). Given the peak 
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germicidal effectiveness of the 260 nm UV-LEDs, it is logical for a designer to suspect the 

shorter wavelength source is preferred on the primary side. Similarly, an engineer may 

theorize that arranging the longer wavelength UV-LEDs on the effluent may inhibit 

enzymatic dimer repair activity within the cell. Moreover, it is reasonable to suspect an ideal 

arrangement would involve a near equivalent number of UV-LEDs along each reactor 

subsection. But again, based on the thorough validation testing that has been performed in 

this research, it has been adequately shown that the 275 nm UV-LEDs are currently more 

effective, and the effluent side of the reactor is more efficient than the influent side.  For 

these reasons, it is clear to see why Non-Optimal #2 is not an ideal design; in fact, Non-

Optimal #2 is approximately half as efficient as the optimal design (with respect to the log 

inactivation of E. coli ATCC 11229) for the given flow rate (109 mL/min) and UVT (92%).  

 

 

Figure 12.14. Biodosimetry analysis of optimal and non-optimal designs for the inactivation 

of E. coli ATCC 11229. 109 mL/min; UVT=92%. 
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The experimental and numerical data from the optimal and the sub-optimal configurations 

are displayed in Figure 12.14. The numerical predictions agree well with experimental 

results, slightly over-predicting the experimental data in each reactor configuration. The 

slight deviation is possibly due to the minor over-prediction of the kinetic degradation rate in 

the intermediate dose range (2-4 mJ cm
-2

) for the series-event E. coli ATCC 11229 kinetics 

(Figure 12.7).  

 

13 CONCLUSIONS 

In this study, a numerical optimization routine was coupled with CFD to optimize a point-of-

use continuous flow UV-LED disinfecting reactor. Initial biodosimetry validation was 

completed using a relatively UV-resistant bacteriophage, Qβ, where kinetic response data 

was generated for 260 nm UV-LEDs, 275 nm UV-LEDs, and 254 nm LP lamps. Data shows 

that the 260 nm light source has the greatest fluence efficiency in comparison to the other 

two wavelengths, which was attributed to the peak DNA absorbance to UV near 260 nm.  

Continuous flow experiments were conducted using 30 activated UV-LEDs of 275 nm and 

260 nm wavelengths. Numerical results agree well with experimental testing, which found 

that 30 275 nm UV-LEDs inactivated more phages than 30 260 nm UV-LEDs, for a given 

flow rate and UVT (%). The phenomenon was credited to the intensified irradiance from the 

275 nm UV-LEDs and the resulting increase in germicidal intensity in comparison to the 260 

nm source. The results from this portion of the research provided the hypothesis that the 

optimization routine would preferentially select 275 nm UV-LEDs over the 260 nm lights.  

 

Numerically-generated UV fluence distribution data was analyzed to understand locations of 

high reactor efficacy. Results suggest that the effluent side of the reactor emits higher 

average UV fluence than the influent side, and also has the narrowest fluence distribution. 

The higher effluent efficacy is due to the influent side having higher average fluid velocities 

from the fluid jet and dispersion generated near the mid-baffle wall. Trends from the UV 

fluence distribution data were validated using the Alternating Wavelengths experimental set 
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up, where 15 UV-LEDs (of a common wavelength) were located on one side of the reactor 

and 15 UV-LEDs of the alternate wavelength were located on the opposing side.  Results 

confirmed the trends found in the UV fluence distribution data, as the (260I/275E) 

configuration outperformed the (275I/260E) configuration. The data from the UV fluence 

distribution curves and the Alternating Wavelength trials provided the premise that the 

optimized UV-LED reactor would place the majority of UV-LEDs on the effluent side of the 

reactor.  

 

A more UV-sensitive (relative to Qβ phage) microorganism, E. coli ATCC 11229, was used 

for reactor optimization to demonstrate the feasibility of achieving 2.0 log10 inactivation 

through the continuous flow system. Kinetic data for E. coli ATCC 11229 found greater 

sensitivity in response to 260 nm UV-LEDs than either 275 nm UV-LEDs or 254 nm LP 

lamps, which was expected based on peak DNA absorbance. Experimental tests were 

completed under simple reactor designs to validate the series-event mathematical model for 

E. coli ATCC 11229. Numerical data displayed good agreement with experimental results 

under exposure to both UV-LED wavelengths at a flow rate of 109 mL/min and 92% UVT.    

 

Numerical optimization was completed under three objective functions: 1) multi-objective 

analysis and generation of the Pareto front (maximize log10 inactivation and minimize supply 

power); 2) multi-objective analysis to show the lower bound of feasible design options 

(minimize log10 inactivation and maximize supply power); 3) minimize input supply power 

and achieve at least (2.0) log10 inactivation of E. coli ATCC 11229. Objective 3 was 

validated experimentally, along with two additional non-optimal solutions. The optimized 

system followed hypothesized trends with regards to wavelength of light and the general UV-

LED spatial orientation. However, the precise location and number of UV-LEDs was not 

intuitive. A slight improvement was made to the optimized design using a cognitive 

approach, which suggests the most appropriate solver method may couple a heuristic with an 

intellectual or gradient-based search. Regardless, the coupled numerical method (CFD linked 
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with an optimization program) was effective at significantly decreasing the decision space 

and finding a potentially near-optimal UV-LED reactor solution. The near-optimal and two 

non-optimal solutions were validated experimentally and showed good agreement with 

numerical predictions. The Pareto front on the multi-objective solution was created to 

provide evidence for the potential design options.  

 

Ultimately, the results provide evidence for the need to use CFD and optimization algorithms 

to design UV-LED disinfection reactors. This is due to the inherent nature of UV-LEDs, 

which are small point-sources of light capable of being spatially organized in a nearly infinite 

number of ways. As technology improves and UV-LEDs become more efficient, designs will 

become even more challenging. The use of 260 nm UV light sources will become more 

realistic, meaning that coupling the high kinetic efficiency of 260 nm light with 275-280 nm 

UV-LEDs (to inhibit protein repair functions, for example) will require numerical models to 

delineate between wavelength, number, and spatial orientation of light. The research reported 

herein is the first to tackle this design paradigm, and was predictive in generating an optimal 

design for what is likely to be a key future disinfection approach.  

 

14 FUTURE WORK 

Future work should include 260 nm UV-LEDs operating with higher wall plug efficiency. As 

260 nm LED efficiency increases, a CFD-coupled optimization algorithm will potentially 

design a reactor that uses a combination of 260 nm UV light with a longer wavelength 

source. Additionally, point sources of light provide the opportunity to completely modify the 

shape of a UV reactor. UV-LEDs can potentially be organized around pipe bends or elbows, 

as an additional disinfection barrier. CFD would be an effective tool for modeling the fluid 

dynamics and chemical transport through a non-traditionally-shaped UV reactor.     
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Apart from drinking water disinfection, UV-LEDs should be considered in Advanced 

Oxidation Processes (AOPs) as UV-LEDs can be combined with hydrogen peroxide or ozone 

to oxidize harmful constituents in a water stream.   
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19 APPENDIX 
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19.1 APPENDIX A - Ingredients for Broth, Agar, and Solutions 

Tryptone bottom agar 

 1000 mL DI water 

 10 g tryptone  

 1 g yeast extract 

 8 g NaCl 

 15 g Bacto agar 

 1 g glucose 

 2 mL CaCl2 (1 M concentration) 

Tryptone top agar 

 200 mL DI water 

 2 g tryptone 

 0.2 g yeast 

 1.6 g NaCl 

 1.6 g Bacto agar (0.6 g Bacto agar when propagating viruses) 

 0.2 g glucose 

 0.4 mL CaCl2 (1 M concentration) 

Tryptone broth 

 100 mL DI water 

 1 g tryptone 

 0.1 g yeast 

 0.8 g NaCl 

 0.1 g glucose 

 0.2 mL CaCl2 (1 M concentration) 

Saline-calcium Dilution 

 200 mL DI water 

 1.7 g NaCl 

 0.4 mL CaCl2 (1 M concentration) 

Nutrient broth and nutrient agar were purchased pre-prepared. 
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19.2 APPENDIX B - Preparing the Collimated Beam for Testing 

1. Place 15 UV-LEDs in metal holder. 

2. Place thin metal sheet over UV-LEDs, being sure to not tamper with anode, cathode, 

or ground leads on the lights.  

3. Screw metal sheet and metal holder together; ensure that you do not over-tighten the 

screws. 

4. Locate the appropriate wire connections and plug into the 1) anode and 2) cathode 

and ground leads of each light.   

a. The green wire always connects to the anode 

b. The blue wire always connects to both the cathode and ground leads 

5. Connect the red power supply cord to the metal prong (next to the red line) on the 

breadboard, and the black power line to the metal prong (next to the blue line) on the 

breadboard. Connect the other end of each power supply line to the two inputs in the 

Agilent E3611a DC power supply box.  Turn the power supply on, and ensure that the 

system supplies 20 mA of current to each UV-LED. For example, when 15 UV-LEDs 

are activated the total current should be 0.3 A (300 mA).  
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19.3 APPENDIX C - UV COLLIMATED BEAM BATCH SYSTEMS 

A large portion of the presented research focuses on the numerical prediction of the log 

inactivation (for a given microorganism) through a continuous flow UV-LED reactor. This 

analysis requires knowledge of a microorganisms’ inactivation kinetics as it is exposed to 

UV light. This kinetic data, commonly referred to as fluence response data, is attainable 

through the use of a UV collimated beam batch reactor.  A UV collimated beam operates by 

exposing a spiked sample to UV light and determining the microorganisms’ log inactivation 

as it is exposed to an increasing amount of dose.  To complete the tests, a cell suspension is 

placed on a horizontal support structure underneath a collimated tube at a chosen vertical 

distance from the light source. Light is directed downward onto the sample from above, 

where UV is designed to travel in a plumb fashion through the collimated tube.  The spiked 

solution is continuously stirred with a magnetic stir bar to ensure a homogeneous mixture and 

uniform solution exposed to UV.  Prior to exposing the solution, a control (non-irradiated 

sample) should be extracted for immediate assay. Additionally, a radiometer should 

determine the fluence rate onto the sample. Cell suspensions are exposed to increasing levels 

of dose and the log inactivation is determined for each fluence received, using bioassay 

techniques.  

 

To determine the amount of time each sample should receive irradiation, a number of factors 

must be employed (Bolton and Linden, 2003). These include reflection, Petri, water, and 

divergence factors; each is briefly summarized. The reflection factor accounts for light 

reflection as it travels through one media to another (assuming the reflective index differs 

between media).  For the case of UV light traveling through air and water, 2.5% of the light 

is reflected off the cell suspension surface; this results in a reflection factor equal to 0.975. 

The Petri factor accounts for the unequal irradiance distribution on a sample surface (Bolton 

and Linden 2003). As a light source irradiates on a sample, there will be minor deviations of 

radiant intensity across the sample surface. Therefore, the Petri factor is defined as the ratio 

of the average irradiance over the entire sample surface area (at 5 mm spatial increments), 
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divided by the irradiance at the center of the sample. An ideal collimated beam design should 

result in a Petri factor greater than 0.9 (Bolton and Linden 2003). The water factor accounts 

for water absorbing a fraction of the UV light incident on a sample (Bolton and Linden 

2003).  

             
          

           
 

                                        

                                                   

 

The final factor is the divergence term, which takes into account the spreading of light as it 

travels toward and through the cell suspension; it is dependent on the light travel distance 

(Bolton and Linden 2003).   

                   
 

   
 

                                                             

                                                   

 

Once knowledge of these four factors is realized, the average fluence rate (Eavg) can be 

achieved using the following formula (Bolton and Linden 2003): 

     
  

   
                                                

                    

                                                     
  

   ) 

 

The average fluence rate can then be used to determine the time of exposure to the sample: 
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The above factors were originally intended for use in the design of LP mercury lamp 

collimated beam systems; however, UV-LEDs also emit monochromatic wavelengths of 

light. Therefore, the same factors were applied to a UV-LED collimated beam system to 

generate fluence response data. One minor modification had to be made for the UV-LED 

collimated beam, which included determining the water absorbance at the given UV-LED 

emission wavelength, as opposed to 254 nm.  
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19.4 APPENDIX D - Preparing the Continuous flow UV-LED Reactor for Testing 

1. Using a small volume of silicone sealant, carefully apply to the outer ring of 

individual UV-LEDs. Then insert the lights into the circular holes on the outside of 

the reactor body. Gently press and hold the UV-LED in place for 10 seconds to 

ensure the light is secure. 

2. Place the remaining UV-LEDs in their desired location in the small scale UV-LED 

reactor using the information from Step 1.  

3. Once all UV-LEDs are secured in their respective location, carefully locate the 

appropriate wire connections and plug them into the 1) anode and 2) cathode and 

ground leads of each light.   

a. The red wire always connects to the anode 

b. The black wire always connects to both the cathode and ground leads 

4. Insert the MasterFlex tubing in the influent and effluent pipe fittings of the reactor, 

being sure to press the tubing straight into the fitting (avoid bending the 

influent/effluent piping). 

5. Connect the MasterFlex influent tubing to the pump housing, and turn the system on. 

Ensure that fluid is traveling through the system whenever the pump is turned on.  

6. Using the “Flow” and “Up/Down” arrow keys, set the desired flow rate through the 

UV-LED reactor.   

7. Once the flow rate is set and the entire system has reached steady-state conditions, 

you must ensure the system is calibrated accurately.  Press the “Calibrate” then the 

“Start” button, and immediately collect the effluent fluid in a graduated cylinder.   

8. The pump will eventually stop running; at this point, compare the pumping volume in 

the graduated cylinder to the volume of fluid the system was expected to pump 

(shown on the MasterFlex Pump display screen).  

9. Using the “Up/Down” arrows on the pump display, cycle through until the display 

screen matches the fluid volume actually pumped in the graduated cylinder.  Once 
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you have recorded the number, press “Calibrate” once more, empty the graduated 

cylinder, press “Start”, and allow the system to cycle water back into the just-emptied 

graduated cylinder.   

10. Once the pump stops running again, complete Steps 8 and 9 until the pump accurately 

discharges the desired amount of fluid volume into the graduated cylinder.  It may 

take 2 or 3 iterations to achieve an accurate flow rate.  

11. Once the system has accurately calibrated itself, press “Calibrate” one last time, then 

press “Start”, and the system is now flowing at the desired volumetric rate.  

12. Turn the UV-LEDs on using the Agilent E3611a DC power supply box. Toggle the 

current such that each UV-LED emits at 20 mA.  For example, if 15 UV-LEDs are 

activated, the total current through the system should read 0.3 A (300 mA).  

13. Wait 20 minutes after the lights have been turned on prior to passing a sample 

through the UV-LED reactor, as this will allow time for the UV-LED power to 

stabilize.  

14. Run the biological sample through the system, ensuring that the majority of effluent 

fluid is collected in a “waste” bucket, capable of being sterilized using an autoclave. 

Some samples must be collected separately to assay. 

15. Turn the UV-LEDs off once all samples are collected, to maintain the life of the UV-

LEDs. 

16. Once the entire influent sample volume has been pumped, cycle DI water through the 

system for at least 10 minutes, continuing to collect the waste stream in a container.  

This will help to ensure that the fluid in the system 10 minutes after testing is only DI 

water.   

17. Stop the pump system, then press “Prime” to quickly cycle water out of the 

influent/effluent tubing to ensure the tubes are void of solution; continue to collect 

this final fraction of solution volume in an “autoclave-able” waste container. 

18. Complete bioassay experiments. 
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19. To ensure each test is identical to one another, the UV-LED reactor must be de-

constructed, cleaned, and re-constructed after every test.   

20. Carefully remove influent/effluent tubing from pipe fittings, ensuring that you pull 

the tubes collinear to the influent/effluent piping (don’t bend influent/effluent piping).  

21. Using a hex key, remove the top screws from the UV-LED reactor. 

22. Use a utility knife to scrape off the outer silicone on the top portion of the reactor.  

There is no need to scrape the silicone off the entire reactor body, as only the top 

section should be disassembled.  

23. Carefully pry the top section of the reactor off; leaving the influent/effluent piping as 

one half, and the reactor body as the other. 

24. Continue to scrape off excess silicone to ensure the reactor can be reassembled 

securely together.   

25. Use a soft sponge and water to clean the quartz glass on the inside of the reactor body 

(no soap; as this may leave a residual in the system, and hinder experimental results). 

Ensure that both influent and effluent sides have been thoroughly brushed and 

washed.  

26. Allow both sections of the reactor to air dry. It is okay to towel dry the outside reactor 

body, but do not towel dry the inside, as this may add fine particles to the system.  

27. Apply silicone to seal both halves of the reactor together, realizing that over-applying 

the silicone may cause excess to permeate to the inside of the reactor body, and 

influence fluid flow.   

28. Screw in each half of the reactor, and lightly apply silicone to the outer reactor body 

to further ensure fluid does not leak from the system. Allow the reactor to cure in 

ambient temperatures, without the aid of a fan or a laminar flow fume hood (as the 

silicone will not cure properly). 

29. Wait 20-24 hours before passing fluid through the reactor for the next set of tests.   

30. After every test, the reactor should be de-constructed, cleaned, and re-constructed to 

increase the likelihood of consistent results.  
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19.5 APPENDIX E - Lowering Solution UVT 

Fallon et al., (2007) determined the short and long term stability of bacteriophages Qβ and 

MS-2 (among others) when immersed in solutions that lowered the water’s UVT.  The study 

exposed the phages to trace concentrations of lignin sulfonate, coffee, or humic acid for 

various times (up to 15 days) to determine which solution, if any, decreased the viable 

concentration of the phage. Results found that both phages were least affected by the humic 

acid condition; therefore, the experimental tests completed in this research decreased the 

UVT using appropriate amounts of CropMaster super-hume, which is a concentrated form of 

humic acid.  Table 5 below shows the amount of solution added to lower the UVT at 254 nm.  

 

Table 5. Super-Hume requirement to achieve different UV transmittance values; for continuous flow experiments  

Microorganism 
Target UVT (%) at 

254 nm 

Super-Hume addition 

(mL) 

MS-2 92 0.026 

Qβ 92 0.0319 

E. coli ATCC 11229 92 0.01 

MS-2 80 0.0925 

Qβ 80 0.0943 
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19.6 APPENDIX F – Sample Petri Dishes 
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Bacteriophage Qβ and MS-2, and E. coli ATCC 11229 sample Petri dishes, respectively. 
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19.7 APPENDIX G – Optimality Reactor Condition 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Influent (left) and effluent (right) of optimal UV-LED reactor. Black electrical tape covered 

un-used UV-LED locations to prevent ambient light from entering the system.  

 

 

 

 


