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“If you want to find the secrets of the universe, think in terms of energy, frequency and vibration.”
(Nikola Tesla)






RESUMO

A fotocatalise heterogénea tem ganhado crescente interesse desde os anos de 1970.
Desde entdo, diversas aplicacdes estdo associadas com a fotocatdlise heterogénea,
tais como a busca por fontes alternativas de energia, sintese orgéanica e tratamento de
correntes liquidas e gasosas. Ao longo das ultimas décadas, misturadores estaticos e
reatores em escala milimétrica ou inferior tém ganhado atencéo. Mili- e microdispositivos
tém sido empregados em processos quimicos pelo fato de otimizarem as trocas de calor
e massa. Associados a fotocatalise, mili- e microreatores podem ser uma vantajosa al-
ternativa para a degradacao de poluentes organicos contidos em correntes gasosas. Os
reatores fotocataliticos enfrentam duas limitagdes principais: transferéncia de massa e
transferéncia de fétons. Essas limitacées podem ser superadas por meio de mudangas
no sistema de iluminacao do reator e por meio de melhorias na geometria do mesmo.
Neste trabalho, a transferéncia de fétons no milireator fotocatalitico denominado NETmix
€ avaliada usando um algoritmo baseado na técnica conhecida como ray tracing. Este
tipo de algoritmo é capaz de simular o comportamento da luz utilizando os principios da
Optica geométrica associada a técnicas de Monte Carlo. A radiagao sobre uma superficie
fina de catalisador de TiO, é avaliada para varios sistemas de iluminacao, considerando a
posicdo e um numero distinto de LEDs. O impacto que o sistema de iluminagédo tem sobre
a degradacéo fotocatalitica de uma corrente de ar contendo n-decano é investigada e per-
mite a determinag@o de um numero ideal / econémico de LEDs no sistema de iluminagéo,
bem como uma distancia ideal entre os LEDs e o reator. Neste trabalho avalia-se também,
através de numeros adimensionais, a performance do sistema fotocatalitico, determinando
qual é a etapa limitante do sistema - transferéncia de massa ou taxa de reacao - para
distintas condi¢cdes operacionais.

Palavras-chave: Intensificacdo de Processos. Fluidodinamica Computacional.
Degradagéao n-decano. NETmix.






ABSTRACT

Heterogeneous photocatalysis has gained increasing interest since the 1970s. Since then,
several applications have been associated with heterogeneous photocatalysis, such as the
search for alternative energy sources, organic syntheses and the treatment of liquid and
gas streams. Over the past few decades, static mixers and reactors on a millimeter scale or
less have gained attention. Milli- and microdevices have been used in chemical processes
due to the fact that they optimize heat and mass transfer. Associated with photocatalysis,
milli- and micro-reactors can be an advantageous alternative for the degradation of organic
pollutants contained in gas streams. Photocatalytic reactors face two main limitations:
mass transfer and photon transfer. These limitations can be overcome through changes
in the illumination system of reactor and through improvements on the reactor’s geometry.
In this work, the photon transfer in the NETmix milli-photoreactor is evaluated using a
ray tracing algorithm. This type of algorithm is capable to simulate the behavior of light
using the principals of geometrical optics associated with Monte Carlo techniques. The
radiation field over a TiO, thin catalyst surface is evaluated for several illumination systems,
considering the position and a distinct number of LEDs. The impact that the illumination
system has over the photocatalytic degradation of an air stream containing n-decane is
investigated and allows the determination of an ideal/economical number of LEDs in the
illumination system, as well as an ideal LEDs-to-reactor distance. In the current work, it
is also evaluated through dimensionless numbers the performance of the photocatalytic
system to determine the system bottleneck phenomena - mass transfer or reaction rate -
under distinct operational conditions.

Keywords: Process Intensification. Computational Fluid Dynamics. n-decane degradation.
NETmix.






RESUMO EXPANDIDO

Introducao

A qualidade do ar exerce significativo impacto na saude publica. Dessa forma, técnicas
para mitigagéo de poluentes sdo de extrema importancia. A qualidade do ar sofre influén-
cia de uma série de substancias, tais como pdélen, microrganismos, material particulado
e fibras, além de gases como monédxido de carbono, 0zénio, radénio e compostos organi-
cos volateis (COVs). COVs sao substancias organicas presentes em diversos materiais,
com ponto de ebulicao inferior a 250 °C. Dessa forma, diversas técnicas de mitigacao
de poluentes de correntes gasosas estdo em uso, tais como precipitacao eletrostatica,
adsor¢ao, ozonizagao, fotdlise, plasma nao térmico e fotocatélise. A oxidagao fotocatalitica
€ a técnica na qual poluentes gasosos podem ser degradados na presenca de um material
semicondutor, por exemplo diéxido de titanio, exposto a radiacao ultravioleta. O desem-
penho da fotocatalise heterogénea é fungéao de parametros operacionais (concentragao
de poluente, umidade, vazao), além do design do reator, tipo e intensidade das fontes de
iluminacdo. Dentre as geometrias de reatores mais comuns estdo os reatores de placas
planas, anulares, monoliticos, leito fluidizado, chicanados, micro- e milireatores. Os micro-
e milireatores sdo particularmente vantajosos para a intensificacdo de processos. Além
disso, a crescente disponibilizacao de LEDs como fontes luminosas também contribui para
a miniaturizacao de sistemas fotocataliticos. Técnicas de fluidodindmica computacional
(CFD) e ray tracing séo ferramentas de alta relevancia para a avaliagdo e melhoramento
de processos fotocataliticos. Neste trabalho, o sistema de iluminagdo do milireator foto-
catalitico denominado NETmix é analisado para a remog¢ao de um composto organico
volatil de correntes gasosas utilizando simulacdes de CFD e ray tracing. As técnicas de
CFD séao baseadas na resolugédo das equacgdes da continuidade e conservagao de mo-
mento, acopladas aos termos de reag&o. Para avaliar a transferéncia de fétons do sistema
de iluminacgao, a técnica utilizada, ray tracing, é baseada nos principios de conservacao
de energia e ética geométrica.

Objetivos

O principal objetivo deste trabalho é avaliar o sistema de iluminacdo de um milireator
fotocatalitico para a oxidacao fotocatalitica de compostos organicos volateis presentes
em correntes gasosas. A analise do sistema de iluminacao é realizada através de ferra-
mentas de fluidodindmica computacional e ray tracing. Para a validacdo das simulagdes a
degradacao fotocatalitica de n-decano no milireator NETmix é considerada. As simulacdes
numeéricas realizadas possuem dois objetivos principais: i) simular a transferéncia de f6-
tons das fontes luminosas até a superficie do catalisador usando ray tracing; e ii) simular
o fluxo reativo dentro do reator usando técnicas de fluidodinamica computacional. Dentre
0s objetivos especificos estao a avalicao do impacto da posicao geométrica de cada LED
que compde o sistema de iluminagéo, levando em consideracao a distancia entre os LEDs
e o reator e a distancia entre cada LED. Sdo também considerados diferentes disposi¢des



para o catalisador dentro do reator, além da variagdo do niumero de LEDs que compdem
o sistema de iluminacao e o formato do arranjo geométrico utilizado.

Metodologia

Para a analise do sistema de iluminacao do reator fotocatalitico a metodologia foi dividida
em dois topicos: i) simulagdes da transferéncia de fotons (ray tracing); e ii) simulagbes
do fluxo reativo (CFD). As simulagbes da transferéncia de fétons foram conduzidas no
software Ansys Speos®, que utiliza um algoritmo de ray tracing ndo sequencial baseado
no método de Monte Carlo. Para simular a interacdo da luz com os diversos materiais
que compdem o reator, os materiais e as fontes luminosas devem ser completamente
descritos. Para representar os LEDs do sistema de iluminacao foram criadas superficies
de dimensodes equivalentes aos LEDs e foram especificadas a poténcia emitida por cada
LED, o espectro de emiss&o e a distribuicao de intensidade. Para descrever os materiais
que compdem o sistema, a geometria de cada material foi associada a suas propriedades
Oticas. Foram descritos os indices de refracdo, nimero de Abbe e a proporcionalidade de
luz que é refletida, transmitida e absorvida por cada material em fungdo do angulo de in-
cidéncia. Para quantificar os valores de irradiancia registrados na superficie do catalisador
sensores sdo criados sobre tais superficies. Os resultados numéricos foram validados com
dados experimentais para, entao, procederem-se os testes de posicionamento, arranjo e
namero de LEDs no sistema. O segundo topico compreende as simulagdes fluidodinami-
cas do reator. Para essas simulagdes o software Ansys Fluent® foi utilizado. Um teste de
independéncia de malha é conduzido e os resultados de degradacao do poluente séao
validados com dados experimentais. As condigdes de contorno utilizadas nas simulagbes
CFD compreendem a velocidade prescrita na entrada do reator, informando também as
fracdes de poluente e vapor d’agua na entrada do mesmo e pressao atmosférica prescrita
na saida do reator. Para a superficie do catalisador sdo utilizados os perfis de irradiacao
registrados pelos sensores das simulagdes de ray tracing além de uma funcao definida
pelo usuario para representar a equacao de oxidacao do poluente em funcédo da concen-
tracao do poluente, umidade e irradiacao.

Resultados e Discussao

As simulagdes do transporte de luz foram validadas para um sistema composto por 18
LEDs e apresentaram erros relativos aos valores experimentais inferiores a 7%. A irra-
diagéo gerada pelo sistema foi validada para duas disposi¢oes distintas de catalisador,
sendo estas denominadas: i) BSI (back side illumination), onde o filme de catalisador
recebe a iluminagdo através da face oposta aquela em contato com o fluxo reativo; e
ii) FSI (front side illumination), na qual a face de catalisador iluminada é a mesma que
esta em direto contato com o fluxo gasoso. Para o catalisador BS| um valor médio para
a irradiancia equivalente a 1018 W/m? foi obtido tendo uma eficiéncia de absorcéo de
33,5% e um coeficiente de variancia de 31,6%. Para a configuracao FSI a irradiancia
média é de 285 W/m?, com eficiéncia de absor¢do de 35% e coeficiente de variancia
equivalente a 70,6%. Subsequentemente, a posi¢cdo geométrica dos 18 LEDs foi variada
em termos da distancia entre um LED e outro e entre os LEDs e o reator. As variagdes



geométricas deram origem a 27 novos sistemas de iluminacao que foram simulados para
as configuragdes BSI e FSI. Para ambas as disposi¢des de catalisador, percebe-se que o
aumento do distanciamento entre os LEDs e entre os LEDs e o reator reduz o coeficiente
de variancia, porém estao associados a valores mais baixos de irradiancia e eficiéncia
de absorcao. O posicionamento dos LEDs se mostrou determinante para a eficiéncia do
sistema de iluminacao. As mudancas na posicao dos LEDs levam a eficiéncia de absorcao
a variar entre 29,2% e 42,8% para o BSl e entre 31,3% e 40,5% para a configuracao FSI.
Os coeficientes de variancia sdo ainda mais impactados, situando-se entre 25%-238% e
68%-306% para BSI e FSI, respectivamente. As simulagdes permitem encontrar posi¢des
ideais para os 18 LEDs, de modo a manterem alta absor¢ao da luz pelo catalisador e,
ao mesmo tempo, menores valores de coeficiente de variancia para encontrar um campo
mais homogéneo. Em uma nova analise sao considerados diferentes numeros de LEDs
no sistema de iluminacao, sendo esses distribuidos de acordo com duas distribuicées: i)
LEDs alinhados; e ii) LEDs alternados. Para o arranjo alinhado foram simulados sistemas
com 6, 15 e 28 LEDs, enquanto que para o arranjo alternado foram considerados 5, 12,
18 e 30 LEDs. Os LEDs foram posicionados em cada sistema de modo a manter a maior
distancia possivel entre cada LED. A distancia entre os LEDs e o reator foi variada, con-
siderando 6 mm, 12 mm, 24 mm e 48 mm e o catalisador foi depositado considerando
o esquema FSI. Os perfis de irradiancia obtidos pelas simulagbes de ray tracing foram
acopladas as simulacées fluidodinamicas. Para cada uma das 28 configuragdes de ilu-
minacéao, foram analisadas a eficiéncia de absorcao da luz, a homogeneidade do campo
gerado, a eficiéncia global de iluminacao e a conversao do poluente. Os sistemas alter-
nados apresentaram valores de irradiancia ligeiramente maiores que as configuracoes
alinhadas. No entanto, sistemas alinhados apresentaram maior homogeneidade de ilumi-
nacao da superficie de catalisador. Como esperado, independentemente do alinhamento
do sistema, quanto maior for a distancia entre os LEDs e o reator menor sédo os valores de
irradiacao encontrados e sistemas com maiores numeros de LEDs resultam em maiores
valores de irradiancia. A irradiancia média obtida em cada simulacéo foi plotada junto a
conversao de poluente obtida em cada caso. Essa andlise permite encontrar a distan-
cia ideal dos LEDs até o reator, que equivale a 12 mm, independente de quantos LEDs
compdem o sistema. E também possivel identificar qual dos sistemas fornece energia o
suficiente para degradar o poluente com o menor custo energético e reduzido numero de
LEDs.

Consideracoes Finais

A degradacao de poluentes gasosos é um importante processo e requer atencao, visto que
a qualidade do ar tem influéncia direta na saude humana. O uso de reatores fotocataliti-
cos para a degradagcao de compostos organicos volateis € uma das possiveis técnicas
para tratamento de gases. Nesse trabalho, o sistema de ilumina¢cdo de um milireator foto-
catalitico foi analisado. A radiacao que incide sobre a superficie do catalisador foi simulada
através de um algoritmo estocastico baseado na técnica de Monte Carlo. A posicao ge-
ométrica dos LEDs, o numero de LEDs que compdem o sistema e arranjo dos mesmos foi
avaliado. A irradiancia registrada em cada ponto da superficie do catalisador é consider-
ada em simulagées CFD. A homogeneidade do campo de radiacdo bem como os valores



da irradiancia registrada sao fatores determinantes sobre a conversdo do poluente. As
principais contribuigdes do trabalho sdo resumidas a seguir:

+ as simulagdes da transferéncia de fétons e da fluidodindmica computacional foram
validadas com dados experimentais e 0s erros relativos encontrados foram inferiores
a 7cy°;

* aposicdao geométrica de 18 LEDs que compdem o sistema de iluminacao do reator fo-
tocatalitico foi avaliada de acordo com 3 parametros adimensionais que representam
a proximidade entre os LEDs e entre os LEDs e o reator. Nessa etapa 27 posicoes
diferentes para os LEDs foram investigadas duas disposi¢des de catalisador, BSI
e FSI. A eficiéncia de absorcéo foi similar nas duas disposicdes, porém, a homo-
geneidade do campo de radiacao foi menor para o FSI. Os testes demonstraram
que a proximidade entre os LEDs e entre os LEDs e o reator resulta no aumento da
eficiéncia de absorcdo em detrimento da homogeneidade do campo;

« sistemas de iluminacdo compostos por 5, 12, 18 e 30 LEDs alternados foram com-
parados com sistemas contendo 6, 15 e 28 LEDs alinhados. Para cada sistema a
distancia entre os LEDs e o reator foi variada e o campo de radia¢ao obtido sobre
a superficie do catalisador foi avaliada. Os niveis de irradiagdo obtidos variaram
entre 57 W/m? e 589 W/m?. A eficiéncia de absorcdo chegou a 44% e o indice de
uniformidade atingiu até 76%. A eficiéncia global de iluminacao variou entre 14% e
31%;

» 0s perfis de irradiagao foram incorporados a simulagdes de fluidodindmica computa-
cional e a oxidacdo do poluente n-decano foi observada. Independentemente do
arranjo e do numero de LEDs a melhor conversao do poluente foi encontrada para
0s sistemas com distancia equivalente a 12 mm entre os LEDs e o reator;

* a comparagao entre o emprego de um valor médio para a irradiancia € o uso do
perfil de radiag&o sobre a superficie do catalisador nas simulagdes fluidodinadmicas
foi conduzido, e diferencas consideraveis foram registradas para casos com baixo
indice de homogeneidade;

+ os fenbmenos que controlam o sistema fotocatalitico foram avaliados de acordo com
a metodologia do numero de unidades de transferéncias (NTUm). Foi determinado
qual dos fendmenos, transferéncia de massa ou reacao quimica, que controla o
sistema. A oxidacao do poluente foi simulada para nimeros de Reynolds variando
entre 0,5 e 530. O método demonstrou que para baixos nimeros de Reynolds o
sistema € controlado pela transferéncia de massa e com o aumento do numero de
Reynolds o fendmeno limitante fica relacionado com a taxa de reagao.

Palavras-chave: Intensificacdo de Processos. Fluidodindmica Computacional.
Degradacao n-decano. NETmix.
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1 INTRODUCTION

The quality of air is an important standard for human health and the discussion of
its importance dates far back as the times of ancient Greece (SEGUEL et al., 2017). In
the modern world, the majority of the population spends about 90% of their time in indoor
environments and it has been estimated that pollutant levels are commonly 2-5 times
higher indoors than outdoor. In some cases, the levels can be up to 100 times greater
(STAFFORD, 2015).

The quality of indoor air has a significant impact in public health. Besides respiratory
infections, asthma, rhinitis and skin rashes, poor air quality is linked to eye and nose
irritations, nausea, fatigue, dizziness and also cognitive effects (GENNARO et al., 2014).
However, the problem of air pollution goes way beyond the respiratory system. Around
20% of cardiovascular and stroke deaths are linked to air pollution. Several types of cancer,
autoimmune afflictions, osteoporosis, diabetes and anemia are also related to air quality
problems (KELLY; FUSSELL, 2019; SCHRAUFNAGEL et al., 2019).

Air quality is affected by a series of substances including biological particles (bac-
teria, fungi and pollen), particulate matter and fibers, gases such as carbon monoxide,
ozone and radon, and volatile organic compounds (VOCs) (CINCINELLI; MARTELLINI,
2017). VOCs are organic substances with boiling point equal or inferior to 250 °C at at-
mospheric pressure. VOCs are naturally occurring compounds; however, the pollution
problems are linked to human activities, such as fossil fuels usage, biomass burning and
solvent utilization (JING et al., 2019; HE et al., 2019).

Besides industrial operations, the indoor air quality is affected by the construction
and furnishing materials that are slowly emitters of VOCs (WEIGL et al., 2014). Formalde-
hyde, for example, is one of the most commons VOCs, and is an indoor pollutant commonly
found in wood building materials, mainly in the resins that bind together wood products like
plywood and fiberboard. It is also found in plastics, textiles, carpet, pesticides, paint and
cleaning products (SEGUEL et al., 2017).

In this work, the evaluated pollutant is n-decane (CoH,;). This VOC is an alkane
that consists of a straight chain of 10 carbon atoms. According to a report from the Na-
tional Toxicology Program (NTP) from the United State Department of Health and Human
Services, the majority of n-decane manufactured came from the petroleum refining, along
with coal liquefaction through Fisher-Tropsch synthesis and hydrogenation of 1-decene.
This compound is part of jet and engine fuels and has applicability as a solvent besides
taking part in organic synthesis, manufacturing of paraffin products, rubber, paint and
paper-processing industries, among others. The C,yHs, is a common indoor pollutant that
originates from building materials (TRI, 2003; KIARGAARD; MJLHAVE; PEDERSEN,
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1989).

There are several techniques available to recover or destroy VOCs from air streams,
including physical, chemical and biological treatments (BERENJIAN; CHAN; MALMIRI,
2012). Biological treatments employ microorganisms or plants to eliminate pollutants. Bio-
logical techniques such as botanical biofiltration, phytoremediation, bioscrubbers, biotrick-
ling filters besides membrane and capillary bioreactors can be applied to air treatment
(GONZALEZ-MARTIN et al., 2021).

Biofiltration consists of the transfer of pollutants from air to a support medium fol-
lowed by the biocatalysis of these contaminants. A biofiltration system can be described
as a fixed-bed bioreactor, in which the catalyst is a microorganism that is immobilized
in an inert support, forming what is known as biofilm (BERENJIAN; CHAN; MALMIRI,
2012). In biotrickling filters, the packed bed is irrigated by a trickling liquid that contains
essential nutrients for the microorganisms. Therefore, the pollutants are absorbed into the
liquid, adsorbed onto biofilm particles and then are biodegraded by the microorganism
(RYBARCZYK et al., 2019).

Botanical biofiltration combines biofiltration with phytoremediation, that means that
the structure of a biofilter is integrated with green plants. This technique benefits from the
natural microorganisms that live near or inside the roots of plants, since these microorgan-
isms will remove the contaminants of an air stream (SOREANU; DIXON; DARLINGTON,
2013). Bioscrubbers are composed of two units: first the contaminated air flows through a
packed-bed or mist absorption unit where the pollutants are partially transferred to an aque-
ous current. Subsequently, the remaining pollutants are degraded by the microorganisms
that are suspended in the second unit (GONZALEZ-MARTIN et al., 2021).

In membrane reactors, the gaseous pollutants diffuse through the membrane and
are biodegraded at the other side, where a liquid solution containing nutrients and mi-
croorganisms exist. The degradation can occur in a biofilm formed in the liquid side of the
membrane or in the bulk solution (GONZALEZ—MARTiN et al., 2021). The main advantage
of this reactor is the easy scale-up, large gas-liquid interface, and the gas and water flows
can be varied independently, without flooding, loading and foaming issues (MUDLIAR et al.,
2010). Another possibility for the biodegradation of pollutants is the use of capillary biore-
actors. This kind of reactor is composed by parallel straight microchannels, with no more
than 5 mm in diameter, where a Taylor flow is desired (segmented sections of air bubbles
and liquid slug). This configuration improves significantly the gas-liquid mass transfer while
keeping low pressure drop (GONZALEZ-MARTIN et al., 2021).

Among the physical-chemical processes that can be used for air treatment are
electrostatic precipitator, adsorption, ozonation, photolysis, non-thermal plasma and photo-
catalysis (GUIEYSSE et al., 2008). Adsorption consists of the retention of pollutants at the
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surface of an adsorbent material, for example, activated carbon, zeolites, silica, activated
alumina, mineral clay among others. This technique can be effective for the removal of
VOCs and microorganisms of a gas stream; however, in this type of process the pollu-
tants are not destructed, they simply are transferred from one phase to another producing
hazardous waste that must be treated or disposed (LUENGAS et al., 2015).

Ozonation comprises the production of O; molecules from ambient O, using high
voltage discharge or UV radiation. Ozone is a powerful oxidizer; however, ozonisers do
not present superior efficiency in comparison to other techniques. Besides that, the levels
of ozone must be highly controlled in indoor environment since this compound presents
health risks (GONZALEZ-MARTIN et al., 2021). Photolysis employs ultraviolet radiation
to oxidize pollutants, but this technology might release toxic compounds under non-ideal
conditions (GUIEYSSE et al., 2008).

The pollutant decomposition in non-thermal plasma technology occurs due to the
excitance of electrons and other radicals that compose the generated plasma. The plasma
is generated by high voltage discharges (SCHIAVON et al., 2017). The downside of this
technology is the high energy consumption and the fact that toxic byproducts can be
generated, ozone and nitrogen dioxide molecules for example (GONZALEZ-MARTIN et al.,
2021; CHEEK et al., 2021).

Photocatalytic oxidation (PCO) degrades contaminants via the radicals that are
produced when a semiconductor material, such as TiO,, is exposed to ultraviolet light
(GUIEYSSE et al., 2008). This technology has a vast applicability, since several organic
compounds and microorganisms can be decomposed via PCO. The performance of these
photocatalytic reactors are connected to the humidity and pollutant levels, besides the light
source type and intensity, and the photocatalytic reactor design (ZHONG; HAGHIGHAT,
2015). Among the reactors designs available for PCO reactions are: flat plate, honey-
comb monolith, annular, packed bed, slurry, hollow fiber and microreactors (MALAYERI;
HAGHIGHAT; CHANG-SEO, 2019).

In this work, the illumination system of a photocatalytic reactor is evaluated. The
mesoscale reactor, known as NETmix, is employed for the oxidation of the n-decane con-
tained in a gas stream. The class of reactors employed has similar process intensification
qualities to the microreactors, but at the same time, the manufacturing costs are minimized
since its scale lies upon the millimeter range.

Process intensification can be defined as a strategy to reduce a plant size while
keeping a predefined production objective, meanwhile a significant optimization of energy
consumption and waste generation is achieved (SANTANA et al., 2018; QIAN; Ql; GROSS-
MANN, 2018; RAMSHAW, 1995). Due to the minimization of costs with simultaneous
increase in raw materials and energy efficiency that process intensification proportionates,
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the development of micro- and millireactor technology has gained a lot of attention in the
last two decades (ABIEV, 2019; JESSY; HAYNES, 2017).

Abiev (2019) lists some of the industrial operations that benefit from the microstruc-
turing of their process line. The examples include the Fisher-Tropsch reaction, the catalytic
production of propene oxide, hydrogen and hydrogen peroxide, besides the synthesis of
pigments and polymers. The oxidation and absorption of nitrous gases is another area that
can benefit from the concepts of process intensification and microreaction systems. The
effluent treatment is also a possible target area for the process intensification strategies.

The main differential of microscale systems are the high rates of interfacial heat
and mass transfer. Besides, the micro- and milliscales of the plant make it safer and more
environmental friendly (ABIEV, 2019; VANKAYALA et al., 2007).

According to Abiev (2019) the cross-section of such devices range between 10 um
and 3 mm. With intensification in mind, the term microfluidic arises, and refers to reactor
devices with cross-sections inferior than 1 mm. Usually lithography or etching inside a
clean room are the fabrication techniques employed. In order to mitigate manufacturing
costs, researches have turned to millidevices. The denominated millifluidic is equivalent to
microfluidic devices that are scaled-up to a millimeter range, but in this case the fabrication
costs are lower if compared with the microdevices (YUEHAQO, 2012).

The optimization of this micro- and millidevices is facilitated with the use of Com-
putational Fluid Dynamics (CFD). The CFD tools can be described as a combination of
physics, mathematics and computational sciences. In order to describe fluid flow behav-
ior the CFD tools solve the continuity and momentum conservation equations for each
control volume created to describe the hole geometry of the reactor. Both heat and mass
transfer, besides homogeneous and/or heterogeneous reactions can be coupled with the
conservation equations in the simulations (SANTANA et al., 2020; JUNIOR, 2019).

1.1 RESEARCH AIM AND SCOPE

The main objective of this thesis is to comprehend the relevance that photon transfer
simulations exert over the project of photocatalytic oxidation systems employed in air
purification and describe numerically the photocatalytic oxidation of a model volatile organic
compound, n-decane, in a milli-photocatalytic reactor denominated NETmix.

1.1.1 Specific objectives

As specific objectives this thesis project comprises the achievement of the following
steps:
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(a) validate the photon transfer, for the milli-photoreactor NETmix, employing ray tracing
simulations;

(b) evaluate the geometrical position of an LED system, considering how LEDs-to-LEDs
and LEDs-to-reactor distances influence the radiation field registered at the catalyst
surface;

(c) evaluate the impact of distinct illuminations schemes, BSI and FSI, that directly
change the position of catalyst deposition inside the reactor and consequently the
photon-transfer;

(d) evaluate how the number of employed LEDs, in staggered or inline arrangements,
impact the irradiance values and homogeneity of light distribution over the catalyst
surface;

(e) couple radiation field data to CFD to simulate the reactive flow inside the NETmix
photoreactor and evaluate the impact that distinct radiation fields have on the photo-
catalytic reaction;

(f) evaluate the impact of using radiation field data and averaged values in the reaction
rate of CFD simulations;

(g) evaluate the performance of the reactor under distinct flow conditions to characterize
if the process is controlled by reaction rate or mass transfer.

1.2 THESIS OUTLINE

To ensure a good understanding, the current thesis was organized as follows:

Chapter 2 presents a literature review and the background of this thesis. First,
the principles of photocatalysis are discussed along with the most common photoreactors
geometries. An overview of light simulation and modeling for photoreactors is also explored,
briefly summarizing the principles of ray optics. Finally, the chapter covers the state of the
art of photocatalytic reactors modeling.

In Chapter 3, entitled “Radiation Field Modeling of the NETmix Milli-Photocatalytic
Reactor: Effect of LEDs Position over the Reactor Window”, the simulation of light for a
photoreactor is addressed. The radiation field in the meso-scale NETmix photoreactor
was evaluated employing a Monte Carlo-based algorithm through the use of the software
Ansys Speos®. The chapter presents the validation of the light simulation and explores the
impact of the geometrical position of the LEDs that compose the illumination system in the
obtained radiation field.
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Chapter 4, entitled “CFD and Radiation Field Modeling of the NETmix Milli-
Photocatalytic Reactor for n-Decane Oxidation at Gas Phase: Effect of LEDs Number
and Arrangement”, explores the union of ray tracing (simulation of light) and CFD (flow
and reaction simulation). Several illumination systems were simulated using ray tracing
and their results were coupled with CFD simulations for the degradation of a model VOC
pollutant. The chapter discusses how the radiation field affects the oxidation of organic
pollutants in the NETmix photoreactor.

In Chapter 5, a brief comparison was caried out between CFD coupled with radiation
field data and CFD simulations using average irradiance values. The chapter discusses
the relevance of employing the radiation field data alongside CFD simulations for a better
accuracy in the pollutant degradation results.

Chapter 6 evaluates the behavior of the photoreactor operating under distinct
Reynolds numbers. The regime flow is characterized, and dimensionless numbers were
used to evaluate the performance of the photoreactor. A number of mass transfer units
method was employed to calculate the reaction effectiveness and to determine if the pro-
cess is controlled by the mass transfer or by the reaction rate.

Finally, Chapter 7 closes the present work with the concluding remarks and per-
spectives for future work. In the sequence, all references used in this document are listed.

Complementary, in Appendix A the regression of the reaction rate employed is
presented. Appendix B shows the grid convergence test of the mesh employed in CFD
simulations and the validation of the CFD model. The Appendixes C and D present supple-
mentary information for Chapters 3 and 4, respectively.
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2 RESEARCH BACKGROUND

2.1 PHOTOCATALYSIS

In the simplest terms, photocatalysis refers to chemical reactions that occur in the
presence of a semiconductor material that is activated in the presence of light. This topic
summarizes the main concepts of this technology aimed at air purification.

2.1.1 Principles

The oxidation of an organic compound can occur over the surface of a semiconduc-
tor photocatalyst material in the presence of light. This type of photocatalytic process is
gaining attention in recent years due to the global efforts to eradicate hazardous materials
from wastewater and air streams, besides the growing efforts to synthesize fine chemicals
and generate alternative energy (GAYA, 2014b; DURAN; TAGHIPOUR; MOHSENI, 2010).

The basis of semiconductor photoelectrochemistry started in the 1960s. However,
it gained interest with the demand for new energy technologies caused by the oil crisis
of 1973 and the energy crisis of 1979. One of the most cited works of this period is the
one of Fujishima and Honda (1972), in which they split water using a TiO, electrode
(HORTELANO; LUIS DE LA FUENTE, 2019; BOYJOO et al., 2017; PETER, 2016).

The physics of the semiconductor has already been explored in many works (LE
BAHERS; TAKANABE, 2019; AKERDI; BAHRAMI, 2019; XU et al., 2018; GAYA, 2014a;
OHTANI, 2011). Fundamentally, electron transfer reactions can be initialized in semicon-
ductors surfaces when such surfaces are irradiated by light with energy equal or greater
than its band gap, which leads to the appearance of conduction band electrons (e~) and
valence band holes (). The photogenerated electrons then react with O, resulting first in
a superoxide radical and then in H,O,. The formed holes are then transferred to the target
molecule and according to its oxidizing power ends up degrading the pollutant molecules
(WANG et al., 2006; MENDIVE; CURTI; BAHNEMANN, 2016).

The overall photocatalytic reaction can be written according to Equation (1), that is
theorized to occur according to the following steps: first the reactants must diffuse from the
bulk through the boundary layer and reach the catalyst surface, in an external mass transfer
process; then, the reactants must diffuse through the catalyst to reach the active surfaces
sites (internal mass transfer); following, at least one of the reactants is adsorbed onto the
active sites where the reaction then takes place; after reacting, the products/intermediates
must desorb and diffuse to the bulk region (MOZIA, 2010; CHONG et al., 2010).

Pollutant 22" Intermediates — COy + HyO + Mineral Acids (1)
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Titanium oxide (TiO,) is one of the most utilized semiconductors. That is justified by
its low cost, high stability and due to its high efficient photoactivity. The compound has been
widely used as a pigment in the past (ABDULLAH; KAMARUDIN, 2015; HASHIMOTO;
IRIE; FUJISHIMA, 2005).

The mechanism of photocatalysis over TiO, has been thoroughly discussed in the
literature (VISAN et al., 2019; MUNOZ-BATISTA et al., 2019; FUJISHIMA; RAO; TRYK,
2000). In sum, when the TiO, is illuminated with a photon energy (h,) equal or greater
than its bandgap energy, normally around 3.2 eV, the lone electron of its outer orbital will
be excited and this process leaves an empty unfilled valence band, that gives origin to the
electron-hole pair (e~ — h™). The positive hole could oxidize contaminants directly or pro-
duce very reactive hydroxyl radicals (OH). The electron in the conduction band can recom-
bine with the holes in the valance band producing heat (SHAYEGAN; LEE; HAGHIGHAT,
2018; YANGYANG, 2013; ZHONG et al., 2010; CHONG et al., 2010; MOZIA, 2010; KON-
STANTINOU; ALBANIS, 2004). The chain series of photoinduced oxidative-reductive re-
actions can be postulated as in Equations (2) to (9) (SHAYEGAN; LEE; HAGHIGHAT,
2018).

Photoexcitation : TiOy + h, — ht + e~ (2)
Oxidation reaction : OH™ + ht — OH’ (3)
Reduction reaction : Og(aas) + €7 = Oy, (4)
Ionization of water : HoO — OH™ + H* (5)
Protonation of superoxide : O, + H" — HOO (6)
Electron scavenger : HOO + ¢~ — HOO™ (7)
Formation of HO, : HOO™ +H'T — H,0, (8)

OH™ + pollutant + O5 — products (COz, HyO | ete.) (9)
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2.1.2 Photocatalysis for environmental applications

Photocatalytic processes present an easy operation, high efficiency, low energy
consumption and minimal secondary pollution (DHANJAI et al., 2018). In general, this
technology is efficient for the degradation of aromatic compounds, halocarbons, alcohols,
alkenes and volatile organic compounds (OBENDORF, 2011).

Photocatalytic oxidation is also a viable alternative for air disinfection. Via photocatal-
ysis a wide range of harmful microorganisms can be inactivated (JEONGHYUN; JANG,
2018; GAMAGE; ZHANG, 2010). The ability of photocatalysis using TiO, for viral inactiva-
tion is known since the 1990s and the COVID-19 pandemic brings focus into this type of
technology (HABIBI-YANGJEH et al., 2020).

2.1.3 Parameters that influence photocatalytic reactions

The efficiency of the photocatalytic process is affected by the reactor’s design, by the
light source and intensity, contaminant concentration, humidity and flow rate. The following
topics relate the most relevant factors that can alter a reactor’s efficiency.

2.1.3.1 Light source and intensity

The activity of the catalyst is dependent on the system’s illumination source type
and intensity. For the TiO, the ultraviolet (UV) light activates its photocatalytic properties.
The UV light corresponds to the wavelength of 10 nm - 400 nm. The visible light spec-
trum (400 nm - 750 nm) can be used with modified TiO,, such as nitrogen doped TiO,
(YANGYANG, 2013).

Both artificial and natural light can be employed as illumination sources. Conven-
tional lamps, like the incandescent and gas discharge lamps can be utilized, however their
low efficiency leads to the increase of LEDs utilization (SUNDAR; KANMANI, 2020).

2.1.3.2 Humidity

The adsorption of water on the catalyst surface has been found to increase the
efficiency of recombination of photo-generated electrons and holes. The adsorption of
O,, however, suppress the electron hole recombination process, which results in higher
efficacy photo-activity (LINSEBIGLER; LU; YATES, 1995).

According to Juan and Xudong (2003), for the degradation of some compounds the
mineralization to CO, is decelerated or does not even occur. On the other hand, excess
of water vapor causes a significant reduction in the reaction rate, due to the occupancy of
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the active sites of the catalyst by water. Therefore, it is relevant to balance the humidity
content in the system to achieve maximum efficiency.

2.1.3.3 Contaminant concentration

The reaction rate is obviously a function of the contaminant concentration at the
inlet. Juan and Xudong (2003) have found that the enhancement of the reaction rate can
be achieved increasing the initial concentration until a certain limit. With greater concentra-
tions, the rate may not vary significantly with the increase in initial pollutant concentration.

2.1.4 Photocatalytic reactors

The efficacy of the photocatalytic reaction is dependent, among other parameters,
on the reactor’s design type. Sundar and Kanmani (2020) classified the photocatalytic
reactors according to three main criteria: light source, catalyst type and reactor flow. For the
light source, reactors can use conventional lamps, light emitting diodes (LEDs) or natural
solar light. Depending on the catalyst used, photocatalytic reactors can be classified as
TiO, and non-TiO, based. According to the catalyst, the reactors can use immobilized or
suspended catalyst. The classification can be due to the catalyst size, micro or nanometer.
Furthermore, the reactors are classified on batch, continuous or batch recirculation mode,
and also by the hydrodynamic regime as completely stirred tank (CSTR) or plug flow
reactor (PFR).

Sundar and Kanmani (2020) also list and describe 28 types of photocatalytic reac-
tors. In laboratory scale, the most common are the flat plate and annular reactors, and
these are usually used to investigate the kinetics of a particular reaction. Among the other
designs, that intend to maximize the catalyst area, are the monolith, packed and fluidized
bed, corrugated plate, multi-annular, multi-plate, honeycomb and optical fiber (BOYJOO
et al., 2017; MO et al., 2009).

2.1.4.1 Slit reactor

The slit or plate reactors have a very simple construction. Basically, the flow chamber
is formed by two sandwiched plates. The catalyst is deposited in one of the reactor’s plates
(Figure 1). This kind of reactor has a very easy operation and construction, and for that is
particularly useful for kinetic data studies. Verbruggen, Lenaerts, and Denys (2015) used
a slit reactor associated with analytical and CFD approaches to propose a kinetic model
for the degradation of acetaldehyde from a gaseous stream.
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Figure 1 — Slit reactor scheme.

Source: elaborated by the author (2022).

2.1.4.2 Annular reactor

One of the simplest photocatalytic reactors is composed by two concentric glass
cylinders (Figure 2). The illumination of this reactor is due to the placement of a cylindrical

lamp in the empty cavity created in the center of the cylinders that compose the reactor.

Light sources can also be located at the outside of the cylinders. Although simple and
capable of processing high flow rates, these reactors can present issues related to lack of

agitation and uneven illumination (SUNDAR; KANMANI, 2020).

Figure 2 — Annular reactor scheme.
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Source: elaborated by the author (2022).



38 Chapter 2. Research Background

2.1.4.3 Honeycomb monolith

Honeycomb monolith reactors, composed by a collective of small channels, are
widely employed in automobiles for the regulation of NO, emissions (HOSSAIN et al.,
1999). This technology can be adapted for photocatalytic oxidation when combining hon-
eycomb modules coated with TiO, and light sources (Figure 3). The main advantage of
this reactor is the low pressure drop and the high surface-area-to-volume ratio (JUAN;
XUDONG, 2003).

Figure 3 — Honeycomb monolith reactor.
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Source: Hay et al. (2015).

2.1.4.4 Fluidized-bed reactor

Fluidized-bed reactors can also be associated with light sources to conduct photo-
catalytic reactions. Lamps can be added to the interior of the reactor (Figure 4) or externally
(Figure 5). In this kind of reactor, high gas flow rates can be treated with low pressure drop
and efficient catalyst illumination (JUAN; XUDONG, 2003).

2.1.4.5 Microreactors

In the last three decades microreactors technology has been on crescent develop-
ment (TANIMU; JAENICKE; ALHOOSHANI, 2017). This type of reactor is composed by a
series of channels of various designs with cross section in the micrometer scale (Figure 6).
The main advantages of this kind of reactor lies on short molecular diffusion distance and
fast mixing, effective heat exchange, laminar flow and high surface-to-volume ratio, besides
having high spatial illumination homogeneity and good light distribution through the entire
reactor depth (MATSUSHITA et al., 2008).
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Figure 4 — Annular fluidized-bed reactor.

Source: Reilly et al. (2017).

Figure 5 — Fluidized-bed reactor with external illumination.
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2.1.4.6 The NETmix, static mixer and reactor

The NETmix is a static mixer and millireactor characterized by the presence of
several circular chambers interconnected through a series of prismatic channels. This
reactor was developed by the researchers of the Laboratory of Separation and Reaction
Engineering and Laboratory of Catalysis and Materials (LSRE-LCM) from University of
Porto - Portugal (LOPES et al., 2005).

The reactor is composed by a metallic slab, Figure (7), where the patterns of cham-
bers and channels are engraved. The reactor is sealed with a flat borosilicate glass slab
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Figure 6 — Example of microreactor.
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Source: Gorges, Meyer, and Kreisel (2004).

Figure 7 — NETmix photoreactor metallic slab.

Source: adapted from Da Costa Filho et al. (2019).

with high light transmission. Figure (8a) illustrates the NETmix reactor components, and
Figures (8b) and (8c) show two variations in the illumination sources, where LEDs with
distinct viewing angles and power are employed. The reactor dimensions are summarized
in Table (1).

The catalyst TiO, can be disposed in the glass slab, or it can be immobilized on the
imprinted pattern engraved at the metallic slab. Therefore, two illumination mechanisms
can be employed: back-side illumination (BSI) or front-side illumination (FSI). When the
catalyst is immobilized at the metallic plate, the mechanism employed is the FSI. Therefore,
the light has to go through the fluid before reaching the catalyst surface. When the catalyst
is supported at the glass window, the catalyst is illuminated in one side, and is in contact
with the fluid flow at the other side, so the charge carriers are generated far from fluid
interface, and because of this the carriers are more susceptible to recombination loss.
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Table 1 — Geometrical parameters.

NETmix Photoreactor

Window:

Length (mm) 136.0
Width (mm) 76.0
Chambers:

Diameter (mm) 6.5
Channels:

Length (mm) 2.0
Width (mm) 1.0
Borosilicate glass slab thickness (mm) 4.0
Geometry depht (mm) 3.0

Source: Da Costa Filho et al. (2017).

Figure 8 — NETmix photoreactor.
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Figure (9) shows a schematic of both FSI and BSI mechanisms (DA COSTA FILHO et al.,
2019).

Da Costa Filho et al. (2017, 2019) studied the impact of the illumination mechanism
and different light sources at the gas phase oxidation of n-decane. The authors evaluated
the influence of the catalyst film thickness under a BSI illumination configuration and found
that an increment on the thickness from 1.4 to 4.2 micrometers can increase the degrada-
tion velocity in 22%; however, due to the illumination configuration, greater thickness could
lower the conversion since charge carriers are generated far from fluid interface, and the
carriers are more susceptible to recombination loss. The study also evaluated distinct light
sources. A simulated solar light was compared with a system with 9 LEDs and the LED
system was found to have greater conversions rate, which is justified by the increase of
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the energy that reaches the reactants.

The FSI mechanism was also investigated, and this configuration has three times
more catalyst surface than the BSI set. However, under a simulated solar light, the degra-
dation velocity does not increase in the same proportion, which implies that the light does
not reach all of the catalyst surface. To get around this issue, the authors also analyzed
the use of conventional UVA light and LED systems. The conventional UVA lights showed
a slight improvement, while a setting with 9 LEDs had no expressive increase on conver-
sion. A system with 18 LEDs was also developed in order to minimize shadow zones and
improve light distribution. Although the system allowed an increase of about 3.6 times on
the catalyst area, the authors found analogous reaction rates between the FSI and BSI
mechanisms.

2.2 PHOTON FATE

One of the main limitations of photocatalytic reactors is the photon transfer (VAN
GERVEN et al., 2007). Therefore, the evaluation of the illumination system is of extreme
importance and the capability of simulating distinct configurations for this system can be
of crucial importance. There are several software and codes available that employ distinct
techniques to simulate the behavior of light (JENSEN et al., 2007).

In general terms, light transport algorithms can be classified as stochastic or deter-
ministic methods. More commonly, they are referred to as either Monte Carlo algorithms
or finite element-based methods (FEM), although most of the available light algorithms
incorporate more than one technique in its core, which makes the classification of certain
codes a difficult task (VEACH, 1997).

Figure 9 — lllumination schemes.
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The finite-based algorithms are also classified as view-independent, which means
that the light flow will be calculated throughout the entire domain at once (LESEV, 2010).
The initial FEM techniques were adapted from radiative heat transfer methods. The initial
algorithms to employ the technique forced all surfaces to be lambertian reflectors (JAKICA,
2018).

One of the most employed FEM techniques is the discrete ordinate method (DOM)
that is implemented in the most common CFD software, such as Ansys Fluent®, Open-
FOAM and COMSOL® (MORENOQ; CASADO; MARUGAN, 2019). It consists of the solution
of the radiative transport equation (RTE) (Equation 10 (VISAN et al., 2019)) via a finite
element method. However, this class of codes can face limitations regarding the variation
of radiative properties in the presence of scattering and reflecting walls, resulting in slow
convergence (MODEST, 2003b,a).

dI,\,Csle(s,t) —+ 9/)\(8, t)[)\7Q(S, t),+ (7)\(87 t)[)\7Q($, t),

-~

~
absorption out-scattering

) oxs,t
:]i(S,t)—i- /\( ) / p(Q’ — Q) [)\7Q/(S,t)dQ,
—— dm Q'=4r
emission ~~
in-scattering

where «, is the spectral volumetric absorption coefficient, o, is the scattering coefficient,
p (2 — Q) is the scattering phase function, I, q(s,t) represents the spectral radiation
intensity, s is a spatial parameter, €2 is the direction of propagation and X is the wavelength.

An alternative method to determine what happens to the photons emitted by the
reactor’s illumination system is ray tracing. This methodology is capable to easily simu-
late the interactions of light with complex geometries (TSANGRASSOULIS; BOURDAKIS,
2003); and has applicability at several areas such as acoustics (MAK; ZHEN, 2015), gravi-
tational waves (KOTAKE et al., 2009), optics (ROIBU et al., 2018; LIU et al., 2008), missile
detection (ZHU; FANG, 2020), agriculture (SHIN et al., 2021), architecture (AYOUB, 2020)
and animation (LIANG et al., 2016).

Ray tracing algorithms are classified as view-dependent, since the light flow will be
calculated at specific areas of the geometry domain; it emulates the natural behavior of
light, tracing rays through a viewing plane (sensor) at the receiving surfaces (AYOUB, 2020).
Ray tracing algorithms employ a Monte Carlo-based method to simulate the behavior of
light in a system. Detailed information of the geometry and the optical properties of all
materials are required. In this approach light is represented though rays that follow a series
of geometrical laws (LALAU KERALY et al., 2017).

Figure 10 shows the most basic steps of ray tracing simulation. First a high number
of rays are emitted from a source and transported over a medium. If this medium is
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homogeneous the law of rectilinear propagation is employed; this means that rays travel
in straight lines. However, if the medium is inhomogeneous the integration of the eikonal
equation is required (GROSS, 2005). The next step is to determine the interception point
of a ray and the interface between two media and subsequently determine the change
in a ray direction. The energy conservation principles are followed at every ray bounce,
which means that at every interaction the ray tracing algorithm can split rays into parcels
for reflection, transmission, absorption and emission (JAKICA, 2018).

Figure 10 — Basic steps of ray tracing approach.
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Source: adapted from Gross (2005).

To evaluate the photon transfer in a system, radiance values must be computed for
a selection of points in the interest area. The light transport can be expressed in different
forms according to application. The rendering equation is usually used to represent the
principles of conservation applied to light. The equation can be written in terms of radiance
based on the ray law as in Equation 11 (BARANOSKI; KRISHNASWAMY, 2010).

L(z, 0, X) = Le(w,00, ) + Lp(z, 4, ) (11)
tc?tgl em?tgad propaEated

where z represents a point on a surface, ) represents the direction, \ is the wavelength
and L represents the radiance.

The equation is a theoretical base from which most of the light transport algorithms
are developed. However, the rendering equation does not have a closed solution. For
simple cases, a series of expansions can be employed, but the equation is too complex to
be solved analytically for ample use (AYOUB, 2020). Therefore, light transport algorithms
based on ray tracing provide an approximated solution, with accuracy coupled to the
number of rays traced.

In that sense, ray tracing algorithms need a mathematical way to describe the
trajectory of the rays. There are several techniques for this task from the first trigonometric
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methods to more modern algebraic methods (KIDGER, 2002). Gross (2005) details the
procedures of paraxial v-u, paraxial s-h, meridional S-U and meridional Q-U methods to
position the rays in the space. The method used has correlation to the software architecture
and impacts simulation speed.

Ray tracing algorithms can also be classified as forward, when rays follow the natu-
ral ray direction, from source to view plane; and backward, when light is traced from viewer
to surfaces (AYOUB, 2020). Ray tracing software can be sequential or non-sequential. In
sequential ray tracing, rays reach optical surfaces sequentially in a pre-defined order (OKU-
MURA et al., 2011). In non-sequential ray tracing, the rays can reach the surfaces in any
order and at any number of times with automatic ray splitting (STEVENSON, 2006). Since
several ray processes are computed at the same time, a probabilistic Monte Carlo method
is of particular usefulness for non-sequential algorithms. This probabilistic method will de-
termine the ray path with random numbers according to the corresponding probabilities of
an event (GROSS, 2005).

Although ray tracing algorithms require several computational techniques to achieve
a viable code implementation, the core of the technique is based on simple laws of geo-
metrical optics. These physical principles are briefly summed in the following sections.

2.3 NATURE OF LIGHT

The nature of light is yet not completely understood by the scientific community.
Many models and mental concepts have been used throughout the years in order to
improve our understanding of its nature and properties. Recent developments define light
as a specific range of electromagnetic energy (FEYNMAN, 2006; VANDERGRIFF, 2008).
The term "photon", that comes from the Greek word for light, has a long history that was
reshaped in many occasions as described by Hentschel (2018). He also enumerates in
detail the history and main contributions of several of the conceptual models of the light
quantum, as follows:

1. corpuscular model: interprets light as a stream of very small spherical corpuscles;

2. singularity model: associates electromagnetic fields with singular points of denser
centers in the field;

3. binary model: considers structures with two components where oscillations and rota-
tion degrees of freedom have impact in the generation of wave characteristics;

4. wave packet: considers that light quanta, similar to matter waves, is a localized
phenomenon constricted to small region of the space-time;
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5. semiclassical model: attempts to combine classical electromagnetic waves and quan-
tized matter concepts;

6. QED - Quantum Electrodynamics: in this case the photon is a massless, exchange
‘particle’ that bounces back and fourth at electromagnetic interactions.

Almost all light related phenomena can be described using the quantum electrody-
namics theory, also known as quantum optics, the most recent theory developed. Excluding
the phenomena that are intrinsically of quantum mechanics nature, it is encountered what
is called classical optics. The electromagnetic optics theory provides the most complete
description of light phenomena in the classical domain. There are, however, more sim-
plistic theories, such as wave optics, that can describe most of the optical phenomena
through scalar wave functions and ray optics that employs geometrical rules to account for
the propagation of light through objects that have dimensions significantly higher than the
wavelength of the light. The theories were chronologically developed with the increase in
completeness and complexity, as illustrated in Figure 11 (SALEH; TEICH, 2019).

Figure 11 — Optical theories in proposition and complexity order, from the simplest ray
optics to the most complete quantum optics.
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Source: adapted from Saleh and Teich (2019).

It is well established that electromagnetic radiation has similar wavelike properties,
that in turn are function of the wavelength (VANDERGRIFF, 2008). Figure 12 shows the
electromagnetic wave spectrum, ranging from the short gamma rays to the longer radio
waves. In photocatalysis, it is of particular interest the ultraviolet (UV) range, since it is the
wavelength that activate the catalytic properties of TiO,. Also, there is a series of works
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focused in the achievement of TiO, doped materials that have catalytic properties activated
in the presence of visible light (ETACHERI et al., 2015).

Figure 12 — Electromagnetic spectrum.
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Source: Casimiro et al. (2019).

2.4 OVERVIEW OF BASIC RAY OPTICS CONCEPTS

As mentioned previously, ray optics is the simplest and oldest of the optical for-
mulations. Some of its principles and laws were already discussed in ancient times by
Greek mathematicians (GIUSFREDI, 2019; WYROWSKI et al., 2015; VOHNSEN, 2004).
In this case, light is described by rays that travel through distinct media obeying a set of
geometrical rules, and for that, is also referred to as geometrical optics (SALEH; TEICH,
2019). Ray optics theory was developed on its own, however, it can be related to Maxwell’s
equations inside the electromagnetism’s theory. Therefore, with a set of approximations, is
possible to go from Maxwell’s equations to geometrical optics (MOLESINI, 2005).

According to Mahajan (2014) the rays of light propagate following three laws; i)
rectilinear propagation; ii) refraction; and iii) reflection. The rays are not physical entities,
they are a useful way to represent the propagation of light. Rays are lines perpendicular to
wave fronts that specify the direction of energy flow in a wave (PEDROTTI, 2008).

Geometrical optics addresses the locations and directions of light rays, allowing
rays to be traced through an optical system and establish the optical energy that crosses a
specific area (SALEH; TEICH, 2019). Therefore, ray optics constitutes an interesting option
to calculate the amounts of energy that a light source can provide for the illumination of
a catalytic surface area. The next topics summarize the most relevant principle of the ray
optics formulation.

2.4.1 Reflection of light

At an interface between materials, ray optics account for four possibilities: i) light
is partly or totally reflected; ii) can be scattered in random directions; iii) can be partly
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refracted (transmitted) and enter the second medium; or iv) it can be partly absorbed by
any of the medium (PEDROTTI, 2008).

The law of reflection, for plane surfaces, states that the angle of reflection is identical
to the angle of incidence (BHATTACHARJEE, 2005). The same affirmation is valid for
curved surfaces. The difference is the drawn of a surface plane tangent to the point of
incidence (PEDROTTI, 2008).

Basically, three types of reflection can be found when light reaches the interface of
a material. As Figure 13 illustrates, the three possibilities for reflection are: a) specular; b)
spread and c) diffuse. The specular reflection, common behavior for mirror and polished
surfaces, presupposes that a ray of light will be reflected with the same angle that it reached
the surface. A rough and uneven surface will not be capable to reproduce this effect, and
will reflect light with several angles that are approximately the same of the incident one.
This behavior is called spread reflection. For surfaces rough or matte surfaces, light will be
reflected in several directions at once, with many distinct angles. This diffuse reflection is
usually called scattering or lambertian scattering (TAYLOR, 2000).

Figure 13 — Types of reflection.

a) Specular b) Spread c) Diffuse

Source: elaborated by the author (2022).

2.4.2 Refraction of light

When light reaches an interface, it can be partially reflected and partially transmitted
to the next medium. Therefore, the need of characterization of each medium is necessary.
This characterization is done via an index, denominated index of refraction.

2.4.2.1 Index of refraction

In a vacuum, light travels at a constant speed of 2.99 - 10® m/s. However, at different
media the speed is altered; for example, light traveling through clear air is about 0.03%
slower than light traveling through vacuum. Through glass media the light traveling velocity
can be around 30% slower (VANDERGRIFF, 2008).
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In vacuum, all light waves travel at the same speed. In other media, the travel speed
differs according to the light wave. The velocity at any medium is determined as the product
of the frequency (that is independent of the media) by the wavelength (Equation (12)):

v=fA (12)

The index of refraction (n) relates the light speed in vacuum (c) with the light speed
registered in other media (v,,), as expressed in Equation (13). For air and most gases,
the index of refraction is very close to 1, and therefore is usually the employed value
(PEDROTTI, 2008).

2.4.2.2 Snells law (law of refraction)

Snell’s law (Figure 14) is the basis of ray tracing technique. It determines the change
in the direction of a ray at materials interfaces.

Figure 14 — Snell’s law of refraction.
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Source: elaborated by the author (2022).

This law correlates the index of refraction of two media with the incident and re-
fracted angles, according to Equation (14). Also, Snell's law can be used for reflection,
reversing the sign of the incident material index (BENTLEY; OLSON, 2012).

nsin b =n'sint (14)
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where n is the index in the incident medium, 6 is the angle of incidence, »’ is the index in
the refracting medium and ¢’ is the angle of refraction.

2.4.2.3 Critical angle and total internal reflection

When the direction of light goes from a medium of higher index to one of lower index
of refraction a ray can face four outcomes as described by Pedrotti (2008):

Figure 15 — Critical angle and internal reflection: a) ray normal to the interface; b) incident
angle smaller than the critical one; c) critical angle; and d) incident angle
greater than critical value, leading to internal reflection.
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Source: elaborated by the author (2022).

1. if the angle of incidence is normal to the interface, the ray will keep traveling with the
same direction into the next medium, and will gain speed due to the change in index
and will suffer no bending (ray a) in Figure 15);

2. if the ray reaches the interface with a smaller angle than the critical, light will bend
and keep traveling into the next medium (ray b) - Figure 15);

3. if the ray reaches the interface at a specific critical angle, it will bend in order to
be parallel to the interface, and will keep traveling at the interface plane (ray c) -
Figure 15);
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4. the last possibility is the ray reaching the interface with an angle greater than the
critical one. In this case the ray will follow the law of reflection and will be reflected
into the same medium that it came from (ray d) - Figure 15).

The fourth possibility is particularly interesting for fiber optics and is also observed
in the simulations of this thesis for the FSI disposition of the catalyst. In these simulations,
after light is emitted from a source, it travels through an air medium until it reaches a glass
slab, and afterwards it must travel through the reactor flow. This flow constitutes basically
of contaminated air, that has a lesser index than the glass. Therefore, some of the rays will
keep being reflected internally on the glass window.

The critical angle (i.) is determined through Snell’s law (Equation (14)) with the
refracting angle equivalent to 90-. Therefore, the critical angle can be determined with
Equation (15).

i, = sin! (ﬁ> (15)
n

2.4.3 Absorption of light

The absorption of light within a medium can be described by the Beer-Lambert law of
absorption (Equation (16)), which states that an equal thickness of a given homogeneous
material absorbs the same fraction of light (TAYLOR, 2000). This gives an exponential
relationship between the amount of incident light and the path of the traveling light. For
example, an 'z’ length of a certain material absorbs 50% of the electromagnetic energy
that is incident at this material. A length of 2’2" would then absorb 75% of the incident light.

I =Ipe P (16)

where [ is the intensity of transmitted light, [, is the intensity of light entering the material
(excluding the fraction of light that is reflected), g is the absorption per concentration
coefficient, ¢ is the concentration of the absorbing material and = is the path length in
which light will travel.

2.4.4 Radiometric quantities

Radiometry refers to the physical measurement of electromagnetic radiation. The
radiometric quantities commonly employed to light transport simulations are the radiant
power, radiant intensity, radiance and radiant exitance (Table 2). These quantities describe
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measurements integrated over all wavelengths, and the term specitral is added to charac-
terize the measurement for a specific wavelength (BARANOSKI; KRISHNASWAMY, 2010).
The main radiometric quantities are defined below.

Radiant energy (Q) [J]: express the energy of a packet of rays.

Radiant power (®) [W]: is the most fundamental radiometric quantity, also denomi-
nated as flux. It expresses how much energy flows across a surface over time.

Irradiance (E) [W/m?]: is the incident radiant power on a surface per unit of area
(Equation (17)).

_d¢
E= (17)

Radiance (L) [W/srm?]: quantifies the emission of particles as a flux per unit of
projected area per solid angle. It represents the amount of energy that arrives or leaves a

point on a surface per unit of solid angle and per unit of projected area. Radiance varies
with position and direction vector (Equation (18)) (DUTRE; BALA; BEKAERT, 2006).

A&

© dwdAt
where L is radiance, ® is the radiant power, dw is a differential direction (or solid angle),
dA* is a hypothetical differential area perpendicular to the direction.

(18)

Table 2 — Radiometric and photometric quantities.

Quantity Formula Radiometric term Unity Photometric term Unity
Energy Q Energy W-s=J Luminous Energy Lm-s
Power Radiation Flux ) W Luminous Flux Lm
Power per Area and Solid Angle L=_%& Radiance W/sr/m? Luminance cd/m?
Power per Solid Angle I= % = [LdA, Radiant intensity W/sr Luminous Intensity Lm/sr, cd

Emitted Power per Area E=4% = [L cos0d? Radiant exitance W/m? Luminous excitance Lm/m?
Incident Power per Area E=49%= [ L. cosfdQ Irradiance W/m? lluminance Lx = Lm/m?

Time Integral of the Power per Area H = [ Edt Radiant exposure W - s/m? = J/m? Light exposure Lx-s

Source: Gross (2005).

2.5 MODELING AND SIMULATION OF PHOTOCATALYTIC REACTORS: STATE OF THE
ART

The potential of photocatalysis in areas of green energy conversion and environ-
ment purification is remarkable. However, the commercialization and popularization of the
technique seems to be limited by the difficulties of scaling up the process. It is mainly in
this sense that computer simulations can help improve the technology, being a key tool for
photoreactor’s optimization (JANCZAREK; KOWALSKA, 2021).
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The modeling of photocatalytic reactors has three key elements: radiation model,
kinetic model and fluid dynamic model. Computational fluid dynamics (CFD) is one of
the most precise methods to simulate the species transport within air flows (NAKAHARA
et al., 2020) and has been extensively employed for photocatalytic reactors simulation and
optimization. CFD employs the mass and momentum conservation equations to describe
the fluid flow. This method presents a superior precision in comparison to simplified models
such as plug flow and eliminates the necessity of several correlations when the reactor’s
geometry is complex (TAGHIPOUR; MOHSENI, 2005).

The kinetic mechanism and reaction rate model are crucial to the performance of
photocatalytic reactor simulations. The reaction rate model does not always reconstruct
the group of reaction mechanisms (OLLIS, 2018). Anyhow, a rate model that fits exper-
imental data, desirably with intrinsic parameters, is fundamental to the description of a
specific or a group of pollutants degradation. For photocatalytic processes this reaction
rate model is usually expressed in some form of Langmuir-Hinshelwood or power law
equations (MUESES et al., 2021).

Nakahara et al. (2017) employed CFD simulations using Ansys Fluent® to evaluate
the photocatalytic oxidation of toluene at ceramic building materials coated with TiO, using
the CFD simulations as a tool for kinetic parameters definition. Verbruggen, Lenaerts, and
Denys (2015) compared the obtained Langmuir-Hinshelwood parameters via analytic and
CFD approaches for pollutant degradation in a slit photocatalytic reactor. Brito Lira et al.
(2019) evaluated the abatement of NO, from gas streams at a slit reactor using CFD,
and latter Lira et al. (2020) combined CFD with surface response analysis to optimize the
photocatalytic reactor.

One of the main challenges in photocatalytic reactors simulations is related to light
modeling, since fluid-dynamics is already a consolidate field and the kinetic models based
on empirical data can represent the global reactions. There are several methods to solve
radiation transport, those can be stochastic or deterministic methods.

Salvadé-Estivill, Hargreaves, and Li Puma (2007) coupled the kinetic model of
trichloroethylene degradation with radiation field data. Authors used a flat plate reactor
illuminated with 1, 3 or 5 blacklight blue florescent lamps. The linear source spherical
emission model (LSSE) was used to represent lamps emission. The model considers the
cylindrical lamp to be a line source, in which each point emits radiation in every direction
isotropically.

Zimeng et al. (2012) evaluated the dimethyl sulfide (DMS) oxidation in a photo-
catalytic plate reactor. Similarly to the model used by Salvad6-Estivill, Hargreaves, and
Li Puma (2007), Zimeng et al. (2012) developed a method to simulate the 17 LEDs used
to illuminate the plate reactor. Authors found that the proximity of the LEDs to the photo-
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catalyst has great impact in the radiation intensity and uniformity. Increasing the distance
of LEDs to catalyst improves the uniformity at the expense of radiation intensity.

Zazueta, Destaillats, and Li Puma (2013) used an in-house code of a Monte Carlo
method to simulate and optimize the radiation field in a modular multi-plate photocatalytic
reactor (MPPR) for air or water purification. The reactor is composed by a series of par-
allel plates where the catalyst is deposited. These plates are perforated to accommodate
cylindrical UV lamps that are orthogonal to the plates. Authors tested illumination systems
with 1, 4 and 5 lamps. Dimensionless parameters, that account for geometrical location of
lamps, were evaluated to optimize the illumination system efficiency, considering photon
absorption and field uniformity.

Roegiers, Walsem, and Denys (2018) developed a multiphysics model for a gas
phase photocatalytic reactor applied in the oxidation of acetaldehyde. The reactor is com-
posed by a glass tube (d = 29 mm) with seven smaller (d = 7 mm) tubes in its interior. The
interior tubes are coated with TiO, and the reactor is illuminated by two external cylindrical
lamps. Irradiance and emission spectrum of the lamps were measured by a spectrometer.
Irradiance was measured at different points of the reactor. The radiation field was simulated
using a ray optics module contained in COMSOL Multiphysics. Simulations were validated
via experimental data and the irradiance simulated was latter coupled to CFD and kinetic
modeling.

Moreno, Casado, and Marugéan (2019) implemented a new DOM module in Open-
FOAM, aiming the simulation capability of both diffuse and specular phenomena for sur-
faces and volumetric conditions. The adaptive quadrature implemented in the DOM was
validated with experimental data and the code verified against other DOM already im-
plemented and available to simulations. The main improvement proposed by the authors
regards the emission surfaces, in order to better represent LEDs and achieve an accuracy
similar to ray tracing techniques. In another paper (MORENO-SANSEGUNDO; CASADO;
MARUGAN, 2020), the authors employed the improved DOM for the radiative transfer sim-
ulation of an annular photoreactor (isotropic emission), a CPC solar photoreactor (parallel
light emission) and a tubular LED cone reactor (cone-shaped and power-cosine emis-
sion). The results were successfully compared to the same method being solved in Ansys
Fluent®.

Mufoz et al. (2019) evaluated the radiation incidence over a ceramic plate coated
with catalyst for NO, degradation. The Ansys Fluent® DOM method was employed with
an angular discretization value (15 x 15) optimized to have accurate results with time
reasonable cost. Cilindrical lamps were used in experiments and were modeled as isotropic
emitting surfaces. The catalyst to lamp height was varied in order to obtain a high radiation
uniformity in the catalyst area. The irradiance value was then averaged and introduced in



2.6. Chapter’s concluding remarks 55

the kinetic model as a constant.

Passalia et al. (2020a) simulated the radiation field in the NETmix photocatalytic
reactor employing the DOM implemented in Ansys Fluent®. Two configurations of the pho-
tocatalyst were simulated for an illumination system composed of 18 LEDs. The geometry
was discretized with about 1.7-10° elements and the simulation time registered by the au-
thors is of around 50 min. The performance of the photoreactor was evaluated according
to an efficiency in series method considering three efficiencies: i) outer geometrical; ii)
inner geometrical; and iii) reaction photonic efficiency for the aqueous phase degradation
of As(lll) (trivalent arsenite) into As(V) (pentavalent arsenite).

2.6 CHAPTER'S CONCLUDING REMARKS

Photocatalysis is a versatile process with applications ranging from energy produc-
tion to environmental remediation purposes. It is one of many techniques available to
remove pollutants from air streams. Photocatalytic oxidation processes have two limitation
issues: photon transfer and mass transfer. Therefore, literature is abundant on reactors
configurations for both illumination system and reaction chamber configurations. The dis-
tinct geometrical characteristics of the reactor are proposed to improve catalyst surface to
reactor volume ratio and improve catalyst illumination.

Numerical simulations of heterogeneous photo-oxidation processes consist of two
main parts: light transport simulation and fluid dynamics simulation. In general terms, fluid
dynamics is already a widely explored area, and the main challenge for heterogeneous
photocatalysis is the implementation of a good kinetic model for the reaction in question.
The base of this reaction rate models is dependent of experimental analysis.

Light transport simulation is a bit more challenging. Although several algorithms
have been proposed and are implemented in a number of commercial software, few stud-
ies consider the simulation of light transport, and propose alterations in the illumination
systems in order to improve irradiance distribution and reactor’s efficiency. Besides that,
researchers commonly employ averaged irradiance values, obtained through separate sim-
ulations of light, into fluid dynamics simulations; therefore, do not take into consideration
the irradiance distribution in the catalyst area.

Based on these statements, the current work aims to evaluate the irradiance profile
captured at the surface of the catalyst though ray tracing simulations. In addition to the
investigation on the impact of LEDs-to-catalyst distance like most of the available literature,
this work also investigates the impact of the LEDs-to-LEDs distance and the number of
employed LEDs. The irradiance values are evaluated along with the absorption efficiency
and the light homogeneity over the catalyst surface. Also, to investigate the relevance of
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the field homogeneity, light transport simulations are coupled with fluid dynamics. Again,
differently than most literature works, instead of the implementation of an averaged irradi-
ance value, the irradiance profile is coupled with the CFD simulations in this work, meaning
that for each point of the catalyst surface a irradiance value, according to the ray tracing
simulations, is employed for the calculation of the reaction rate. This procedure generates
insight into the influence of the LEDs position over the photocatalytic efficiency of a system.
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3 RADIATION FIELD MODELING OF THE NETMIX MILLI-PHOTOCATALYTIC REAC-
TOR: EFFECT OF LEDS POSITION OVER THE REACTOR WINDOW

This chapter is based on the paper entitled “Radiation Field Modeling of the NETmix
Milli-Photocatalytic Reactor: Effect of LEDs Position over the Reactor Window” (Chemical
Engineering Journal, doi.org/10.1016/j.cej.2021.131670), by Tatiana Matiazzo, Kishor Ra-
maswamy, Vitor J.P. Vilar, Natan Padoin and Cintia Soares. Copyright © 2022 Elsevier B. V.
Abstract, keywords, acknowledgments and references were omitted.

3.1 INTRODUCTION

Since the first studies conducted by Fujishima and Honda (1972) on water splitting
into hydrogen and oxygen in the presence of light and a semiconductor material, photo-
catalysis gained visibility and is the topic of several studies with a variety of applications
(BOYJOO et al., 2017), such as liquid and gas streams decontamination, synthesis of high
value products (IBHADON; FITZPATRICK, 2013; DAGHRIR; DROGUI; ROBERT, 2013)
and many others.

The design of a photocatalytic reactor has two main challenges: mass transfer
and photon transfer. Mass transfer can be influenced by operational parameters and by
catalyst properties. However, mass transfer limitations can have lesser impact concerning
gaseous streams (VAN GERVEN et al., 2007; DINGWANG; LI; RAY, 2001). The photon
transfer is influenced by the illumination mechanism, by the catalyst thickness and also
by the light source type and geometrical arrangement over the reaction zone (PADOIN;
SOARES, 2017; ZAZUETA; DESTAILLATS; LI PUMA, 2013). The literature shows that
the distance between light sources and the photocatalytic reactor has great influence over
the radiation field registered on the catalyst. It has been shown that the increase in this
distance improves the uniformity of the field at the expense of radiation intensity (ZIMENG
et al., 2012; MUNOZ et al., 2019). This work aims to explore the impact of LEDs-to-LEDs
distance besides the evaluation of LEDs-to-reactor distance.

Recently, light emitting diodes (LEDs) gained attention and boosted photocatalytic
applications, since this light source has less limitations related to sustainability and envi-
ronment matters in comparison to the traditional light sources (ZIMENG et al., 2012). For
example, mercury vapor lamps, besides containing a hazardous heavy metal, demand
high energy consumption and need a cooling system. In the use of solar light, for instance,
there is a demand for large areas, which results in high installation costs and there are
limitations on the operational time (JO; TAYADE, 2014). Therefore, LEDs are presented as
a more viable alternative for photocatalysis, offering several advantages, such as: i) low
energy consumption; ii) high lifetime; iii) narrow emission spectrum, resulting in a pseudo-



Chapter 3. Radiation Field Modeling of the NETmix Milli-Photocatalytic Reactor: Effect of LEDs Position
58 over the Reactor Window

monochromatic emission, closer to the photocatalyst band-gap, and iv) small dimension,
ideal for light source miniaturization (BOYJOO et al., 2017; HOU; KU, 2013; CHEN; LOEB;
KIM, 2017).

To simulate the photon transfer, researchers have been using light transport algo-
rithms that are finite element or Monte Carlo (MC) based (AYOUB, 2020). An example
of finite element-based algorithm is the discrete ordinate model (DOM), one of the most
widespread models for the solution of the radiative transport equation (RTE) (JENSEN
et al., 2007; MODEST, 2003a). Nonetheless, finite element techniques can run into dif-
ficulties if radiative properties vary with direction and in the presence of scattering and
reflecting walls, which might implicate in slow convergence (MODEST, 2003a,b).

Monte Carlo based algorithms are then an alternative capable of dealing with com-
plex geometries without excessive computational demands. MC has a probabilistic core
that will be employed to trace the probable path of the photons being emitted from a light
source and its interactions with the materials that compose the reactor (AKACH; KABUBA;
OCHIENG, 2020; ASADOLLAHFARDI et al., 2018; ZAZUETA; DESTAILLATS; LI PUMA,
2013).

Zimeng et al. (2012) used 27 LEDs to illuminate a photocatalytic reactor for the
dimethyl sulfide degradation in a gas stream. The radiation field was evaluated based on a
linear source spherical emission model (LSSE). The authors compared distinct distances
between the reactor and the LEDs plate and verified that this distance presents a strong in-
fluence over the radiation intensity. Zazueta, Destaillats, and Li Puma (2013) implemented
a Monte Carlo algorithm to simulate the radiation field of cylindrical lamps crossing TiO,
catalytic plates. They varied the number of lamps and optimized the distance between
lamps, evaluating the impact on the light absorption efficiency and the uniformity of light
distribution over the catalyst surface. It was assumed that no band-gap photons could
be transmitted through the photocatalytic film, and that absorbance and reflectance were
independent of light incident angle. Passalia et al. (2020b) simulated an arrangement of 18
LEDs to illuminate a meso-scale reactor known as NETmix employing a DOM method. Two
illumination mechanisms were compared. A concept of efficiencies in series was proposed
and associated with the oxidation of trivalent arsenate to pentavalent arsenate in agueous
solutions.

In the current work, a non-sequential ray tracing, based on Monte Carlo, was em-
ployed for the evaluation of the NETmix reactor illumination system. In this technique rays
can hit the same surface multiple times without any predefined order with ray scattering
(NEMETH; VERES; NAGY, 2012). Therefore, the rays can interact with the system mate-
rials as it would in real life. The main advantage lays on the capacity to simulate complex
geometries in the presence of diffuse surfaces with high accuracy. This allows the repre-
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sentation of the TiO,-P25 catalyst, employed in this work, as a mixture of specular and
lambertian reflections that vary with the light incident angle. The irradiance values were
validated with experimental data and afterwards the geometrical arrangement of the 18
LEDs towards the reaction zone is investigated. Twenty-seven arrangements of the 18
LEDs were proposed and the incident radiation flux over the catalyst surface was obtained
for the front side and back side illumination mechanisms, where the catalyst is immobilized
in the channels and chambers of a back stainless steel slab or in one side of the front
borosilicate glass slab (the “window”-radiance entrance to the reactor), respectively. An
ideal arrangement can then be appointed through the analysis of the absorption efficiency,
variation coefficient and irradiance magnitude.

3.2 REACTOR DESIGN AND EXPERIMENTAL DATA

The photocatalytic reactor employed in this study is known as NETmix. A detailed
description of the entire apparatus is given by Da Costa Filho et al. (2019). The reactor
is composed of a stainless steel slab (SSS) engraved with a series of cylindrical cham-
bers interconnected by prismatic channels. The SSS is sealed with a high transparency
borosilicate glass slab (BGS), resulting in a reactor window of 136 mm x 76 mm.

The illumination system consists of 18 LEDs units total, arranged in three arrays
with 6 LEDs each. The geometrical arrangement of the LEDs located above the reactor
window is described in Figure 16. The Seoul Viosys UV Z5 series, CUN66A1B, was the
selected LED, with a peak wavelength of 365 nm, a spectrum half width equivalent to 9 nm,
radiant power of 900 mW and a view angle of 120 degrees.

Da Costa Filho et al. (2019) employed a 2-nitrobenzaldehyde method to determine
via actinometry the radiant power inside the reactor. The method returned a value of
5.3 + 0.1 W for an 18 LEDs array disposed according to Figure 16.

Thin TiO,-P25 films were uniformly immobilized by a spray method in one side of
the borosilicate glass slab or in the walls of the channels and chambers of the stainless
steel slab. When the catalyst is supported in the BGS, the illumination mechanism is
denominated back-side illumination (BSI), (Figure 17). In this case, the light must go
through the BGS until it reaches the catalyst film surface that is in direct contact with
the reactive flow. In the case where the catalyst is supported in the SSS, the illumination
mechanism is known as front-side illumination (FSI). The light must travel across the BGS
and then go through the fluid until it reaches the catalyst surface where the reactants are
adsorbed.
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Figure 16 — LEDs geometrical position.

Top view:

76 mm

136 mm

Side view:

Source: Matiazzo et al. (2022a).

3.3 NUMERICAL METHODOLOGY

To analyze the light intensity that reaches the catalyst surface, the optical software
Ansys Speos® was employed. The software uses a non-sequential ray tracing algorithm
based on Monte Carlo method that enables the user to simulate the light interactions with
distinct materials (NEMETH; VERES; NAGY, 2012).

3.3.1 Light sources

In order to simulate the photoreactor system, it is necessary to create illumination
sources that will represent the LEDs used in experiments. Therefore, 18 surface sources
were created with the following information: i) LEDs surface area; ii) power emitted by each
LED, which in this case is equivalent to 0.9 W; iii) light spectrum (365 nm peak, 9 nm
half width); and, iv) light intensity distribution, which is provided by the manufacturer. The
LEDs near-field and far-field intensity distribution is available in the supplementary material
(Appendix C).
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Figure 17 — NETmix BSI and FSI schemes.

Source: Matiazzo et al. (2022a).

3.3.2 Materials and optical properties

The optical properties of the three materials that affects light distribution (borosilicate
glass, TiO,-P25 catalyst, and stainless steel) inside the reactor must be defined and
volume and surface properties are required. The volume properties of the BGS includes
the refraction index (Ng (r\=s87,6 nm) = 1.47140) and the Abbe number (V. = 65.41), both
values reported by the manufacturer. For the surface properties of the BGS the optical
polished type was used, which means that Fresnel equations are employed to calculate the
surface interactions. For the SSS, the volume property was set as opaque type, which is
employed for non-transparent materials, and the surface property was define as mirror type,
used for perfect specular surfaces, with the reflectance adjusted to 90%, in accordance to
the work of Nakahara et al. (2017).

The literature shows that the TiO, films properties are dependent on immobilization
technique, temperature of immobilization, film thickness, besides TiO, phase proportions
and granulometry (MIKHAILOV et al., 2018; STA et al., 2014; SHEI, 2013). Therefore,
there is no consensus regarding optical properties of TiO, in the literature. For the volume
properties of TiO, a refractive index equivalent to Ny (\=ss7,6 nm) = 2.61420 and an Abbe
number of 9.87 were employed in accordance to DeVore (1951).
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Advanced surface properties option was selected to characterize the surface proper-
ties of TiO,, where reflection, absorption and transmittance data according to the incident
angle and wavelength must be informed. In this work, the wavelength dependence was
kept constant. According to Janecek and Moses (2008b), TiO, is a reflector that presents
a combination of lambertian and specular reflection, meaning that when light reaches TiO,
surface, part of it will be reflected with the same angle of the light that reaches its surface
(specular reflection), and part of it will be reflected in a broad range of directions (lamber-
tian/diffuse reflection). Janecek and Moses (2008a) measured the proportion of light that
is reflected as lambertian against specular according to the incident angle of light.

Therefore, the fraction of light that is transmitted, absorbed and reflected by the TiO,
catalyst was defined according to a sensibility test. Regarding reflection, lambertian and
specular reflection were considered, always maintaining the fractions of each reflection as
established in the work of Janecek and Moses (2008a). The values employed in this work
to simulate a high porosity (~50-60%) thin film of TiO, are listed in Table 3. The catalyst
thickness employed for the BSI and FSI configurations correspond to 5.3 yum and 17.3 um,
respectively.

Table 3 — Optical properties of TiO,.

Incident Angle (°) 0 10 20 30 40 50 60 70 80 90

Specular (%) 07 14 21 35 84 189 28.0 322 336 343
Lambertian (%) 343 336 329 315 266 161 70 28 14 0.7
Absorption (%) 60.0
Transmission (%) 5.0

Source: Matiazzo et al. (2022a).

3.3.3 Simulation and Sensors Properties

The effects of the illumination system over the catalyst surface are analyzed through
a radiometric sensor located at its surface. A planar integration, orthogonal to the sensor
plane, is employed, taking into account the cosine fall off of the irradiance as a function of
the incident angle (Equation (19)), according to Bouguer’s law.

I cos e

E = [z (19)

where E represents the irradiance in W/m?2, I is the intensity in W/sr, ¢ is the incident angle
and D is the light travel distance.

The sensor requires the creation of a mesh. As a result of an independence test, the
created triangular mesh employs a sag value (maximum distance that can exist between
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mesh and geometry) and a step value (maximum length of a segment) equivalent to
0.75 mm; and a meshing angle (maximum angle tolerated between the normal of the
tangent formed at each segment ends) of 15°. Irradiance values are registered at each
vertex of the mesh. This means that for the BSI| and FSI mechanisms, respectively, a data
set of 15,192 and 103,341 nodes are analyzed.

A Direct Simulation is then conducted, this means that the propagation of rays from
sources to sensor is tracked. Double precision was enabled for the ray tracer and the
maximum number of surface interactions was kept as 100, which means that a ray can
interact 100 times with the geometry before its propagation stops. To end the simulation a
criterion must be set, such as, a specific time or a number of processed rays. In this case,
simulations were finalized after the processing of 1.8-107 rays.

3.3.4 Simulated Cases

In order to evaluate the positioning of the 18 LEDs over the reactor window area,
three parameters were created: w and ¢ that represents the distance between LEDs in the z-
axis and x-axis direction, respectively, and A that indicates the distance between the LEDs
plate and the reactor window as depicted in Figure18. For each variable, three distinct
values were used in simulations. Therefore, a total of 27 simulations were performed
according to Table 4.

Both w and ¢ are dimensionless parameters, based on the distance of LED to LED
divided by the usable values of window width and length, respectively.

Table 4 — Simulated cases.

Case ¢ w h(mm)| Case ¢ w  h(mm)
Case1 0.2 0.2 Case 15 0.5 0.6 14
Case2 0.2 0.4 Case16 0.9 0.2 14
Case3 0.2 0.6 Case17 0.9 04 14
Case4 05 0.2 Case 18 0.9 0.6 14
Case5 05 04 Case 19 0.2 0.2 22
Case6 0.5 0.6 Case20 0.2 04 22
Case7 09 0.2 Case21 0.2 0.6 22
Case8 09 04 Case22 0.5 0.2 22
Case9 0.9 0.6 Case23 05 04 22
Case 10 0.2 0.2 14 Case24 0.5 0.6 22
Case11 0.2 04 14 Case25 09 0.2 22
Case 12 0.2 0.6 14 Case26 0.9 04 22
Case 13 05 0.2 14 Case 27 0.9 0.6 22
Case14 05 04 14

Source: Matiazzo et al. (2022a).
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Figure 18 — LEDs positioning parameters.

Top view:

Side view:

Source: Matiazzo et al. (2022a).

As stated previously, the simulations return a value of irradiance for each meshing
node. Therefore, to evaluate the impact of the LEDs positioning the absorption efficiency
will be analyzed. This efficiency corresponds to the ratio between the absorbed irradiance
by the total emitted irradiance, as expressed in Equation (20).

Dy
6 (%) = 1005~ (20)

where ¢ is the absorption efficiency in percentage, ®, is the radiant power absorbed by
the catalyst, Ny, is the number of LEDs and @ is the radiant power emitted by each LED.

To evaluate the uniformity of the irradiance values along the catalyst surface, the
ratio between the standard deviation (o) and the average value of data set (1), designated
as coefficient of variation, Cy (Equation (21)), was calculated. Higher Cy, values indicates
a more heterogeneous distribution of irradiance over the catalyst surface.

Cv (%) = 1002 (21)
7
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Figure 19 — Irradiance map of BSI configuration.
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3.4 RESULTS AND DISCUSSION

3.4.1 Validation Case

The first simulations performed aimed at the validation of the optical properties
defined for the illumination system and its composing materials. For this, the LEDs positions
adopted are the same employed by Da Costa Filho et al. (2019), as described in Figure 16,
and the optical properties as described in Section 3.3.2.

Figure 19 shows the irradiation map obtained for the BSI configuration. For the
BSI configuration the average irradiation found through simulation is equivalent to approx-
imately 1018 W/m?, which corresponds to an overestimation of 2.3% in relation to the
experimental value of 995 W/m? obtained by Da Costa Filho et al. (2019). The absorp-
tion efficiency in this case is equivalent to 33.5% and the variation coefficient obtained
corresponds to 31.6%. It is possible to observe how the irradiance intensity is greater on
the spots located right below the LEDs. The position of the three arrays of 6 LEDs are
not evenly spaced (see Figure 16), and therefore a more homogeneous distribution of
light on the catalyst surface can be obtained by optimizing the LEDs position. It should
also be stated that the intensity profile captured by the sensor can present some uneven
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Figure 20 — Irradiance map of FSI configuration.
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Source: Matiazzo et al. (2022a).

regions due to the ray tracing technique employed that uses a finite number of rays in the
simulations (ADAM; ZOLTAN; GYORGY, 2012).

A simulation considering the FSI configuration was also performed, and in this case
the average irradiance obtained is equivalent to approximately 285 W/m? with an error to
the experimental value (266 W/m?) equivalent to 7.0%. The increase in the relative error,
in comparison to the BSI configuration, is due to the fact that differently from the BSI the
FSI surface area is not set only in the reactor window area. lts dimensions comprise the
entire reactor width. Besides that, the sealing components that are responsible to keep the
SSS and the BGS together plus the LEDs support were not represented in the simulation.
These structures can be in the path of part of the photons that reached the FSI catalyst in
the current simulation. However, an error of about 7% can be considered acceptable.

Figure 20 shows the irradiance map obtained when the catalyst is disposed in all
the walls of the network imprinted in SSS. The representation shows that the center of
the cylindrical chamber in the region directly below the LEDs is where the highest values
of irradiance can be achieved. The same location in the BSI and FSI configurations can
receive about 40-50% less light in the FSI disposition due to the increase in distance
from the LEDs and shading. It is clear that not all the cylindrical chamber perpendicular
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to the LEDs is illuminated homogeneously due to shading effects of the 3D disposition of
the catalyst. It is noticeable that the vertical walls of the chambers are also illuminated,
however the intensity reached in this case is one order of magnitude lower, even if these
walls are positioned right below a LED array, and has an even lesser order of magnitude
for the vertical walls of the prismatic channels.

The absorption efficiency is similar to the one of BSI (¢ = 35%). In contrast, the
coefficient of variation is greater in the FSI case, reaching 70.6% due to the lack of ho-
mogeneity as discussed previously. In the FSI configuration 2/3 of the catalyst surface
corresponds to the vertical walls that are less illuminated. The remaining surface, parallel
to the reactor window, corresponds to only a third of the superficial catalyst area. However,
it is responsible for the absorption of nearly half of the absorbed light.

3.4.2 LEDs geometrical arrangement - BSI

In order to verify the importance of each LED localization in the illumination system
and in order to search for configurations that can provide greater irradiance magnitudes
and a more homogeneous distribution of light, the 27 simulations proposed in Table 4 were
carried out and their results were compared.

The variation of all three parameters - w, ¢ and h - was found to generate influence
in the irradiance captured at the catalyst surface. The 27 simulations with the parame-
ters already described in Table 4 reached irradiance values ranging from 889 W/m? to
1301 W/m2. This means that between 29.2% and 42.8% of the emitted energy is absorbed
by the catalyst. Figure 21a presents the behavior of the absorption efficiency as a function
of w and ¢, and Figure 21b presents the behavior as a function of ~ and /.

It is possible to verify that the distance between the LEDs and the reactor, h, has
the most significant impact in the irradiance value, as expected. The further the light must
travel, the lower will be its intensity, and therefore, the lesser is the absorption efficiency
reported. The distance between LEDs, parameters w and /, are also relevant. As shown
in Figure 21a, the absorption efficiency is greater when the LEDs are closer to each other
(when w and ¢ have lower values). However, the proximity between LEDs leads to a high
coefficient of variation, as presented in Figure 22a. This means that the irradiance along
the catalyst surface is highly heterogeneous, presenting areas of low illuminance and areas
with high irradiance values. This behavior is not desirable since the goal is to illuminate the
entire catalyst surface in order to optimize the photocatalytic reaction.

Figure 22b shows how the variation coefficient varies with the parameter ¢ and with
the distance between reactor and LEDs plate, », and again it is possible to verify that
the parameter h exerts a relevant influence in the homogeneity of the irradiance data set.
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Figure 21 — Absorption efficiency - BSI cases.
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Figure 22 — Coefficient of variation - BSI cases.
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Figure 23 — Irradiance maps of cases 1 and 27.
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When the LEDs are closer to the reactor, the photons tend to be concentrated in areas
right below the LEDs and so the distribution of light intensity is less uniform. When the
LEDs plate is positioned further from the reactor, and the LEDs are further apart from
each other, light is better distributed leading to a more homogeneous data set. Case 27,
where ¢ and w are, respectively, 0.9 and 0.6, while & is equivalent to 22 mm, shows the
example with the higher distance between LEDs, resulting in the lowest variation coefficient
(Cy = 24.5%). On the other hand, for case 1, where LEDs are the closest to each other
as well as closest to the reactor window, it was obtained the highest value of variation
coefficient (Cy = 238.0%), which leads to a lack of uniformity in the irradiance distribution
along the catalyst surface. These differences are easily spotted in Figure 23, where the
irradiance maps of cases 1 and 27 are depicted. The irradiance maps of all simulated
cases are available in the supplementary material (Appendix C). Both cases are also on
opposite sides of the absorption efficiency scale. Case 1 is one of the cases that presents
the highest absorption efficiency. Case 1 returns an absorption efficiency of 42.3%, whilst
case 27 has an efficiency of 29.2%. The light absorption by the catalyst film is mainly
dependent on the LEDs-to-reactor distance, since the LEDs-to-LEDs distance has low
effect with the decrease in LEDs-to-reactor distance.

3.4.3 LEDs geometrical arrangement - FSI

Cases 1 to 27 were also simulated for the condition where the catalyst is immobi-
lized in the network of chambers and channels imprinted in the stainless steel slab (FSI
scheme). The results followed the same pattern; an increase in the parameter: h leads
to a decrease in the absorption efficiency, and therefore lower values of irradiance are
registered (Figure 24b). The same effect is observed varying w and ¢. The proximity be-
tween LEDs leads to slight increase in the absorption efficiency (Figure 24a). Similar to the
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Figure 24 — Absorption efficiency - FSI cases.

¢ (%)
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BSI results, Cases 4 and 27 have the highest and lowest absorption efficiencies, reaching
values of 40.3% and 31.3%, respectively. However, the irradiance intensity is lesser in the
FSI than in the BSI. While the BSI scheme reaches average values around 1000 W/m?,
in the FSI condition the values range from 255 W/m? to 330 W/m?. Overall, the irradiance
values of BSI are almost 4 times greater than the ones of FSI, approximately the same ratio
that exists between the FSI to BSI surface areas. Even with lower irradiance values and
higher variance coefficient, the higher catalyst area per volume of the FSI configuration
still makes this configuration more advantageous than BSI.

The coefficient of variation has also a similar behavior to the BSI, decreasing with
the increment of w, ¢ and h (Figure 25). The main difference between the FSI and the
previous results obtained for the BSI is the order of magnitude for the variation coefficient.
Cases 1 and 27 are still the ones with the highest and lowest values of Cy,, but while the
BSI range is between 25% to 238%; for the FSI the coefficient varies from 68% to 306%.
This means that the light intensity in the FSI configuration is even less homogeneous than
in BSI due to the fact that 1/3 of the FSI area is perpendicular to the light sources, while
the other 2/3 are more or less aligned with the travelling direction of the photons.

For both BSI and FSI, the case that presents the highest irradiance value, and
consequently, the highest absorption efficiency, is case 4 (¢ = 0.5, w = 0.2 and h = 6 mm).
However, the variation coefficient registered in this case is elevated (Cy zs; ~ 151% and
Cvrsi ~201%). Therefore, the data suggests that the most advantageous of the simulated
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Figure 25 — Coefficient of variation - FSI cases.
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casesiscase 9 (¢ =0.9, w = 0.6 and h = 6 mm), since only a small relative reduction per-
centage in the irradiance is registered, 6.7% and 2.2% for BSI and FSI respectively, while
improving significantly the variation coefficient, leading to a relative reduction of 62.6%
and 52.7% in the C.. This reduction ultimately leads to a more homogeneous intensity
along the catalyst surface that is expected to improve the conversion of any photocatalytic
reaction conducted in the reactor. Case 9 has the LEDs positioned the furthest apart from
each other while having the lowest distance to the reactor window, confirming that the
correct positioning of LEDs is significant for the operation of the photocatalytic reactor.

3.5 CONCLUSIONS

The radiation field incident at a TiO, catalyst film provided by 18 LEDs was simu-
lated employing a non-sequential ray tracing algorithm for the NETmix milli-photocatalytic
reactor.

The catalyst was disposed in two distinct arrangements, back-side illumination (BSI)
and front-side illumination (FSI), and for both conditions the simulations were validated,
with a relative error to the experimental data of 2.3 and 7.0%, respectively.

The position of the 18 LEDs was evaluated through three created parameters, w, ¢
and h, that represent the proximity between LEDs and the proximity of the LEDs plate to
the photoreactor window. Three values were attributed to each of the parameters and a
combination between them was simulated resulting in 27 simulations for each BSI and FSI
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schemes in order to verify the best location for each LED.

The results show that the absorption efficiency increases with the proximity of LEDs
to each other and to the reactor window, however the homogeneity of the illuminance
intensity decreases. The absorption efficiencies range from 29.2% to 42.8% for the BSI
and from 31.3% to 40.5% for the FSI. The variation coefficient ranges from 25% to 238%
for the BSI cases and from 68% to 306% for the FSI configuration. The case that presents
the highest absorption whilst having the lowest variance coefficient, i.e. case 9 (¢ = 0.9,
w = 0.6 and h = 6 mm), has an approximate absorption efficiency of 40% and a 'y of 57%
and 95% for BSI and FSI, respectively.

The results also show that the distinct locations of the catalyst films have significant
importance. The FSI cases present similar absorption efficiency to the BSI, even though the
FSI configuration has almost 4 times more superficial area than BSI. Also, the FSI cases
present higher values of variation coefficient, meaning that the area is less homogeneously
illuminated. Ultimately, the simulations allow the selection of a possibly ideal scenario for
the LEDs position that permits to maximize the absorption efficiency at the same time
increasing the homogeneity of irradiance distribution.
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4 CFD AND RADIATION FIELD MODELING OF THE NETMIX MILLI-
PHOTOCATALYTIC REACTOR FOR N-DECANE OXIDATION AT GAS PHASE:
EFFECT OF LEDS NUMBER AND ARRANGEMENT

This chapter is based on the paper entitled “CFD and Radiation Field Mod-
eling of the NETmix Milli-Photocatalytic Reactor for n-Decane Oxidation at Gas
Phase: Effect of LEDs Number and Arrangement” (Chemical Engineering Journal,
doi.org/10.1016/j.cej.2022.136577), by Tatiana Matiazzo, Vitor J.P. Vilar, Humberto
Gracher Riella, Natan Padoin and Cintia Soares. Copyright © 2022 Elsevier B. V. Abstract,
keywords, acknowledgments and references were omitted.

4.1 INTRODUCTION

Heterogeneous photocatalysis has been recognized as a powerful technology for air
streams decontamination containing Volatile Organic Compounds (VOCs) (COSTA FILHO;
VILAR, 2020). Among the reactors designs available for photocatalytic oxidation processes
are the flat plate, honeycomb monolith, annular, packed bed, slurry, hollow fiber, milli-
and microreactors (SUNDAR; KANMANI, 2020; MALAYERI; HAGHIGHAT; CHANG-SEO,
2019; BOYJOO et al., 2017; TANIMU; JAENICKE; ALHOOSHANI, 2017; VERBRUGGEN;
LENAERTS; DENYS, 2015; MO et al., 2009; MATSUSHITA et al., 2008; BIRNIE; RIFFAT;
GILLOTT, 2006; JUAN; XUDONG, 2003; HOSSAIN et al., 1999). The capability for the
minimization of costs with simultaneous increase in raw material and energy efficiencies
makes milli- and microreactors technology an ideal tool for process intensification (ABIEV,
2019; JESSY; HAYNES, 2017). A myriad of designs is available for this class of reactors
(SHUKLA et al., 2021; KAYAHAN et al., 2020). Lopes et al. (2005) developed a static
continuous flow mesoscale mixer, known as NETmix, composed by a network of cylindrical
chambers interconnected by prismatic channels. The NETmix design provides high mixing
besides high catalytic surface area and low optical path in heterogeneous photocatalytic
reactions (PASSALIA et al., 2020a). However, due to the internal reactor geometry, the
illumination of the entire catalytic surface is a huge challenge, even with the use of UV
Light Emitting Diodes (LEDs) (DA COSTA FILHO et al., 2019). An adequate illumination
system needs to maximize the illumination efficiency as well as the uniformity of the
radiation field over the catalyst surface. At the same time, it should maximize the irradiance
levels obtained on the catalyst surface while minimizing the energy consumption of the
light sources. In this sense, computational tools are of great assistance to the project
and evaluation of photocatalyst systems (ALVARADO-ROLON et al., 2018; ZAZUETA;
DESTAILLATS; LI PUMA, 2013).

The photon transfer remains as one the main challenges in this class of reactors
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project. To simulate the photon transfer, two types of algorithms have been widely em-
ployed: i) stochastic models solved mainly by the Monte Carlo method, and ii) deterministic
models, such as finite element methods; also referred to as view-dependent and view-
independent methods, respectively (AYOUB, 2020). View-independent algorithms were
adapted from radiative heat transport methods and initially forced all surfaces to be lam-
bertian reflectors (JAKICA, 2018; LESEV, 2010). On the other hand, ray tracing algorithms
are classified as view-dependent since the photon flux is calculated in specific areas of the
domain, emulating the natural illumination mechanism (AYOUB, 2020). In this approach
light is represented as rays that travel from light sources to the medium obeying the laws
of geometrical optics (LALAU KERALY et al., 2017). This method can simulate the interac-
tions of light with complex geometries, accounting for distinct reflections, absorption and
transmission of photons (TSANGRASSOULIS; BOURDAKIS, 2003).

The association of radiation field data or ray tracing with computational fluid dy-
namics (CFD) simulations is still scarce in the literature, contrasting with view dependent
algorithms such as discrete ordinate method (DOM) (PASSALIA et al., 2020a; MORENO-
SANSEGUNDO; CASADO; MARUGAN, 2020; MORENO; CASADO; MARUGAN, 2019;
MUNOZ-BATISTA et al., 2019). Salvadé-Estivill, Hargreaves, and Li Puma (2007) coupled
the kinetic model of trichloroethylene degradation with radiation field data. Authors used
a flat plate reactor illuminated with 1, 3 or 5 blacklight blue florescent lamps. The linear
source spherical emission model (LSSE) was used to represent lamps emission. The
model considers the cylindrical lamp to be a line source, that in each point emits radiation
in every direction isotropically. Similarly, Zimeng et al. (2012) evaluated the dimethyl sulfide
(DMS) oxidation in a photocatalytic plate reactor developing a method to simulate the 27
LEDs used to illuminate a plate reactor. Authors found that the proximity of the LEDs to
the photocatalyst has great impact in the radiation intensity and uniformity. Increasing the
distance of LEDs to catalyst improves the uniformity at the expense of radiation intensity.
Zazueta, Destaillats, and Li Puma (2013) used an in-house code of a Monte Carlo method
to simulate and optimize the radiation field in a modular multi-plate photocatalytic reactor
(MPPR) for air or water purification. The reactor is composed by a series of parallel plates
where the catalyst is deposited. These plates are perforated to accommodate cylindrical
UV lamps that are orthogonal to the plates. Authors tested illumination systems with 1,
4 and 5 lamps. Dimensionless parameters, that account for the geometrical location of
the lamps, were evaluated to optimize the illumination system efficiency, considering pho-
ton absorption and field uniformity. Queffeulou et al. (2010) and Queffeulou, Geron, and
Schaer (2010) also employed ray tracing to investigate the impact of irradiance in the
Langmuir-Hinshelwood kinetics of acetaldehyde oxidation from an air stream, developing
a methodology to predict the performance of an air purifier and the evolution in time and
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space of the pollutant concentration when the photoreactor is placed in a contaminated
room.

In our previous work (MATIAZZO et al., 2022a), an investigation into how the posi-
tion of the LEDs can alter the radiation field registered over the surface of the TiO, catalyst
was performed. The radiation field in the meso-scale NETmix photocatalytic reactor was
evaluated employing a Monte Carlo-based algorithm using the software Ansys Speos®. A
total of 18 inline LEDs were disposed according to 27 variations that alter the LEDs-to-
reactor and the LEDs-to-LEDs distances. The distinct geometrical positions of the same
LEDs increased the light absorption efficiency up to 13 percentage points. Also, greater
LEDs-to-LEDs distances provided more homogeneous radiation fields. The importance
of the homogeneity of the field was investigated in the current work, associating the radi-
ation field modeling of illumination systems composed by distinct numbers of LEDs with
computational fluid dynamics (CFD) simulations of the oxidation of VOCs.

Therefore, this work presents, not only the radiation field modeling of several illumi-
nation systems, but the coupling with computational fluid dynamics to evaluate the impact
of photon transfer in the photocatalytic oxidation of an airborne pollutant. Seven illumina-
tion systems are proposed, consisting of 5 to 30 LEDs disposed in an inline or staggered
configuration, aiming the largest LEDs-to-LEDs distance possible. A non-sequential ray
tracing algorithm, based on the Monte Carlo method, was employed to simulate the behav-
ior of light. The radiation field obtained on the TiO,-P25 catalyst surface, deposited over
the walls of the channels and chambers that compose the NETmix milli-photoreactor, were
then coupled to CFD simulations to evaluate the photocatalytic degradation of a model
VOC, n-decane, contained in an air stream. Light absorption efficiency, irradiance levels,
uniformity and overall photonic efficiency of the illumination systems were evaluated and
compared against the pollutant conversion in order to appoint an ideal illumination system.

4.2 REACTOR DESIGN AND EXPERIMENTAL DATA

The NETmix milli-photocatalytic reactor was employed in this study. A detailed
description of the entire apparatus and its operation is given by Da Costa Filho et al. (2019).
The reactor is composed of a stainless-steel slab (SSS) and a borosilicate glass slab (BGS)
illuminated by a series of LEDs located at a distance h above the BGS (Figure 26). The
reaction compartment is formed when the SSS, engraved with a pattern of cylindrical
chambers interconnected by prismatic channels, is sealed with a high transparency BGS.
The reactor contains 8 inlets and 8 outlets distributed equally between the SSS and the
BGS. The TiO,-P25 photocatalyst was uniformly immobilized, using a spray method, over
the walls of the chambers and channels engraved into the stainless-steel slab, forming a
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thin film with a thickness of about 17.3 um, illuminated according to a front-side illumination
(FSI) scheme.

Figure 26 — NETmix photocatalytic reactor.

Source: Matiazzo et al. (2022b).

4.3 NUMERICAL METHODOLOGY

4.3.1 Light modeling

The optical software Ansys Speos® was employed to obtain the irradiation field
over the catalyst surface. The non-sequential ray tracing algorithm is based on the Monte
Carlo method and in the principles of ray optics. To represent each LED that compose the
illumination system, a surface source is created at the geometrical position of the LED in
the system. Besides the surface area of the LED, the following information are required:
i) emitted power (0.9 W); ii) light spectrum (365 nm peak, 9 nm half width); and iii) light
intensity distribution, which is provided by the manufacturer.

For the borosilicate glass slab a refraction index ng-ss7.6 nm) = 1.47140 and an
Abbe number equivalent to 65.41 were employed in accordance to the manufacturer data.
The surface of the BGS was modeled according to an optical polished type, which means
that Fresnel equations are used to calculate surface interactions. The SSS was modeled
as an opaque volume, and the surface of the SSS was modeled as a mirror type with 90%
reflectance. For the TiO, catalyst, a refraction index n,—ss7.6 nm) = 2.61420 and an Abbe
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number equivalent to 9.87 were associated with an advanced surface that reflects light
as a mixture of specular and Lambertian reflection depending on the light incident angle.
Through a sensibility test it has been determined that 60% of the light is absorbed and
5% is transmitted by the catalyst. Therefore, 35% of the light is reflected by the catalyst
surface. The proportion of light that is reflected as specular and Lambertian is based on
the work of Janecek and Moses (2008a) and is a function of the incident angle as depicted
in Table 5.

Table 5 — Optical properties of TiO,.

Incident Angle (°) 0 10 20 30 40 50 60 70 80 90
Specular (%) 0.7 14 21 35 84 189 28.0 322 33.6 343
Lambertian (%) 343 336 329 315 266 16.1 70 28 14 07
Absorption (%) 60.0
Transmission (%) 5.0

Source: Matiazzo et al. (2022b).

A planar integration orthogonal to the sensor plane, created at the surface of the
catalyst, is performed taking into account the cosine fall off the irradiance as a function of
the incident angle, based on Bouguer’s law (Equation (22)).

E= % (22)
where E represents the irradiance in W/m?, I is the intensity in W/sr, ¢ is the incident angle
and D is the light travel distance (m).

The sensor consists of a triangular mesh, created with a total of 103,341 nodes,
where the values of irradiance are registered for posterior analysis. A direct simulation is
then conducted, where rays are traced from the light sources to the sensor. The simulations
were performed with double precision enabled, the maximum number of interactions was
set to 100 and the minimum energy percentage for a ray to keep being traced was set to
0.5% of its initial energy. The stop criterion of the simulation is the number of traced rays.

The number of traced rays will also define the precision of the results. Therefore,
a test to determine the ideal number of traced rays was performed. The time required to
complete the simulation along with the standard deviation of the irradiance data set were
compared. Six simulations were performed for a total of 105, 6-10°, 10%, 6-10°, 107 and
6-107 traced rays.

Figure 27 shows that the increase in the number of processed rays leads to an
exponential increase of the simulation time demand. The opposite can be stated for the
standard deviation. As the number of processed rays increase the deviation tends to
stabilize at a value near 200 W/m?. Therefore, in order to balance the time demand with
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Figure 27 — Definition of simulated rays number.
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the accuracy of the results, a threshold of 6-10° rays was employed as a stop criterion in
the ray tracing simulations performed in this research.

4.3.2 CFD modeling

The software Ansys Fluent® was employed to model the fluid dynamics inside the
reactor. The heterogeneous reacting system was simulated under isothermal and steady
state conditions. The polluted air stream was considered a Newtonian incompressible
fluid flowing in a laminar regime. The mathematical modeling of the system was then ex-
pressed though the solution of the mass, momentum and species conservation equations
(Equations (23)-(25)).

V- (pv)= (23)
V- (pvv)=-VP+ V- (1) (24)

where p (kg/m?3) represents the density, v (m/s) is the velocity, P represents pressure (Pa),
T (Pa) is the stress tensor, C; (kmol/m?3) is the species concentration and J; (kmol/m?.s)
represents the diffusion flux of species .
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4.3.2.1 Boundary conditions

The reactor’s walls were set as stationary walls with no slip boundary condition. The
heterogeneous reaction rate was introduced in the modeling as a boundary condition. For
the catalytic walls, the diffusive molar flux of the pollutant must be equal to the heteroge-
neous reaction rate (Equation (26)), while for the non-catalytic walls a zero molar flux was
employed for all species (Equation (27)).

n- Ndec

At — T (_Ddec,mvcdec)

Acat = Tdec (26)

n- NdEC’Anonfcat = 0 (27)

The reaction rate (r4..) was imposed to the CFD solver via a user defined function
(UDF). To describe the photocatalytic oxidation of n-decane in the NETmix reactor, a power
law rate equation (Equation (28)) was obtained from the experimental data of Da Costa

Filho et al. (2017).

Tdee = 3.09-107% B C923 C018 (28)
where r,.. represents the reaction rate in kmol/m?-s, 3.09-10~® represents the reaction rate
constant in kmol W=! s~ (kmol m~3)~%61 E represents the irradiance in W/m?, and C,.
and C,, (kmol/m?) represents the concentration of n-decane and water vapor, respectively.

The irradiance field (E) obtained in the ray tracing simulations was introduced into
the CFD solver through a user defined scalar (UDS). For the reactor inlet the velocity was
prescribed, and the molar fractions of n-decane and water vapor were informed. At the
reactor outlet, the gauge pressure was set as zero.

The convergence criteria of the steady-state simulations was set as 103 for the mo-
mentum, 10~? for continuity and water vapor species, and 10~ for energy and for n-decane
species. The structured mesh employed consists of a total of 10,785,298 hexahedron ele-
ments. This mesh was selected after an uncertainty assessment was performed based on
the method proposed by Roache (1994). Simulations were performed in a 64-bit Windows
Server 2019 Datacenter equipped with Intel Xeon Gold 6126 CPU operating at 2.6 GHz,
with access to 50 GB RAM memory. The CFD simulations were performed with 8 parallel
solver processes and demanded 4 h - 5 h to completion



Chapter 4. CFD and Radiation Field Modeling of the NETmix Milli-Photocatalytic Reactor for n-Decane
Oxidation at Gas Phase: Effect of LEDs Number and Arrangement

80

4.3.3 Simulate

d cases

In this work, the number of LEDs was varied from 5 to 30. The LEDs were distributed
according to two arrangements: inline and staggered, as exemplified in Figure 28. For the
inline arrangement, three LEDs plates were simulated, containing 6, 15 and 28 LEDs,
and for the staggered arrangement four plates were analyzed, each having 5, 12, 18
and 30 LEDs. The seven proposed illumination systems are illustrated in detail in the
supplementary material (Appendix D). For all of the investigated systems four distances of
LEDs-to-reactor were simulated: 6 mm, 12 mm, 24 mm and 48 mm. Therefore, a total of

28 simulation cases are proposed as indicated in Table 6.

Table 6 — Evaluated cases.

Case Number of LEDs Arrangement A (mm) Case Number of LEDs Arrangement A (mm)
Case 1-S 5 Staggered 6 Case 15-1 15 Inline 24
Case 2-S 5 Staggered 12 Case 16-1 15 Inline 48
Case 3-S 5 Staggered 24 Case 17-S 18 Staggered 6
Case 4-S 5 Staggered 48 Case 18-S 18 Staggered 12
Case 5-1 6 Inline 6 Case 19-S 18 Staggered 24
Case 6-I 6 Inline 12 Case 20-S 18 Staggered 48
Case 7-1 6 Inline 24 Case 21-1 28 Inline 6
Case 8-I 6 Inline 48 Case 22-1 28 Inline 12
Case 9-S 12 Staggered 6 Case 23-1 28 Inline 24

Case 10-S 12 Staggered 12 Case 24- 28 Inline 48
Case 11-S 12 Staggered 24 Case 25-S 30 Staggered 6
Case 12-S 12 Staggered 48 Case 26-S 30 Staggered 12
Case 13- 15 Inline 6 Case 27-S 30 Staggered 24
Case 14-| 15 Inline 12 Case 28-S 30 Staggered 48

Source: Matiazzo et al. (2022b).

The irradiance levels of each illumination system were compared along with the
photon absorption efficiency (Equation (29)), uniformity index (Equation (30)) and overall
photonic efficiency (Equation (31)):

_EAcat
¢_NL<I>6
fy:l—zi: A

2|E.| >
n= ¢y

(30)

(31)

where E represents the irradiance value in W/m?, A.,, (m?) is the catalyst area, N, is the
number of LEDs in the system, ®. (W) represents the power emitted by each LED, i is the
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Figure 28 — Proposed illumination systems.
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facet index of a surface with n facets, and E, (W/m?) is the average value of the irradiance
over the surface.

Both the absorption efficiency and uniformity index are equally significant to de-
termine the performance of the illumination system. The first expresses the number of
photons that became available for the photodegradation, and the latter relates the geomet-
rical availability of these photons on the catalyst surface. Consequently, the most efficient
system results from the maximization of both parameters. Therefore, an overall photonic
efficiency parameter (n) can be obtained as the product of ¢ and ~.

Afterwards, the radiation profiles obtained through the 28 ray tracing simulations
were employed in CFD simulations to evaluate how the intensity and homogeneity of
the produced radiation field impacts the degradation of n-decane. Therefore, 28 CFD
simulations were performed according to the conditions indicated in Table 7.

Table 7 — Boundary conditions of the CFD tests.

Velocity inlet: 0.5m/s

Molar fraction of n-decane: 7-1074

Molar fraction of water vapor: 1072

Pressure outlet: Atmospheric

Walls: No slip

Reactive walls: Taee = 3.09- 1078 F €943 CO-18

Source: Matiazzo et al. (2022b).

4.4 RESULTS AND DISCUSSION

4.4.1 Model validation

The model validation was performed against the experimental data of Da Costa Filho
et al. (2019). The radiation field modeling validation is presented in detail in our previous
publication (Matiazzo et al. (2022a)), where a relative error of about 7% was found for the
radiation field obtained at the surface of an FSI catalyst in the NETmix illuminated by 18
inline LEDs.

Subsequently, the radiation field of the 18 inline LEDs was coupled with CFD, and
the obtained degradation of the pollutant was compared to the experimental data, as
shown in Table 8. Two simulation cases were conducted in CFD simulations varying the
inlet velocity and the pollutant initial concentration. However, the experimental conversion
is virtually indistinguishable for both cases. The relative error between simulations and
experimental data obtained was equivalent to 4.1% and 3.1%.
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Table 8 — Computational fluid dynamics set-up and validation.

Catalyst disposition: FSI FSI
Velocity inlet (m/s): 0.43 0.54
Inlet molar fraction of n-decane 1.7-107* 25-107*
Inlet molar fraction of water vapor 1072 1072
Xiap (%) - 96.00 96.00
Xerp (%) : 99.97 99.00
Relative error (%): 4.1 3.1

Source: Matiazzo et al. (2022b).

4.4.2 Radiation field

To verify the impact that the disposition and the number of LEDs that compose the
illumination system have over the radiation field registered at the surface of the photocata-
lyst, 28 ray tracing simulations were conducted in accordance with Table 6.

The number of LEDs that compose the illumination system ranged from a total of 5
to 30 LEDs, arranged in two manners: staggered or inline. Altogether, the 7 LEDs plates
proposed had their plate-to-reactor distance varied between 6 mm and 48 mm (Table 6).
The systems analyzed reached irradiance values ranging from 57 W/m? to 589 W/m?,
meaning that 22% to 44% of the emitted light is absorbed by the catalyst.

Figure 29 — Irradiance values obtained through ray tracing. St. — 6 mm (staggered cases
1,9,17 and 25); St. — 12 mm (staggered cases 2, 10, 18 and 26); St. — 24 mm
(staggered cases 3, 11, 19 and 27); St. — 48 mm (staggered cases 4, 12, 20
and 28); In. — 6 mm (inline cases 5, 13 and 21); In. — 12 mm (inline cases 6,
14 and 22); In. — 24 mm (inline cases 7, 15 and 23); In. — 48 mm (inline cases
8, 16 and 24).
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Figure 29 shows the irradiance obtained at the surface of the catalyst inside the
NETmix photoreactor for each of the proposed illumination systems. In Figure 29 each line
shows the irradiance behavior for one of the arrangements at each of the LEDs-to-reactor
heights simulated (6 mm, 12 mm, 24 mm and 48 mm). The dotted lines show the behavior
for the staggered systems and the full lines represent the inline systems. The irradiance
values grow linearly with the increase of LEDs for each of the proposed arrangements,
and it is noticeable that the staggered systems yield slightly higher irradiance values. This
increment in the irradiance is particularly noticeable for greater LEDs-to-reactor distances.

In Figure 30 the absorption efficiency is plotted against the number of LEDs in
the system. Each line of the graph represents one LEDs-to-reactor distance and again
the dotted lines represent the staggered systems. Analogous to the irradiance, the ab-
sorption efficiency is a bit lower for the inline systems (around 1-2 percentage points).
Once more, the greater the LEDs-to-reactor distance, the higher is the influence of the
chosen alignment. The absorption efficiency is a clear function of the LEDs-to-reactor
distance, and ranges from around 20% for distances equivalent to 48 mm to above 40%
for LEDs-to-reactor distances of 6 mm and 12 mm.

Figure 30 — Light absorption efficiency of simulated cases. St. — 6 mm (staggered cases 1,
9, 17 and 25); St. — 12 mm (staggered cases 2, 10, 18 and 26); St. — 24 mm
(staggered cases 3, 11, 19 and 27); St. — 48 mm (staggered cases 4, 12, 20
and 28); In. — 6 mm (inline cases 5, 13 and 21); In. — 12 mm (inline cases 6,

14 and 22); In. — 24 mm (inline cases 7, 15 and 23); In. — 48 mm (inline cases
8, 16 and 24).
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Source: Matiazzo et al. (2022b).

The uniformity of the radiation field is also of interest. Therefore, the uniformity in-
dex (Equation (30)) weighted by the area of the catalyst is analyzed. Figure 31 shows
the uniformity index obtained for each illumination system. It is noticeable that when ob-
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serving the same arrangement type, a larger number of LEDs results in greater uniformity
indexes. Also, the inline arrangement produces higher radiation fields with significantly
higher uniformity.

Figure 31 — Irradiance field uniformity index. Dashed lines represent the staggered sys-
tems and full lines show the behavior of inline arrangement.

0.8
0.7
0.6
< ) -e- 5LEDs
e 05 ., -e- 12 LEDs |
o - e- 18 LEDs
oal d -e- 30 LEDs |
' / —+— 6 LEDs
o —+—15 LEDs
0.3 ——28 LEDs |
| | | |
10 20 30 40 50

Height (mm)
Source: Matiazzo et al. (2022b).

Figure 32 shows the calculated overall photonic efficiency. The obtained values
range from 14% to a maximum of 31% efficiency. It is noticeable that even with absorption
efficiencies slightly lower but presenting higher uniformity, the inline systems have overall
efficiencies higher than the staggered arrangement. For example, 15 LEDs arranged inline
present an overall photonic efficiency higher than 25% at LEDs-to-reactor distances inferior
to 20 mm. In the staggered arrangement, only the system with 30 LEDs is able to surpass
the 25% threshold. Also, the increase in the LEDs-to-reactor distance tend to take all the
systems to the same overall photonic efficiency of about 16%. For almost all the systems a
peak of efficiency is obtained at a LEDs-to-reactor distance equivalent to 12 mm, which is
also one of the distances that preserve high values of irradiance. This behavior is related
to the inverse square law, that states that the illumination intensity is proportional to the
inverse square of the distance from the light sources. Therefore, the irradiance values
decrease with the augment of LEDs-to-reactor distance, whilst the homogeneity increases.
The overall photonic efficiency overlaps both properties The overall photonic efficiency
overlaps both irradiance values and homogeneity and allows the identification of the ideal
LEDs-to-reactor distance, in this case 12 mm, in which the irradiance is kept high, and
the homogeneity is maximized. This ideal distance is characteristic of the employed LEDs
view angle, intensity distribution and power.
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Figure 32 — Overall photonic efficiency. Dashed lines represent the staggered systems and
full lines show the behavior of inline arrangement.
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Figure 33 — Irradiation maps cases with lowest and highest overall photonic efficiency.
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Figure 33 shows the irradiance map obtained for case 1-S (5 Staggered LEDs,
h = 6 mm) that presents the lowest overall photonic efficiency (n = 14%) and case 21-I
(28 Inline LEDs, h = 6 mm), that presents the highest overall photonic efficiency achieved
(n = 31%). Irradiance maps of all simulated cases are available in the supplementary
material (Appendix D).
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Figure 34 — Velocity flow inside the NETmix milli-photoreactor: a) isometric view of velocity
streamlines; b) top view of vector velocity for a plane in the center of the reactor;
c) vector velocity inside a reactor channel; d) top view of vector velocity inside
a reactor channel; e) top view of the velocity field inside a cylindrical chamber.

Source: Matiazzo et al. (2022b).

4.4.3 Degradation dynamics

To evaluate how the distinct illumination systems affect the pollutant degradation
inside the NETmix milli-photoreactor, fluid dynamics simulations were performed linking the
radiation fields obtained in each illumination system with the degradation of n-decane. The
28 CFD simulations were set with the same conditions (Table 7), except for the radiation
field. The flow inside the reactor is laminar, with an average Reynolds number equivalent
to 27 inside the prismatic channels. As shown in Figure 34, the flow is accelerated inside
the prismatic channels resulting in recirculation zones inside the cylindrical chambers.

Under the analyzed conditions, 31% to 99% of the pollutant was degraded in the
photoreactor. The degradation rate varied from 5.0-107% to 1.6-10~® kmol/m?-s. In Fig-
ure 35, the patterns of degradation rate and pollutant fraction over the catalyst for the
cases with lowest and highest conversions are presented. It is clear that the light intensity
distribution has great effect in the pollutant degradation rate. The chambers that receive
more illumination register higher irradiance values that in turn contribute to greater pollu-
tant local removal. The maps for pollutant fraction and degradation rate of all simulated
cases are also available in the supplementary material (Appendix D).

Figure 36 shows the fractional conversion obtained with each of the illumination
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Figure 35 — Pollutant degradation of selected cases.
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systems for the degradation of n-decane according to the conditions expressed in Table 7.
Each line shows the behavior of a system with the variation of the LEDs-to-reactor distance.
It is noticeable that the pollutant conversion increases with the number of LEDs, which is
expected since more LEDs in the system leads to higher irradiance values. Although irra-
diance values also increase with the decrease in LEDs-to-reactor distance, the conversion
does not follow this pattern and presents a peak of conversion at a distance equivalent
to 12 mm. This is related to the overall photonic efficiency (Figure 32) and shows that
the illumination system must be designed to provide the sufficient radiative energy levels
associated with a good uniformity in the radiation field. It is important to mention here that
the irradiance levels and uniformity index are not the only parameters that influence the
reaction performance. The velocity field and the amount of pollutant in the feed flow are
also determinant factors for the reactor’s performance. The mass transfer, for instance can
be appointed as the limiting factor in the cases with high irradiance values (28 and 30
LEDs). However, the focus of the current discussion is the photon transfer, for which was
verified that the LEDs-to-reactor distance plays a key role. Regarding the photon transfer,
independently of the LEDs arrangement and number, an ideal LEDs-to-reactor distance
was identified, as 12 mm, where both overall photonic efficiency and pollutant conversion
are maximized.
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Figure 36 — Fractional pollutant conversion. Dashed lines represent the staggered systems
and full lines show the behavior of inline arrangement.
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Figure 37 — Pollutant conversion against irradiance levels.
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Figure 37 shows the pollutant conversion as a function of the irradiance values.
Conversions above 95% were obtained for irradiance values above 400 W/m?, correspond-
ing to systems composed of 28 and 30 LEDs. However, systems that provide about 275
W/m? result in conversions a little under 90%. The cases that provide such illumination are
case 13-1, 14-1, 19-S and 24-I (Table 6). These cases are composed of 15, 18 or 28 LEDs.
Therefore, a system composed of 15 inline LEDs can be appointed as an ideal illumination
system for the degradation of n-decane in the studied conditions, since correctly choosing
the LEDs-to-reactor distance of a 15 LEDs plate can give similar results of an 18 LEDs
plate or even a 28 LEDs plate that has a greater LEDs-to-reactor distance. This demon-
strates that evaluating the irradiance levels along with the overall photonic efficiency and
homogeneity of the field can lead to improvements on the illumination system, translating
into better implantation and operational costs.

4.5 CONCLUSIONS

The radiation field incident on a TiO, film disposed in a FSI configuration in the
NETmix milli-photoreactor was successfully evaluated through a non-sequential ray tracing
technique. The use of 5, 12, 18 and 30 LEDs disposed in a staggered configuration were
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compared to 6, 15 and 28 LEDs disposed in an inline arrangement over the reactor’s
window.

The LEDs-to-reactor distance was varied for all the illumination systems proposed
and the resulting irradiance levels, absorption efficiency, uniformity of the radiation field
and overall photonic efficiency were compared. An ideal distance equal to 12 mm was
identified. With this LEDs-to-reactor distance, it is possible to achieve high irradiance levels
while improving the uniformity of the irradiance distribution across the catalyst surface.

The proposed systems provided irradiance levels ranging from 57 W/m? to
589 W/m?, with absorption efficiencies reaching 44% and uniformity indexes of up to 76%.
Therefore, the systems presented overall photonic efficiencies between 14% and 31%.

The radiation field results were incorporated into CFD simulations. The degradation
of n-decane was simulated for all of the 7 illumination systems with 4 LEDs-to-reactor
distances, which gives a total of 28 cases. Irradiance levels between 400 W/m? and 600
W/m? resulted in conversions superior to 95%, while irradiance levels around 275 W/m?
can convert near 90% of the inlet pollutant employing basically half of the LEDs.

Therefore, the combination of ray tracing and CFD simulations allows the identifi-
cation of an ideal illumination system composed of 15 inline LEDs with a LEDs-to-reactor
distance equivalent to 12 mm. This configuration was able to balance the number of re-
quired LEDs with high overall photonic efficiency, allowing the degradation of 89% of the
pollutant in the feed.
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5 COMPARISON OF CFD EMPLOYING AVERAGED IRRADIANCE VALUES AND CFD
COUPLED WITH RADIATION FIELD MODELING DATA

As stated previously, many of the works available in the literature employ averaged
values of irradiance into CFD simulations of photocatalytic oxidation, even if these values
were obtained through radiation field analysis. To quantify the relevance of coupling the
radiation field data with CFD, two cases from Chapter 4 were compared with CFD simula-
tions employing the averaged value of irradiance in the reaction rate instead of reading the
radiation field data.

Cases 1-S and 22-| (Table 6) presented the lowest and highest homogeneity index
(v) among the cases evaluated in Chapter 4. Case 1-S (Figure 38a) consisted of 5 LEDs
disposed in a staggered alignment with a LEDs-to-reactor distance equivalent to 6 mm.
This case provides an average irradiance equivalent to 99 W/m? with a homogeneity index
of 32%. Case 22-| (Figure 38b) is composed by 28 LEDs arranged inline with a LEDs-to-
reactor distance of 12 mm, such illumination system provides an average irradiation of
500 W/m? with a homogeneity index of 76%. Chapter 4 describes the CFD and radiation
field coupling of these cases and the obtained pollutant degradation found for cases 1-S
and 22-1 was 40.9% and 98.8%, respectively.

Two CFD simulations were conducted for the same conditions (Table 7) of cases 1-S
and 22-1 but instead of reading the radiation field profile the irradiance was implemented
in the user defined function (UDF) as a constant equivalent to 99 W/m? or 500 W/m?,
according to each case; therefore, in every point of the catalyst surface the irradiance
assumes the same value.

Figure 38 — Reaction rate on the catalyst surface.
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Figure 39 — Reaction rate on the catalyst surface.
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Figure 39 displays the reaction rate obtained at the catalyst surface for both cases
using the radiation profile and cases using an averaged value of irradiance. It is noticeable
that the patterns of the reaction rate differ from employing profile data and averaged values.
For case 1, that employs only 5 LEDs and has a lower homogeneity, the differences are
easier to spot. In Figure 39a the reaction rate is clearly faster in the chambers closer to the
position of the 5 LEDs, in the center of the reactor, that is expected since those chambers
are better illuminated due to their geometrical positions. Employing the averaged value of
irradiance does not reach the same reaction pattern, as seen in Figure 39c. In this case it
is assumed that every point of the catalyst receives the same amount of illumination and
therefore, the rate of reaction decreases, almost homogeneously, with the length of the
reactor as the pollutant becomes scarcer.

For case 22-I (Figure 39b) and its equivalent case with average values (Figure 39d)
the similar behavior was registered, however, with less intensity. These considerations
are reaffirmed analyzing the progression of the pollutant conversion along the length of
the reactor, Figure 40. Case 22-| and the simulation employing an average irradiance of
500 W/m? have similar behavior and similar pollutant conversion values. Therefore, both
cases produce very similar pollutants conversion and kinetic rates. This is related to the
fact that when 28 LEDs were employed in the current disposition a high level of irradiance
is registered, and the radiation field obtained has a high homogeneity index (76%). In this
way, the relative error of using an averaged value of irradiance was approximately only 1%.

On the other hand, the case employing only 5 LEDs (y = 32%) did not present
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Figure 40 — Pollutant conversion along the length of the reactor.
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the same level of similarity. As shown in Figure 40, in the case employing an average
value of 99 W/m? for irradiance the conversion of the pollutant has an approximate linear
progression through the length of the reactor. In case 1-S, using the radiation profile, the
pollutant conversion starts around the eighth chamber row and progress linearly until it
reaches the twentieth chamber row, and then the conversion stabilizes from this point
forwards. This is justified by the position of LEDs in the illumination system. Virtually no
light reaches the firsts and lasts chambers of the reactor. Therefore, the relative error of
employing averaged values of irradiance in this case can be as high as 24%, as specified
in Table 9. Consequently, it can be concluded that using average values of irradiance in
CFD simulations can only provide accurate results if the radiation field of the case presents
a high homogeneity index.

Table 9 — Comparison of results obtained for CFD simulations employing radiation field
data and averaged values.

Variable Number of Radiation Averaged Values Relative Error
LEDs Profile Data

Pollutant 5 40.9% 50.8% 24.0%

Conversion 28 98.8% 99.8% 1.0%

Degradation Rate 5 6.80-107° 8.05-107° 18.4%

(kmol/m?. s) 28 1.57.10°8 1.58-10°8 0.8%

Source: elaborated by the author (2022).
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6 PERFORMANCE EVALUATION OF THE MILLI-PHOTOCATALYTIC REACTOR NET-
MIX OPERATING UNDER DISTINCT REYNOLDS NUMBERS

In this chapter, the performance of the NETmix milli-photoreactor is evaluated ac-
cording to dimensionless numbers and to a number of transfer units method (NTUm). The
usefulness of the methodology and the adaptation from heat exchangers evaluations to
PCO was first presented by Yinping, Yang, and Zhao (2003). The method uses three dimen-
sionless fractional variables to evaluate the performance of the photocatalytic oxidation.
The variables are the fractional conversion (¢), the number of transfer units (NTUm) and
the reaction effectiveness parameter (7).

6.1 METHODOLOGY

The photocatalytic process investigated here was simulated under isothermal steady
state conditions with the Newtonian fluid being incompressible with constant variables. The
conservation of mass, momentum and species are summarized in Equations (32) to (38).
The realizable k£ — ¢ was employed to account for turbulence in the system as indicated in
Equations (39) to (44).

V- (pv) = (32)
V- (pvv +p'v)=-VP -V -1 (33)
V- (ppv) = -VP -V .71/ (34)
reff — vy, (35)
T=p(Vv+Vr') - ;MV vl (36)

T = pv'v (37)
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V- (pvzx; + pv'x}) = -V J; (38)
o= (Vv + V') — ;I (V- v + pk) (39)
L2
He = Cuﬁg (40)
1

= ———
Y404+ AURE

V- (k)= V- Km?) w:} + Py, — pe (42)
k
V(o) = - | (4 2) 9| = CopS. + €1 ZPy — Cop— (43)
P = K o, 1P9¢ ek 2pkz—|—\/1/_5
Pr = [Vv+ (Vv)'] : Vi (44)
where 0. = 12, Cy = 1.9, C; = max|043, n/(n + 5)| (with n = £kS/e ),
and C, = 1/(4.04+ AskU"/e), where As = 6Y%cos®,® = (cos™'6'2W) /3,
s w om e s = o J—— o 1 (0u;  Ou; 1 Ouy,
- 1 (0u; Ouy
Q== (24 -2
and % =5\ oz, ~ om,

Firstly, simulations of air and water flow were conducted for various Reynolds num-
bers without any reaction rate. Following, the oxidation of n-decane from an air stream
was conducted for distinct pollutant concentrations and inlet velocities (Table 10) for the
evaluation of the reactor performance according to number of mass transfer units (NTUm).

6.2 PRESSURE DROP AND FRICTION FACTOR BEHAVIOR

To evaluate the pressure drop and the friction factor simulations for the flow of air
and water were conducted for a variety of Reynolds numbers. Figure 41 depicts how the
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Table 10 — Boundary conditions of CFD cases for NTUm evaluation.

Velocity inlet: 0.01, 0.025, 0.05, 0.075, 0.1, 0.25, 0.5,
0.75, 1.0, 1.5, 2.0, 3.0, 5.0, 10.0 m/s

Molar fraction of n-decane: 71074,1.4.1073

Molar fraction of water vapor: 1072

Pressure outlet: Atmospheric

Walls: No slip

Reactive walls: Taee = 3.09- 1078 F C9:43 CO.18

Source: elaborated by the author (2022).

pressure drop increases in the NETmix reactor with the augment of Reynolds number.
The Reynolds number inside the channels of the reactor was varied from 0.2 to around
3,500 in numerical simulations. The pressure drop registered for an air stream varied
from 0.05 Pa to approximately 35,000 Pa. For a water stream the pressure drop ranged
from 0.2 Pa to about 122,000 Pa. For laminar flows, the dependency of AP with the
Reynolds number is linear due to the Hagen-Poiseuille equation, but in the presence of
vortex structures this dependency becomes a square law (KHAYDAROV; BOROVINSKAYA;
RESCHETILOWSKI, 2018). For Reynolds numbers lower than 10 this linear dependency
was verified and the pressure drop can be expressed as AP = 0.3 Re for the air flow
and AP = 1.1 Re for water flow. Covering a wider range of Reynolds numbers a square
law can describe the pressure drop in the reactor as AP = 0.0028 Re? + 0.5563 Re and
AP =0.0108 Re? + 1.6644 Re for air and water, respectively.

Figure 41 — Pressure drop for distinct Reynolds numbers.
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The Darcy friction factor (Equation (45)) normalizes the pressure drop based on
inertial scales and it is a dimensionless form to evaluate the flow resistance (NGUYEN;
ABOUEZZI; RISTROPH, 2021). In Figure 42 the friction factor calculated at each Reynolds
number is displayed for both air and water flows. For comparison an fp = 32/Re is plotted
alongside the results. For low Reynolds numbers the friction factor was approximately
equivalent to 32/Re. For Reynolds numbers between 10 and 100 the friction factor gradually
increases from 32/Re to 64/Re, which is still compatible with laminar flow. For Reynolds
numbers above 100 the friction factor increases potentially with the augment of Reynolds
number and tends to reach and stabilize at a value of around 0.5.

2 dy, AP
fo= 57— (45)
vl op

where AP (Pa) is the pressure drop, [ (m) is the length of the reactor, p (kg/m?) is the
density of the fluid, v (m/s) is the velocity and d;, (m) is the hydraulic diameter.

Figure 42 — Friction factor calculated at distinct Reynolds numbers.
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6.3 NUMBER OF MASS TRANSFER UNITS (NTU,,) ANALYSIS

Analogously to the number of transfer units (NTU) employed in the project of heat
exchangers, the number of mass transfer units (NTUm) for photocatalytic reactors can be
defined as in Equation (46).
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NTUm = KA

(46)

where K; (m/s) is the total removing factor (Equation (47)) based on the mass transfer
coefficient (h.n.ss) and apparent rate constant (k,,,), A4 (m?) is the catalytic area and G
(m3/s) is the flow rate through the reactor.

Ki=——— (47)

hmass kapp

The removal of VOCs can be measured through the use of Equation (48) that
represents the fractional conversion.

Cd inlet — C1d tlet
€ — ec.inle ec.outlet _ 1— e—NTUm (48)

Cdec.inlet

The effectiveness of the reaction is accessed through the ideal number of mass
transfer units, NTUm, .., (Equation (49)). Under ideal photocatalytic reaction conditions
the system is completely controlled by mass transfer; therefore k,,, — oo and then K,
becomes h,,..s (Equation (47)). Accordingly, NTUM;4cu:, €401, @nd n can be expressed as
in Equations (49)-(51).

NTUmideal = hmassA (49)
G
€ideal = 1-— eiNTUmidwl (50)
€
n= (51)

€ideal

As state by Walsem et al. (2018), the analysis of the reaction effectiveness parame-
ter (n) express if the system is mass transfer or reaction controlled. When k,,, > hinasss 0
approaches 1 and therefore the system is controlled by the mass transfer. Alterations in the
reactor’s geometry can be utilized to overcome such transfers limitations, for example. On
the other hand, if n approaches 0 (455 => kapp) the system is limited by the photocatalytic
reaction, and enhancements in the illumination system can be proved beneficial to the
reactor’s performance.
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To determine the reaction effectiveness, the mass transfer coefficient must be de-
termined in order to calculate the NTUm,,., (Equation (49)). The h,,..ss Can be determined
through the determination of the Sherwood number, employing Equations (52) to (55).

hmassdh
h = 2
o Ddec,m (5 )
d 0.45
Sh = She (1 + 0.0957"13@) (53)
H
She = 2.8932 + 4.6482 exp(—4.4754w) (54)
Pe = Re Sc = pvdn a v (55)

H P Ddec,m B Ddec,m

where Sh is the dimensionless Sherwood number, h,,.s; (M?/s) is the mass transfer co-
efficient, d;, (m?) is the hydraulic diameter, D,..., (m?/s) is the diffusion coefficient of the
VOC in the air mixture, Sh,, is the asymptotic value of Sherwood, Pe is the dimensionless
Péclet number, [ (m) is the reactor’s length, H (m) is height of the channel, W (m) is the
channel’s width, v (m/s) is the flow velocity, and Re and Sc represent the dimensionless
numbers of Reynolds and Schmidt, respectively.

Figure 43a shows the progression of the Péclet number (Equation (55)) with the
increase of Reynolds number. The evaluated flows have Reynolds numbers in the reac-
tor’s channels ranging from 0.5 to 530, consequently, the Péclet varies from 2 to 1980.
The obtained Péclet number was then introduced in Kashid, Renken, and Kiwi-Minsker
(2015) correlation of Sherwood number (Equation (53)). The resulted Sherwood number
(Figure 43b) was used to calculate the mass transfer coefficient as in Equation (52). The
calculated coefficients varied from 7.5-1072 m?/s to 1.1-10~2 m?/s (Figure 43c).

Figure 44 shows the number of mass transfer units calculated with the fractional
conversion (Equation (48)) and the NTUm;,.; calculated considering the system under
ideal photocatalytic conditions (Equation (49)). For Reynolds numbers under five a pollutant
conversion of 100% is achieved and the NTUm is identical to NTUm,,.,;. This means that for
these conditions the system is completely controlled by the mass transfer. As the Reynolds
number progress, the relative error between NTUm and NTUm,,., reaches up to 94%.

In Figure 45 the fractional conversion obtained in the simulations as well as the
ideal fractional conversion calculated are compared for two inlet pollutant concentrations.
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Figure 43 — Numbers of Péclet, Sherwood and mass transfer coefficients obtained at dif-
ferent Reynolds numbers.
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Figure 44 — NTUm comparison.
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Figure 45 also expresses the progression of reaction effectiveness for the distinct Reynolds
numbers analyzed. For Reynolds numbers lower than 10, the reaction effectiveness was
equivalent to 1. This means that the system operation under such conditions is controlled
by the mass transfer. For higher Reynolds numbers the reaction effectiveness factor de-
creases gradually to 0.13 and 0.09 for an initial pollutant concentration equivalent to
2.95-10~° kmol/m3 and 5.90-10—° kmol/m?3, respectively. Therefore, when higher Reynolds
numbers are employed n — 0 and the system becomes reaction controlled.
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Figure 45 — Fractional conversion and reaction effectiveness parameter.
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7 CONCLUDING REMARKS

Air quality in the workplace and inside households is a matter of growing concern,
since many building materials employed in construction sites, along with paints and furni-
ture items can exhale volatile organic compounds. Photocatalytic reactors are a promising
alternative for the treatment of air streams containing volatile organic compounds (VOCs),
resulting in the oxidation of those toxic compounds into inert species. The emergence of
LED technology facilitates the use of photocatalytic reactors and the miniaturization of such
systems, besides contributing to its lower costs of implantation and operation. Therefore,
in this work the aid of computational tools in the project of photocatalytic reactors was
explored.

A computational fluid dynamics (CFD) and a ray tracing model were coupled to
simulate the reactive flow and light transport in the NETmix milli-photocatalytic reactor
used in the removal of VOCs from air streams. For the model development, the optical
properties of the TiO, catalyst were investigated, as well as the reaction rate of a model
VOC pollutant, n-decane. Both, CFD and ray tracing simulations were validated success-
fully against experimental data. The model was then used to investigate the relevance of
the geometrical position, the arrangement and the number of the LEDs that compose the
reactor’s illumination system, as well as the impact that irradiance field levels and homo-
geneity have over the pollutants oxidation. A number of transfer units model (NTUm) was
also employed to verify the system bottleneck limitations. The main finds of the current
thesis are summarized as follows:

« the illumination system of the NETmix milli-photocatalytic reactor was evaluated con-
sidering two catalyst deposition schemes, back-side illumination (BSI) and front-side
illumination (FSI). The radiation field incident at a TiO, catalyst film was simulated
employing a non-sequential ray tracing algorithm and were validated against exper-
imental data. The validation of ray tracing simulations presented a relative error of
2.3% and 7.0% for the BSI and FSI schemes, respectively;

 the geometrical position of an illumination system composed of 18 LEDs was evalu-
ated considering three parameters, w, ¢ and h, that represent the proximity between
LEDs and the proximity of the LEDs plate to the photoreactor window. In total, 27
simulation points were generated for the 18 LEDs set. Simulations were conducted
for both BSI and FSI. The light absorption efficiency and the homogeneity of the radi-
ation film was evaluated. The pattern of the absorption efficiency was similar for both
BSI and FSI, however the homogeneity of the field in the FSI catalyst was inferior.
The results also show that the absorption efficiency increase with the proximity of
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LEDs to each other and to the reactor window, however in the same conditions the
homogeneity of the irradiation field decreases;

the use of 5, 12, 18 and 30 LEDs disposed in a staggered arrangement were com-
pared to 6, 15 and 28 LEDs disposed in an inline arrangement over the reactor’s
window. For each system the LEDs-to-reactor distance was varied and the radiation
field incident in a FSI TiO, catalyst thin film was evaluated. The irradiance levels,
absorption efficiency, uniformity and global efficiency provided by each LEDs set was
compared and latter coupled to CFD simulations for the n-decane removal from an
air stream;

variations in the number of LEDs in the illumination system resulted in irradiance
levels ranging from 57 W/m? to 589 W/m?, with absorption efficiencies reaching 44%
and uniformity indexes of up to 76%. Overall illumination efficiencies ranged from
14% to 31%. When the radiation fields were incorporated to CFD simulations, a
pattern for the ideal LEDs-to-reactor distance emerged. Independently of the number
of LEDs used in the system the best pollutant conversion was reached for an LEDs-
to-reactor distance equivalent to 12 mm. At such distance was possible to maintain
high irradiance levels with high field homogeneity;

irradiance levels between 400 W/m? and 600 W/m? resulted in conversions superior
to 95%, while irradiance levels around 275 W/m? can convert near 90% of the inlet
pollutant employing basically half of the LEDs. Therefore, the combination of ray
tracing and CFD simulations allow the identification of an ideal illumination system,
balancing absorption and homogeneity;

a number of mass transfer units method (NTUm) was employed to evaluate which
phenomena controls the system, either reaction rate or mass transfer, under
Reynolds numbers ranging from 0.5 to 530. The method demonstrates that under
low Reynolds numbers the performance of the photocatalytic reactor was controlled
by the mass transfer whilst for higher Reynolds numbers the bottleneck of the system
was the reaction rate.

Overall, CFD and ray tracing simulations are invaluable tools in the project design

and performance evaluation of photoreactors. Both techniques are of great assistance
in the modeling of mass and light transport. Also, it has been shown that the coupling
of radiation field data with CFD is of great importance for the accuracy of reaction rate
simulations above all for systems that provide radiation fields with low homogeneity. For
cases where the radiation field has high homogeneity indexes, employing an average
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irradiance value in the CFD simulations can be a reasonable simplification; however, the
same cannot be stated for radiation fields that lack homogeneity. With a homogeneity index
of only 32% a relative error as high as 24% has been registered in the pollutant conversion.
That said, the light transport is a defining phenomenon in the project and performance
of photocatalytic reactors and ray tracing techniques can be of great assistance to the
optimization of light transport in photocatalytic reactors.
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APPENDIX A — POLLUTANT DEGRADATION RATE

To propose a kinetic rate law for the degradation of n-decane, the experimental
data already published in Da Costa Filho et al. (2017) was considered. The NETmix was
operated using a back side illumination (BSI) mode, illuminated by a sunlight simulator.

A total of 36 experiments were analyzed, varying the illumination intensity, pollutant
concentration, relative humidity and feed flow. In Table (11), the specifications of cases 1 to
15 are disposed. In this, the relative humidity and the feed flow are maintained constants,
while the pollutant concentration and light intensities are varied.

The final pollutant conversion is also expressed in Table (11). This conversion values
will be latter compared to the simulations results, in order to evaluate the adequacy of the
proposed rate law.

Table 11 — Experimental data - analysis of pollutant concentration.

Case E (W/m?)  Qjeea (em?/min) RH (%) Cuec,feca (mol/m®)  Conversion (%)

1 18.9 140 30 3.23-107° 63.70
2 18.9 140 30 6.50-1073 38.33
3 18.9 140 30 1.00- 1072 24.34
4 18.9 140 30 1.31-1072 31.16
5 18.9 140 30 1.64-1072 24.54
6 29.1 140 30 3.23-1073 79.97
7 29.1 140 30 6.50-1073 45.46
8 29.1 140 30 1.00-1072 36.09
9 29.1 140 30 1.31-1072 36.56
10 20.1 140 30 1.64-1072 28.06
11 38.4 140 30 3.23-1073 82.59
12 38.4 140 30 6.50- 1073 55.72
13 38.4 140 30 1.00- 1072 47.96
14 38.4 140 30 1.31-1072 41.69
15 38.4 140 30 1.64-1072 31.40

Source: adapted from Da Costa Filho et al. (2017).

Cases represented in Table (12) evaluate the influence of the feed flow rate under a
constant n-decane concentration. The cases 16 to 19 are repeated with distinct illumination
intensities.

Lastly, cases 29 to 36, depicted in Table (13), investigate the influence of the relative
humidity on the degradation rate.

A.1 POWER LAW

First, a power law equation, that is a function of both n-decane and water vapor
concentration is considered, as expressed in Equation (56):

Tdec = kCiecCtiz0 (56)
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Table 12 — Experimental data - analysis of feed flow.

Case E (W/m?)  Qjeea (cm?/min) RH (%) Clcc,feea (mol/m?®)  Conversion (%)

16 18.9 70 30 1.31-1072 42.23
17 18.9 140 30 1.31-1072 22.81
18 18.9 220 30 1.31-1072 13.66
19 18.9 300 30 1.31-1072 5.94
20 20.1 70 30 1.31-1072 56.30
21 20.1 140 30 1.31-1072 30.82
22 29.1 220 30 1.31-1072 22.29
23 20.1 300 30 1.31-1072 11.87
24 38.4 70 30 1.31-1072 66.09
25 38.4 140 30 1.31-1072 33.91
26 38.4 220 30 1.31-1072 28.30
27 38.4 300 30 1.31-1072 17.43

Source: adapted from Da Costa Filho et al. (2017).

Table 13 — Experimental data - analysis of relative humidity.

Case FE (W/mQ) Qeed (cmz/min) RH (%) Clec,feed (mol/m®)  Conversion (%)

28 18.9 220 2 1.31-1072 9.89
29 18.9 220 15 1.31-1072 16.51
30 18.9 220 30 1.31-1072 13.70
31 20.1 220 2 1.31-1072 13.17
32 20.1 220 15 1.31-1072 21.50
33 29.1 220 30 1.31-1072 22.32
34 38.4 220 2 1.31-1072 19.12
35 384 220 15 1.31-1072 24.94
36 38.4 220 30 1.31-1072 28.23

Source: adapted from Da Costa Filho et al. (2017).

To fit the experimental data to Equation (56), first the data from cases 1 to 15 are
taken into consideration (same flow and relative humidity). Equation (57) is then considered
and linearized to became Equation (59). With the plot of the natural logarithm of r,.. vs.
the natural logarithm of the n-decane feed concentration, the parameters £* and n can be
determined.

Tdee = k:*(]gec (57)
where,

k= kCE o (58)

In(rgec) = In (k*CYL.) = In (k") + nin (Cgec) (59)

In Figure (46a), the plot of In(74e.) vs. In(Cgec, reea) PErMIts to find an average param-
eter n equivalent to 0.43, and a k* for each illuminance intensity.
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Figure 46 — Power law fit of experimental data.
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Source: elaborated by the author (2022).

Similarly, with Equations (60) to (62), and the plot of Figure (46b), an average
parameter m can be defined as 0.18, and a £’ is found for each illuminance intensity.

Tdec = K ]T'{ngO (60)
K= kCn, (61)
In(raec) = In (KCRo) = n () + min (Cy0) (62)

Both Equations (58) and (61) can be used to find the value of the constant &, present
in Equation (57). For each illuminance intensity, one value of k£ was determined. In Figure
(47) the value of k was plotted against the irradiance power, and therefore, the Equation
(63) is proposed to describe the degradation of n-decane.

Fgee = 3.09 - 107 ECYBCY1Y (63)

To evaluate the adequacy of Equation (63), cases 1 to 36 were simulated, and the
results of the pollutant conversion simulated were compared with the experimental data.
The relative error between simulation and experiments is expressed in Table (14).

The majority of cases presented a relative error inferior to 8%. The average of the
relative error is inferior of 10% for the irradiance values of 29.1 and 38.4 WW/m?. A greater
averaged error was found for the lesser irradiance, with almost 18% of error.
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Figure 47 — Power law fit of constant k.
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Table 14 — Relative error between experimental data and simulation results employing a
power law kinetic rate.

Case Experimental  Simulated  Relative | Case FExperimental  Simulated — Relative
Conversion Conversion Error Conversion Conversion Error
(%) (%) (%) (%) (%) (%)
01 63.70 45.62 28.38 19 5.94 10.76 81.28
02 38.33 32.28 15.79 20 56.30 60.15 6.84
03 24.34 25.80 6.01 21 30.82 33.12 7.48
04 31.16 22.36 28.26 22 22.29 21.79 2.26
05 24.54 19.82 19.22 23 11.87 16.22 36.69
06 79.97 64.04 19.92 24 66.09 75.69 14.52
07 45.46 46.85 3.06 25 33.91 43.68 28.83
08 36.09 37.96 5.19 26 28.30 29.13 2.94
09 36.56 33.12 9.39 27 17.43 21.82 25.22
10 28.06 29.50 5.16 28 9.89 9.39 5.05
11 82.59 78.97 4.39 29 16.51 13.07 20.83
12 55.72 60.30 8.23 30 13.70 14.53 6.08
13 47.96 49.68 3.58 31 13.17 14.18 7.68
14 41.69 43.68 4.78 32 21.50 19.64 8.64
15 31.40 39.12 24.60 33 22.32 21.79 2.39
16 42.23 42.13 0.22 34 19.12 19.12 0.00
17 22.81 22.36 1.97 35 24.94 26.29 5.41
18 13.66 14.53 6.42 36 28.23 29.13 3.18

Source: elaborated by the author (2022).
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A.2 MONOMOLECULAR LANGMUIR-HINSHELWOOD

Employing a monomolecular LH rate law, as in Equation (64), the kinetic parame-
ters can be obtained graphically when considering the linearization of Equation (64), as
Equations (65) and (66) bellow:

kcdec

= 64
Fdec 1 + Kdeccdec + chw ( )
1 11 Koo
— 65
Tdec k Cdec k ( )
1 11 Kieo K,
+ =2 C (66)

Tdec - Ecdec k deec Y

The constants & and K., are obtained with the plot of .- versus 5 — (Figure 48a).
On the other hand, the constant K, is achieved with the plot of i versus C,, (Figure 48Db).
The parameters were obtained for each light intensity, as showed in Table (15).

Figure 48 — Monomolecular L-H fit of experimental data.
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Source: elaborated by the author (2022).

If the parameters of Table (15) are divided by the light intensity (F), creating the new
parameters k', K. and K/, these new parameters can be expressed as linear functions
of E. Figure (49) shows these new parameters as functions of light intensity.
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Table 15 — Monomolecular L-H parameters.

E (W/m?) k Koo K,
18.9 4.97-107% 265935.78 —5949.64
29.1 6.27 - 107% 268386.07 —8512.94
38.4 5.62-107% 176989.70 —4186.52

Source: elaborated by the author (2022).

Figure 49 — Kinetic parameters as functions of light intensity.
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Source: elaborated by the author (2022).

Therefore, the monomolecular LH model proposed is the one expressed by Equation

(67):
k,ECdec
_ 7
Tdee = UK ECye + K, EC, (67)
where,
K =380-10°-595-107"E (68)
K, = 23270.30 — 485.05F (69)
K! =10.42F — 538.82 (70)

The proposed model was simulated and its results were compared to the experimen-
tal data, as shown in Table (16). However, it did not present a good fit to the experimental
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data. An averaged relative error of 156.34% was found, and for some points the error was
well superior than 200%. This lack of fit was already expected since the linearization of the
kinetic model does not represent a very well established linear fit, as already observed in
Figures (48a) and (48b).

Table 16 — Relative error between experimental data and simulation results employing a
L-H monomolecular kinetic rate.

Case FExperimental  Simulated  Relative | Case FExzperimental  Simulated  Relative
Conversion Conversion Error Conversion Conversion Error
(%) (%) (%) (%) (%) (%)

1 63.70 67.31 5.67 19 5.94 39.81 570.37
2 38.33 67.05 74.93 20 56.30 92.21 63.78
3 24.34 66.72 174.16 21 30.82 72.08 133.90
4 31.16 66.43 113.15 22 22.29 55.59 149.41
5 24.54 66.11 169.40 23 11.87 44.88 278.22
6 79.97 72.57 9.25 24 66.09 91.29 38.13
7 45.46 72.44 59.35 25 33.91 70.61 108.25
8 36.09 72.25 100.19 26 28.30 54.19 91.51
9 36.56 72.08 97.18 27 17.43 43.65 150.51
10 28.06 71.90 156.29 28 9.89 48.58 391.35
11 82.59 70.82 14.26 29 16.51 49.24 198.27
12 55.72 70.78 27.03 30 13.70 49.98 264.84
13 47.96 70.69 47.40 31 13.17 54.56 314.20
14 41.69 70.61 69.37 32 21.50 55.05 156.10
15 31.40 70.52 124.61 33 22.32 55.59 149.09
16 42.23 88.85 110.42 34 19.12 53.58 180.18
17 22.81 66.43 191.26 35 24.94 53.87 116.05
18 13.66 49.98 266.01 36 28.23 54.19 91.95

Source: elaborated by the author (2022).

A.3 BIMOLECULAR LANGMUIR-HINSHELWOOD

Considering a bimolecular Langmuir-Hinshelwood rate law, as in Equation (71), the
constant parameters of the model can be determined with the linearization of the equation.

o deecKdeech
Tdec = D) (71)
(1 + Kdechec + chw)

Using experiments run 1 to 15, where the water vapor concentration is maintained
constant, the linearization can be written as Equation (72). Meanwhile, when experiments
28 to 36 are taken into consideration, Equation (73) can be used.

]_ K ec C ec
d C'dec d

-+ —
\Y kvoc V kvoc Tdec

(72)
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1 K, Cy

Vo VR Ve

Therefore, the plot of the square root of the ratio of the n-decane concentration by

the experimental reaction rate versus the n-decane concentration, Figure (50a), permits

to determine the parameters k and K. for each light intensity, as listed in Table (17).

Analogously, when the pollutant concentration is replaced by the water vapor concentration,
Figure (50b), the parameter K, can be determined for each light intensity (Table (17)).

(73)

Figure 50 — Bimolecular L-H fit of experimental data.
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Source: elaborated by the author (2022).

Table 17 — Bimolecular LH parameters.

E (W/m?) k Koo K,
18.9 6.83-107Y 42663,10 8263.43
29.1 8.03-107Y 49635.14 6463.75
38.4 9.42-107% 49248.44 6834.50

Source: elaborated by the author (2022).

In an attempt to generalize the kinetic constants, the parameter k was plotted against
the light intensity, Figure (51a), obtaining a linear fit.

A linear fit was also obtained when K,../E is plotted against the light intensity
(Figure (51b)). Similarly, when K, /E is plotted against £, but in this case an exponential
fit is obtained (Figure (51c)).

Therefore, the generalized model based on the bimolecular Langmuir-Hinshelwood
kKinetic rate is expressed in Equation (74):
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Figure 51 — Generalization of constant bimolecular L-H kinetic constants.
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KK K CuoeCop B2

T dee = dec 5 (74)
(1+ EK), . Cy+ EK!,Cy)
where,
K =132-100""E +4.28-107° (75)
K. = 3190.09 — 50.05E (76)
K! = 18965.45E5 12 (77)

Cases 1 to 36 were then simulated employing the bimolecular LH model and the
pollutant conversions obtained are listed in Table (18). The relative error between simula-
tions and experimental data, however, is unsatisfactory. Most of the simulations return an
error greater than 50%. The global average error is 41%, which is superior than the average
error of the power law kinetic rate.

A.4 COMPARISON BETWEEN KINETIC MODELS

Figures (52) to (54) show the conversions obtained with each of the three kinetic
equations proposed. They are plotted and compared to the experimental data. In Figure
(52), the conversion of cases 1 to 15 is plotted. For these cases the varied parameter is
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Table 18 — Relative error between experimental data and simulation results employing a
bimolecular Langmuir-Hinshelwood kinetic rate.

Case Experimental  Simulated  Relative | Case FExperimental  Simulated  Relative

Conversion Conversion Error Conversion Conversion Error

(%) (%) (%) (%) (%) (%)
1 63.70 38.04 40.29 19 5.94 18.62 213.49
2 38.33 37.36 2.53 20 56.30 69.93 24.22
3 24.34 36.58 50.31 21 30.82 44.44 44.21
4 31.16 35.92 15.21 22 22.29 30.97 38.95
5 24.54 35.21 43.46 23 11.87 23.72 99.85
6 79.97 47.33 40.82 24 66.09 72.79 10.14
7 45.46 46.39 2.06 25 33.91 47.07 38.81
8 36.09 45.35 25.66 26 28.30 33.03 16.72
9 36.56 44.44 21.58 27 17.43 25.38 45.62
10 28.06 43.50 55.04 28 9.89 4.71 52.39
11 82.59 49.99 39.47 29 16.51 18.98 14.95
12 55.72 49.05 11.97 30 13.70 24.54 79.12
13 47.96 47.99 0.06 31 13.17 5.60 57.50

14 41.69 47.07 12.89 32 21.50 23.61 9.86
15 31.40 46.10 46.82 33 22.32 30.97 38.78
16 42.23 59.46 40.81 34 19.12 5.85 69.42

17 22.81 35.90 57.43 35 24.94 25.04 0.42
18 13.66 24.54 79.69 36 28.23 33.03 16.99

Source: elaborated by the author (2022).

Figure 52 — Kinetic comparison - Cases 1 to 15.
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the initial concentration of the pollutant. Figure (52a) employs an average irradiance of
18.9 W/m?, while Figure (52b) uses 29.1 W/m? and Figure (52c) 38.4 W/m?.

When the models are compared between each other and with the experimental
data, it is noticeable the high divergence of the monomolecular Langmuir-Hinshelwood
from the other models and from the experimental data.

It is also clear that neither the Langmuir-Hinshelwood based equations are capable
to describe the behavior of distinct pollutant inlet concentrations. The power law equa-
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tions is the one that best adapts to the experimental data, although a slight distancing is
observed at the lesser pollutant concentrations for the two smaller irradiance intensities.

Figure (53) maps the pollutant conversion for different flow rates. Figures (53a) to
(53c) show the experimental and simulated data for £ = 18.9 W/m?, E = 29.1 W/m? and
E = 38.4 W/m?, respectively.

All the models present similar behavior, that is, conversion decreases with the in-
crease of the inlet flow. The monomolecular L-H model presents a much higher conversion
than the experimental data. The power law equation is the one that presented the closest
results to the experimental data, mainly for the two lower radiance intensities.

Figure 53 — Kinetic comparison - Cases 16 to 27.
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Lastly, Figure (54) depict the results of conversion for the cases varying the relative
humidity of water. Figures (54a) to (54c) show the data employing £ = 18.9 W/m?, E =
29.1 W/m?* and E = 38.4 W/m?, respectively.

It is clear, from the figures, that the monomolecular L-H model is once again not
capable to describe the behavior of the experimental data. The bimolecular L-H model
has a close response when the relative humidity employed is equivalent to 15% (Cater =
1.73 - 10~* mol /m?3). However, for higher or lower concentrations a great distancing from
the experimental data is verified. Therefore, from the three models proposed, the one that
best fit the experimental data is the power law equation (r4.. = 3.09 - 10~ *ECS;23CY;18); and
for that, it is the model implemented in the conducted research.
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Figure 54 — Kinetic comparison - Cases 28 to 36.
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APPENDIX B — COMPUTATIONAL FLUID DYNAMIC ANALYSIS - GCI AND
VALIDATION

For numerical simulations of the reactive flow, the software suite Ansys 2020 was
employed. For the reactor’'s geometry the 3D modeling software SpaceClaim was used,
the mesh was generated in Ansys Meshing and the numerical simulations were solved
employing the Ansys Fluent solver with parallel processing applying 4 to 8 cores.

As boundary condition, at the inlet of the reactor the velocity-inlet boundary condition
was selected, while at the outlet of the reactor the pressure-outlet was selected, where
atmospheric pressure was considered (Figure 55). The proposed rate laws for the surface
reaction of n-decane decomposition was implemented as user-defined functions (UDFs).

Figure 55 — CFD model boundary conditions.
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- Tgee = k1 ClecCw

Source: elaborated by the author (2022).

The convergence criteria of the steady-state simulations was set as 10~3 for momen-
tum and continuity, 10~ for energy, 10~° for the n-decane and 10~° for the water-vapour.

The radiation field was coupled into the CFD simulations through reading a .csv
profile containing coordinate and irradiance data and this values were accessed by the
user defined function (UDF), that cointain the kinetic rate law, via an user defined scalar
(UDS).

B.1 GRID CONVERGENCE INDEX

In order to evaluate the numerical uncertainty due to the construction of the mesh,
the Grid Convergence Index (GCl), a method proposed by Roache (1994), was employed.
This method estimates the refinement error of the mesh based on the Richardson ex-
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trapolation theory and uses three meshes with different levels of refinement (ROACHE,
1997).

Therefore three meshes were created, resulting in meshes with 23,306,450 ele-
ments (Grid 1 - Fine), 10,785,298 (Grid 2 - Intermediary) and 5,527,670 elements (Grid
3 - Coarse), which corresponds to a grid refinement factor, r, of approximately 1.3. The
configuration of the simulations used in the GClI test are detailed in Table 19.

Table 19 — GClI test settings.

NETmix type: FSI
Inlet Boundary Condition:  Velocity-Inlet = 0.4263 m/s
Ci0Hss Inlet Mole Fraction:  1.67-1074
Relative Humidity: 30%
Temperature: 298 K
Outlet Boundary Condition: Pressure-Outlet
- Atmospheric pressure

Wall Boundary Condition: ~ No-Slip

Source: elaborated by the author (2022).

To calculate the numerical uncertainty, an algorithm was developed in the software
Octave 4.0.3 based on the routine described by Celik et al. (2008). The surface reaction
rate, the mean n-decane concentration in a plane localized in the center of the reactor
and the velocity inside a chamber were evaluated. The result of each variable was plotted
against the inverse number of elements, as shown in Figure 56. In all cases an asymptotic
behavior is observed and for all variables the GCI value calculated is under 2%. There-
fore, the intermediary mesh, containing 10,785,298 elements, was selected for further
simulations due to the usage of around a third of the simulation time required by the finer
grid.

Figure 56 — Grid Convergence Index.
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B.2 COMPUTATIONAL FLUID DYNAMIC VALIDATION

From the experiments of Da Costa Filho et al. (2019), n-decane was degraded under
three conditions under the 18 LEDs simulated in the previous section. The three reaction
points were simulated with the mesh containing 10,785,298 elements. Equation 78 was
employed for the kinetic rate.

dec

Face = 3.0878 SECH23 Y16 (78)

The simulated cases have distinct catalyst dispositions, inlet velocities and distinct
pollutant concentration. All cases were conducted with a relative humidity equivalent to
30% at a temperature of 298 K. The irradiance profile and the power law kinetic equation
regressed was capable of representing the experimental data with good agreement. For
all of the cases simulated the relative error between experimental data and the pollutant
conversion data was bellow 10% (Table 20).

Table 20 — Computational fluid dynamics set-up and validation.

Case « Case 8 Case o
Catalyst disposition: BSI FSI FSI
Velocity Inlet (m/s) : 0.54 0.43 0.54
ChoHay Inlet Mole Fraction : 2.47-107% 1.67-107* 2.49-1074
Xpap (%) 90 96 96
Xerp (%) : 84.50 99.97 99.00
Relative Error (%) : 6.1 4.1 3.1

Source: elaborated by the author (2022).

Figure 57 presents the degradation rate registered at the catalyst surface. It is
possible to notice that the BSI case (case a) present local kinetic rate values higher than
the FSI cases. This is due to the irradiance values, that are of superior intensity in the
BSI since the proximity to the LEDs and lack of shadows produced by the reactor’s walls
contribute to the obtainment of greater irradiance values.
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Figure 57 — Reaction rate of validated cases.
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Figure 59 — Irradiance maps of cases 1 to 27 for BSI and FSl illumination schemes.
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Figure 60 — LEDs far-field angular distribution.
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Figure 61 — LEDs near-field distribution.
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OXIDATION AT GAS PHASE

(b) 6 Inline LEDs - Cases 5to 8

posed.

APPENDIX D - SUPLEMENTARY MATERIAL - CFD AND RADIATION FIELD
MODELING OF THE NETMIX MILLI-PHOTOCATALYTIC REACTOR FOR N-DECANE
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Figure 63 — Irradiance maps of cases 1 to 28.
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Figure 64 — Reaction rate of cases 1 to 28.
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Figure 65 — Pollutant molar fraction at the bottom of the NETmix reactor for cases 1 to 28.
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