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RESUMO

A transmissdao do SARS-CoV-2 através do contato com superficies contaminadas no
ambiente ou por objetos vem sendo cada vez mais descrita como uma importante forma
de transmissibilidade. Desta forma, o objetivo deste trabalho foi de projetar e avaliar o
desempenho de uma camara de desinfeccdo por spray para aspersdo instantanea de
solucdo de agente biocida, por meio de ensaios experimentais e modelagem
computacional, bem como, propor os ajustes necessarios na configuragdao para
melhorar a aspersdo sobre superficies e, consequentemente, a eficacia do equipamento
desenvolvido. Sete microrganismos teste foram preparados e inoculados na superficie
de sete tipos de EPI (mdscara respiratéria, protetor facial, sapato, luva, touca, éculos de
seguranca e jaleco). Os testes foram realizados em EPIs previamente contaminados
utilizando um manequim com dispositivo de movimento para exposicdo a cdmara com
agente biocida (hipoclorito de sédio). Simula¢cdes CFD da presente tecnologia (camara
com 6 bicos nebulizadores) também foram realizadas aplicando o método dos volumes
finitos e o modelo de turbuléncia SST k — w e validadas por meio de comparagées, de
forma qualitativa e quantitativa, com ensaios experimentais realizados utilizando o
método Water-Sensitive Paper (WSP). Apds avaliacao, foi identificado que o sistema de
aspersao com o agente biocida foi eficaz na reducdo da carga microbiana, sendo a
reducdo percentual igual a> 99% e, consequentemente, trazendo o nimero de células
vidveis para <10 UFC / mL e <0,33 UFC / cm? apds tempos de exposicdo de 10 e 30 s em
96,93% nas condi¢cOes experimentais analisadas. Além disso, foi proposto um novo
procedimento de passagem para a camara com seis bicos e uma nova configuragao da
camara de desinfec¢do. Na camara com 6 bicos foi identificada deficiéncia em sua regiao
central, onde a concentragao de gotas suspensas era proxima a zero. No entanto, com
o procedimento de nova passagem, houve um aumento significativo na molhabilidade
da superficie. Com a proposicdo da cdamara com 12 bicos, a concentracdo de gotas em
suspensdo nas diferentes regides foi maior, com um aumento médio de 266%. Os

resultados experimentais da nova configuragdo comprovaram que houve um aumento



da molhabilidade em todos os momentos de exposicdo, sendo mais significativo para

uma exposicao de 30 s.

Palavras-chave: SARS-CoV-2; camara de desinfeccdo; spray; agente biocida;

descontaminacao; Water-sensitive paper; CFD.



ABSTRACT

The transmission of SARS-CoV-2 through contact with contaminated surfaces in the
environment or by objects has been increasingly described as an important form of
transmissibility. Thus, the objective of this work was to design and evaluate the
performance of a spray disinfection chamber for instant sprinkling of biocidal agent
solution, by means of experimental tests and computational modeling, as well as to
propose the necessary adjustments in the configuration to improve sprinkling on
surfaces and, consequently, the effectiveness of the developed equipment. Seven test
microorganisms were prepared and inoculated on the surface of seven types of PPE
(respiratory mask, face shield, shoe, glove, cap, safety glasses and lab coat). The tests
were performed on previously contaminated PPE using a mannequin with a movement
device for exposure to the chamber with a biocidal agent (sodium hypochlorite). CFD
simulations of the present technology (chamber with 6 nebulizer nozzles) were also
performed using the finite volume method and the SST k - w turbulence model and
validated through comparisons, qualitatively and quantitatively, with experimental tests
performed using the method Water-Sensitive Paper (WSP). After evaluation, it was
identified that the spray system with the biocidal agent was effective in reducing the
microbial load, with the percentage reduction equal to> 99% and, consequently,
bringing the number of viable cells to <10 CFU / mL and <0, 33 CFU / cm? after exposure
times of 10 and 30 s in 96.93% in the experimental conditions analyzed. In addition, it
was proposed a new passage procedure for the chamber with six nozzles and a new
configuration of the disinfection chamber. In the chamber with 6 nozzles, a deficiency
was identified in its central region, where the concentration of suspended droplets was
close to zero. However, with the new pass procedure, there was a significant increase in
surface wettability. With the proposition of the chamber with 12 nozzles, the
concentration of drops in suspension in the different regions was higher, with an
average increase of 266%. The experimental results of the new configuration proved
that there was an increase in wettability at all times of exposure, being more significant

for an exposure of 30 s.



Keywords: SARS-CoV-2; disinfection chamber; spray; biocidal agent; decontamination;

Water-Sensitive Paper; CFD.
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1. INTRODUCAO

A COVID-19 (do inglés: Coronavirus Disease 2019), doenca que tem como
caracteristica uma sindrome respiratéria aguda grave, é causada pelo coronavirus-2
(SARS-CoV-2), que surgiu na cidade de Wuhan, localizada na provincia de Hubei na China
e que se disseminou pelo mundo em semanas [1-4]. Em 11 de margo de 2020 a
Organiza¢ao Mundial de Saude (OMS) declarou a COVID-19 como uma pandemia [5], e
mais de 160 milhdes de casos ja foram notificados em todo o mundo até maio de 2021,
onde, Estados Unidos, india e Brasil sdo os trés paises com o maior nimero de casos
notificados e juntos representam 43,8% do total de infectados pelo SARS-CoV-2 no
mundo [6]. A Figura 1 apresenta o cendrio mundial de casos de infec¢ao por COVID-19

confirmados.

Figura 1: Casos de infecgdao por COVID-19 confirmados no mundo [6].
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Embora tenha havido alerta sobre a ameaca do virus que causam doencas
respiratorios [7], o SARS-CoV-2 se espalhou a uma taxa sem precedentes, sendo urgente
a necessidade de vdrias abordagens para enfrentamento dessa crise [8-10]. A
transmissao do SARS-CoV-2 pode ocorrer por meio de contato direto com superficies

contaminadas ou pelo ar e, principalmente, através de contato direto com pessoas
18



contaminadas e secrecdes bioldgicas [11-16]. Desde o inicio da pandemia, diversos
paises tém adotado diferentes medidas desafiadoras para reduzir as taxas de infec¢do
e, consequentemente, evitar o colapso dos sistemas de saude [17]. Dessa forma, uma
variedade de intervencdes ndo farmacéuticas foi adotada, como os bloqueios regionais
completos, fechamentos de atividades/comércio ndo essenciais, testagem em massa da
populacdo, medidas de quarentena, rastreamento de infectados, construcdo de
hospitais destinados para o tratamento da COVID-19 e desenvolvimento de novas
tecnologias de desinfeccao [18,19].

E importante destacar que a pandemia causada pelo virus SARS-CoV-2 afetou
inumeras pessoas em todo o mundo. O controle desta pandemia em tempo real é agora
uma grande prioridade da comunidade cientifica e governos de diferentes partes do
mundo [20]. As medidas de precauc¢do durante e apds a pandemia despertou o papel da
sanitizacdo na contencdo da propagacdo de doencas. O objetivo do processo de
sanitizagao é a remogdo de microrganismos e inativagdo através de uma ou ambas
etapas: (i) tratamento mecanico ou térmico e/ou (ii) uso de agentes antimicrobianos
para descontaminar as partes do corpo, objeto ou superficies, conforme apresentado
na Figura 2 [21].

Até este momento, o distanciamento social surgiu como uma ferramenta util
para desacelerar a propagacao do virus SARS- CoV-2. Em locais publicos, entretanto, é
dificil manter o distanciamento social por um longo periodo. Para diminuir a propagacao
da doenga, um sistema de sanitizagdo foi desenvolvido para interromper a cadeia de
propagacao do virus em locais publicos, independentemente das condi¢des de higiene

das pessoas [22].
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Figura 2: Métodos usados para a higienizagdo e desinfecgdo de pessoas, objetos e espagos infectados

[21].
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1.1. Justificativa

A transmissdo através do contato com superficies contaminadas no ambiente ou
por objetos vem sendo cada vez mais descrita como uma importante forma de
transmissibilidade [23,24] que, inclusive, ja foi demonstrada para o SARS-CoV-2 [25,26].
A busca e avaliacdo da eficdcia de alguns agentes biocidas e tecnologias que fazem uso
desses agentes para a desinfecgdao de ambientes e superficies contaminadas tem como
base estudos anteriores, principalmente com virus relacionados, como o SARS-CoV
(coronavirus da Sindrome Respiratéria Aguda Grave) e o MERS (coronavirus da
Sindrome Respiratéria do Oriente Médio) [27-29]. Mesmo com a descoberta de vacinas
capazes de combater o virus e com aproximadamente 1,4 bilhGes de pessoas imunizadas

em todo o mundo [30], as medidas de desinfeccdo podem potencialmente, desde que
20



comprovadas sua seguranca de utilizagdo, ajudar na inibicdo da transmissibilidade do
virus [1].

Desde o inicio da pandemia, novas tecnologias e protocolos passaram a ser
desenvolvidos com o propdsito de exercer o controle microbiano de forma eficiente,
possibilitando uma reducado da taxa de infec¢do [31,32]. Tecnologias essas que passaram
a ser adotadas para auxiliar no combate a contaminag¢do por SARS-CoV-2. Por exemplo,
estudos anteriores demonstraram os beneficios do uso de dispositivos de luz
ultravioleta para desinfec¢do de ambientes hospitalares [33], dispositivos portateis com
sistemas de pulverizagdo para descontaminagdao de superficie [34] e camaras de
desinfec¢cdo com diferentes agentes biocidas [35]. Esses novos desenvolvimentos tém
demonstrado auxiliar no controle da carga microbiana com base em evidéncias de testes
em diferentes microrganismos, principalmente em ambientes nosocomiais, um dos
principais problemas de saude publica em todo o mundo [36] e, portanto, representam
grande potencial de aplicacdo durante e apds a pandemia causada pelo SARS-CoV-2.

Nesse contexto, os tuneis/cdmaras de desinfec¢do surgiram como uma medida
de sanitizacdo. Eles podem ser instalados em diversos locais, principalmente os quais
podem ter grande circulagdo de pessoas (Figura 3). O primeiro tunel foi instalado na
China e foi desenvolvido por outros paises. Essas estruturas portateis sao feitas de ago
e policloreto de vinila (PVC) com distancias variando de 4 a 8 metros e podem ser do
tipo estatico e dinamico. No tipo estatico, a pessoa gira dentro da estagao por 10-15
segundos, e o desinfetante é pulverizado a partir de bicos dispostos em toda a
circunferéncia. O tipo dindmico é uma passagem em gue a pessoa se move por 4-8
metros e o dispositivo pulveriza o desinfetante por todo o caminho. Esses tuneis sdo
equipados com detectores infravermelhos (baseados em sensores) que ativam o spray
desinfetante sempre que uma pessoa entra [37].

Basicamente, esses tuneis borrifam uma névoa de uma solugdo desinfetante.
Entretanto, a pulverizagdo ou nebulizagdo de certos produtos quimicos, como
formaldeido ou compostos de amoénio quaternario, ndo é recomendado pela
Organizacdo Mundial da Saide (OMS) e ANVISA (Nota Técnica n° 30/2020), pois ndo ha
nenhuma evidéncia cientifica sobre a eficacia, bem como, pelos efeitos adversos a saude

[38].
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Figura 3: Tunel de passagem de desinfetante instalado em Islamabad, Paquistdo [38].

Neste sentido, recentemente foi desenvolvido um equipamento que promove a
aspersao de solucdo do agente biocida para a desinfeccdo instantanea dos
equipamentos de protec¢do individual (EPIs) e que estd sendo utilizado em alguns dos
hospitais de referéncia para o tratamento da COVID-19 no Brasil. A avaliagao de sua
eficacia, seguranca e aceitacdao entre os profissionais foram realizadas por meio de
ensaios experimentais utilizando superficies previamente contaminadas e analisando de
forma qualitativa a deposicao de particulas nas regides de estudo [39], bem como, pela
coleta de informacdes utilizando questionarios estruturados envolvendo mais de 400
profissionais usuarios [40].

O uso de desinfetantes no controle de infeccdes e os custos associados as
infeccOes associadas a salde sdo extremamente importantes, visto que podem ser
usados em superficies e/ou objetos inanimados para eliminar a maioria dos
microrganismos patogénicos [41].

Diferentes tipos de microrganismos variam em sua resposta a agdao de
desinfetantes devido as suas caracteristicas estruturais, composicao e fisiologia celular,
conforme apresentados na Tabela 1. De um modo geral, bactérias e fungos possuem
uma resisténcia intrinseca para reduzir a permeabilidade de antissépticos e
desinfetantes através da parede celular e uma resisténcia adquirida por mutagdes ou
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aquisicdo de plasmideos [42,43]. Os virus possuem caracteristicas Unicas e especificas

gue influenciam a inativacdo por desinfetantes, como o tamanho (virus maiores sdo

mais sensiveis) e a presenca do envelope celular, que é necessdrio para a infeccdo e,

portanto, uma interferéncia no envelope pode reduzir a infectividade viral. Virus Herpes

Simplex, Virus da imunodeficiéncia humana (HIV), Influenza e coronavirus sdo exemplos

de virus envelopado com baixa resisténcia aos desinfetantes [44].

Tabela 1: Aplicacao de hipoclorito de sédio em diferentes concentragdes na inativacao de virus,

bactérias e fungos [45-54].

Desinfetante Morte microbiana Tempo de Aplicagao
contato
Biofilmes de Enterococcus faecalis,
. 30 segundos,
Staphylococcus aureus, Candida exceto para C
NacClO (2,5% e albicans, Porphyromonas gingivalis, ] P ’ .
. albicans e S. Odontologia
5,25%) P. endodontalis, Prevotella
. . . aureus (300
intermedia e Fusobacterium
segundos)
nucleatum
NaClO(1e E. faecalis, S. aureus, Escherichia imediato Odontologia
5%) coli, P. gingivalis e F. nucleatum &

NaClO (0,21%) Virus da hepatite murina* 30 segundos Descont?mlnagao

ambiental

NacClO (0,08 - E. faecalis, S. epidermidis, C. .

6%) albicans e E. coli 30 segundos Odontologia
NaclO (0,5%, E. faecalis, C. albicans e associagdo 24 horas Odontologia
2,5% e 5,25%) destes. (antibiograma) &

S. aureus sensivel a meticilina, S.
NacClO (1%) aureus resistente a meticilina, . Descontaminagdo
. . . 30 minutos .
aerossolizado  Pseudomonas aeruginosa e Bacillus ambiental
subtilis subsp. spizizenii
Solugdo
irrigante de Biofilme de E. faecalis 10 minutos Odontologia

NacClO (2,5%)

NacClO (2,5% e g . . .
5,25%) Biofilme de E. faecalis 30 minutos Odontologia
NacClo

(0,228g/L) S
, . . A , . D t
disperso em Virus da diarreia epidémica suina* 10 minutos escontaminacao

umidificador
ultrassonico

de EPI

NaClo (0,1 e
0,525%)

Coronavirus humano (HCoV 229e)

15 segundos

Descontaminagao
ambiental

* modelo com propriedades biofisicas e estrutura gendmica semelhantes aos coronavirus humanos.

Além das propriedades de desinfeccdo da solucdo utilizada, a eficacia dessa

tecnologia é também dependente da configuracdo e forma de uso do equipamento. A
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disposicdo de bicos e procedimento de passagem podem influenciar na molhabilidade
das superficies de estudo e, consequentemente, no desempenho da desinfecgdo. [55].

Simulagdes numéricas tem se mostrado Uteis para avaliagdao de fluxo de ar e
trajetoria de material particulado onde é importante a compreensao do fendbmeno fisico
para fins médicos e de pesquisa [56-58]. Alguns estudos apresentaram
desenvolvimento de cdmaras de desinfec¢do por meio de fluidodindmica computacional
(CFD) e ilustraram técnicas de validacdo por meio deste tipo de simulacdo [55, 59]. Dessa
forma, CFD pode ser uma alternativa interessante para avaliar tecnologias ja

desenvolvidas ou novas proposigoes.

1.2. Objetivos

1.2.1. Objetivo Geral

O objetivo geral deste trabalho foi de projetar e avaliar o desempenho de uma
camara de desinfeccdo por spray para aspersao instantdnea de solucdo de agente
biocida, por meio de ensaios experimentais e modelagem computacional, bem como,
propor os ajustes necessarios na configuracdo para melhorar a aspersdao sobre

superficies e, consequentemente, a eficacia do equipamento desenvolvido.

1.2.2. Objetivos Especificos

e Projetar camara de desinfeccdo por aspersao de agente biocida

e Realizar ensaios experimentais para avaliar a eficicia do agente biocida na
inativacao de bactérias e fungos em tempos de exposi¢dao de 10 e 30 segundos;

e Realizar simula¢des CFD de bico nebulizador e cdmara de desinfeccao aplicando
o método dos volumes finitos e o modelo de turbuléncia SST k — w;

e Avaliar a molhabilidade da cdmara de desinfeccdo por meio de ensaios
experimentais expondo WSP aplicados ao corpo em tempos de 10 e 30

segundos;
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e Propor nova configuragdo da camara de desinfec¢ado aumentando o nimero e

posi¢des dos bicos nebulizadores.

1.3. Estrutura do Trabalho

Este trabalho foi organizado no formato de capitulos para uma melhor
apresentagdo e entendimento do mesmo, possuindo no total cinco capitulos, conforme
descrito a seguir:

O capitulo 1 constitui a introdugao, os objetivos e a estrutura desta dissertagao.
Neste capitulo o contexto geral que sustenta a importancia do desenvolvimento da
dissertacdo é discutido, evidenciando suas principais contribuigdes cientificas.

O capitulo 2 apresenta a revisao bibliografica que é dividida em trés tépicos. O
primeiro traz tecnologias de desinfecgao desenvolvidas para descontaminagdao de
superficies. O segundo aprofunda sobre os modelos matematico e numérico aplicados
para simulacdo CFD de bicos nebulizadores. O terceiro apresenta trabalhos correlatos.

O capitulo 3 apresenta um artigo publicado na PloS One (junho de 2021), como
parte do desenvolvimento dos objetivos especificos desse trabalho. Refere-se a
avaliacdo da eficacia do agente biocida utilizado na pesquisa para inativacdo de
diferentes microrganismos, incluindo bactérias e fungos. Os resultados deste trabalho
evidenciam a viabilidade da técnica baseada na descontaminacdo de superficies de EPI’s
por meio de aspersdo de agente biocida e sustentam o aprofundamento do estudo a
partir de modelagem computacional.

O capitulo 4 apresenta um artigo publicado na PloS One (maio de 2021),
constituindo o desenvolvimento do modelo computacional para avaliacdo da eficdcia e
proposicdo de nova configuracdo da tecnologia, atendendo aos objetivos especificos
desse trabalho. Neste capitulo sdo apresentadas as etapas do processo de
caracterizacdo do bico nebulizador, desenvolvimento do modelo computacional,
ensaios experimentais e resultados.

O capitulo 5 consiste na conclusdao do trabalho e apresenta sugestdo para

trabalhos futuros.
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2. REVISAO BIBLIOGRAFICA

2.1. Tecnologias de Desinfec¢ao

A necessidade de promover melhorias nos processos de limpeza e desinfeccdo
de superficies ambientais vem crescendo em grande consenso entre as areas. Apesar do
empenho e acesso a tecnologias que atuam no controle de infecgGes, ao contrario das
expectativas, seus riscos crescem a cada dia afetando cotidianamente a vida das
pessoas. Essa situacdo é agravada pelo nimero crescente de pessoas susceptiveis a
infecgOes [1]. O uso de solugdes desinfetantes na descontaminagdo ambiental é, de
certa forma, uma das acdes que foram requeridas no combate as infec¢des por conta
do crescente aumento de microrganismos multirresistentes aos tratamentos com
antimicrobianos e associados as elevadas taxas de infeccdes nosocomiais [2].

Dessa forma, a desinfeccdo de superficies foi incluida em varias politicas e
recomendagdes nacionais e internacionais de combate as infec¢des ambientais. Em
contraste com a higiene das maos, atividade normalmente habitual no cotidiano, a
opinido de que a desinfeccdo ambiental é importante comegou recentemente a ganhar
espaco [3], bem como as metodologias e tecnologias passiveis de auxiliar esse processo.
Recentemente, com a pandemia do SARS-CoV-2, o desenvolvimento de cdmaras/tuneis
de desinfecgao foi um exemplo da rapida inovagao em resposta a disseminagao desse
virus pelo ambiente [4], que apesar de ser potencialmente transmitido através das vias
aéreas, diversos estudos identificaram a sua potencial transmissdo através de
superficies contaminadas [5]. As camaras de desinfeccdo sdo equipamentos que
possuem um ponto de entrada e saida, a camara onde ocorre o processo de desinfecgao,
reservatério para o fornecimento de solvente (em caso de substancias liquidas),
alimentacdo elétrica, fornecimento de ar e compressor (normalmente ndo obrigatério)
e um mecanismo de spray. Opg¢des de iluminagdo, tomadas elétricas dentro do
dispositivo, audio/video, scanners de temperatura e atomizadores quimicos sdo
apresentadas como caracteristicas adicionais/opcionais a serem incluidas no dispositivo

[4].
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Vale ressaltar que, a pandemia trouxe a popularizacdo do uso desses dispositivos
para serem utilizados diretamente sobre pessoas, entretanto, o uso de tecnologias
semelhantes ja é aplicado em diversas areas, para o controle de infecgdes microbianas
em geral. Estudos anteriores demonstraram os beneficios do uso de dispositivos de luz
ultravioleta para desinfecgao de ambientes hospitalares [6], dispositivos portateis com
sistemas de pulverizacdo para descontaminacdo de superficie [5], além das camaras de
desinfec¢dao com diferentes agentes biocidas [7,8]. Dispositivos spray passaram a ser
utilizados para a descontaminacdo de areas poucos acessiveis, com o intuito de criar
uma estratégia que pudesse melhorar a limpeza e desinfec¢ao de grandes areas,
espacos de dificil acesso ou irregulares. No entanto, existe uma quantidade
relativamente pequena de informagao quanto a essa abordagem de limpeza e
desinfecgdo [9]. Esses dispositivos normalmente se baseiam em sistemas de desinfeccdo
por pulverizacdo eletrostatica, que transformam o liquido desinfetante em aerossois e,
em seguida, aplicam uma carga a cada gota de modo que sejam atraidas para as
superficies por meio de forcas eletrostaticas maiores do que a gravidade [10]. Os
fabricantes afirmam que podem ser usadas em uma variedade de tipos de instalagdes,
como saude, enfermagem, escolas, escritérios, instalagGes esportivas, para desinfec¢do
de superficies.

Na area de alimentos, por exemplo, cdmaras de desinfec¢do por micro-ondas sdo
comercializadas e utilizadas para a descontaminacdo de bens sensiveis, a exemplo de
pescados, contribuindo para a redugdao de células vegetativas e o crescimento de
biofilmes, problemas graves no controle de qualidade desses alimentos [11]. Outras
tecnologias envolvendo a emissdao de radiagao ultravioleta sao opgdes largamente
utilizadas no ramo industrial. As lampadas UVC ou "lampadas germicidas" tém sido
usadas por décadas na area de salide e em outros ambientes para inativar bactérias (por
exemplo, tuberculose) ou virus no ar (dentro de dutos de ar a prova de luz) e para
esterilizacdo de agua potavel [12].

Estudos vem demonstrando que algumas dessas tecnologias sdo eficazes na
inativacdao de patdgenos, além disso diversos ensaios clinicos ja demonstraram que o
uso dessas tecnologias pode reduzir o nimero de infecgdes hospitalares [13], bem como

de outros ambientes como industrias, areas publicas, entrada de shoppings e outros
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comércios, entre outros. E vélido ressaltar que o uso de nenhuma dessas estruturas, até
entdo, possui aprovacao para serem utilizadas diretamente sobre pessoas. Além disso,
anadlises de custo beneficio devem ser conduzidas ja que existem diferengas substanciais
entre os dispositivos e, dentro de cada tecnologia ha varias opc¢Bes comerciais
(principalmente se tratando de dispositivos UV).

E importante destacar que a escolha do agente quimico a ser aplicado nessas
tecnologias é de suma importancia, seja na aplicacdo direta ou para aplicacdo em
superficies de vestimentas, alimentos e outros. A escolha e aplicagdo desses agentes
quimicos deve ser baseada nas recomendacdes de seus fabricantes, bem como nos
reportes de agéncias que fazem o alerta e controle de uso dessas substancias, para que
sejam evitados problemas de seguranca e toxicidade [4].

No presente estudo, todos os experimentos foram realizados usando hipoclorito
de sédio em concentragdes de 0,25% como agente biocida [14]. O hipoclorito de sddio
foi considerado um dos desinfetantes mais relevantes e prevalentes para a desinfecgao

de superficies contra a SARS-CoV-2 [15].

2.2. Modelagem Computacional (CFD)

Nesta seg¢ao serdao apresentadas as modelagens matemadtica e numérica
utilizadas no presente estudo e as condi¢Ges de contorno utilizadas para cada uma das
geometrias simuladas, sendo abordadas as equac¢des de continuidade e Navier-Stokes e

apresentados os modelos numéricos de discretizagdo e turbuléncia.

2.2.1. Modelagem Matematica

A modelagem de um escoamento é feita por meio da equagdo de conservagao
de massa (continuidade) e momento (Navier-Stokes). Ambas equag¢les sdo
apresentadas na forma diferencial e sdo obtidas a partir da dedu¢dao em um volume de
controle infinitesimal. A partir da Lei da conservacdo de massa, na qual a massa do

sistema ndo se altera, por ser uma quantidade fixa de massa, obtém-se a equacao
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diferencial da conservacdo da massa, também é chamada de equacdo da continuidade
devido as consideracdes necessarias de massa especifica e a velocidade serem funcgdes
continuas. A equacdo de conservacdo de massa é apresentada a seguir, conforme

Equacao 1.

d
a—lt)+div(pﬁ) =0 (1)

onde t é o tempo; p é a densidade; u é o vetor velocidade.

As equacOes de Navier-Stokes sdao equacdes diferenciais da quantidade de
movimento que originalmente descrevem um escoamento Newtoniano. As Equacgdes 2,

3 e 4 sdo equacdes de Navier-Stokes nas trés dire¢des cartesianas.

9 d
T + divGoud) = — L + div(u grad w) + Sy 2)

ot d0x
opv) o dp

__o 3

—ar + div(pvu) 3y +div(p grad v) + Sy, (3)
F d

(g:v) + div(pwu) = —£ +div(u grad w) + Sy, (4)

onde t é o tempo; p é densidade; p € a pressao; X, y, e Z sao as trés diregcdes cartesianas;
~ . . ~ . b 7
u, v e w sdo as velocidades nas dire¢des X, y, e z, respectivamente; u é o vetor de

velocidade tridimensional; u € a viscosidade do fluido; Sy, Syy, € Sy, sd0 os termos de

origem do momento nas dire¢des x, y, e z, respectivamente.

Analisando o formato das EquacgGes 2 a 4 é notdria a semelhanca entre elas.
Substituindo as velocidades u, v e w por uma varidvel genérica ¢, uma forma
conservativa para todas as equacbes de escoamento, incluindo, por exemplo,

temperatura pode ser escrita na forma da Equagao 5:

(pod)

3t + div(pgti) = div(I'gradd) + Sy (5)
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onde t é o tempo; p é densidade; i é o vetor de velocidade; I é o coeficiente de difusio

e Sy € o termo fonte para a variavel genérica.

Os termos presentes na Equagao 5 e também nas Equagdes 2 a 4 podem ser

interpretados da seguinte forma:

Taxa de
Quantidade de Taxa de Taxa de
crescimento
¢ que sai do incremento incremento de
de ¢ do + = +
elemento fluido de ¢ devido ¢ devido a
elemento
(adveccdo). a difusdo. fontes.
fluido.

2.2.2. Modelagem Numérica

Problemas fluidodinamicos sdo desenvolvidos numericamente a partir da
solucdo das equacOes de Navier-Stokes entretanto, para obter solugcdo dessas equacoes,
uma abordagem numérica deve ser adotada. Desta forma, um método numérico pode
ser utilizado para resolver aproximacoes algébricas das equacdes de Navier-Stokes.

No presente trabalho, foi utilizado o programa ANSYS CFX 17.1 para obtengdo
das solugdes numéricas.

A seguir serdo apresentados o método de discretizacdo e o modelo de
turbuléncia utilizados no presente trabalho. A aplicagdo desses modelos ocorre na etapa
de pré-processamento, onde serdo utilizados para discretizar a geometria na forma

temporal e espacial e, posteriormente, solucionar numericamente o sistema.

2.2.2.1. Método dos Volumes Finitos

O Método dos Volumes Finitos (MVF) é utilizado neste trabalho e consiste na
integragdo das equagdes governantes diretamente no dominio fisico, seguindo as trés

etapas a seguir:
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e Uma malha computacional é gerada dividindo o dominio continuo em volumes
de controles discretos;

e As equagbes governantes sao integradas nos volumes de controle individuais
desenvolvendo as equacdes algébricas das varidveis discretas dependentes,
como por exemplo, temperatura e velocidade;

e Por fim, as equacdes discretas sao linearizadas e resolvidas em um sistema de

equacoes lineares produzindo valores atualizados das variaveis independentes.

A integracdo das equacGes diferenciais sera apresentada para um caso
unidimensional e em regime permanente da equacdo de transporte (Equacdo 5) para
uma propriedade genérica ¢, sendo os resultados dessa integracao estendidos para os
casos bidimensional e tridimensional. Eliminando os termos transiente e convectivo da

equacao de transporte, temos a Equacao 6.

div(Tgradd) + Sy = 0 (6)

Para facilitar o entendimento da utilizagao do MVF, o dominio unidimensional é
dividido em volumes de controle em torno dos pontos W, P e E. O volume de controle é

formado entorno do ponto P, conforme apresentado na Figura 4.

Figura 4: Dominio unidimensional para aplicagdo do MVF [16].
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Considerando o dominio definido na Figura 4, o sistema é governado pela
Equacao 7.
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onde I' é o coeficiente de difusdo e S é o termo fonte.

Na Figura 5 sdo apresentados um ponto nodal geral P e seus vizinhos W e E,
sendo W o ponto a oeste de P e E o ponto a leste de P em uma geometria
unidimensional. Adicionalmente, é possivel determinar as faces do volume de controle
sendo w sua face a oeste e sua face a leste sendo e. As distancias entre os pontos WP e
PE podem ser identificados como &Xyp e O0Xpp respectivamente. A largura total do
volume de controle é expressa por AX = 6X,,., sendo esta a soma das distancias entre a
face w e o ponto P e entre o ponto P e a face e sdo apresentadas como &X,,p € 6Xpe,

respectivamente.

Figura 5: DefinicOes e distancias num dominio unidimensional [14].
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Um passo importante do MVF é a integracdo das equagdes governantes sobre
um volume de controle para obter uma equacdo discretizada, nesse caso, para o ponto

nodal P. Considerando a integracao da Equacado 8 no volume de controle, teremos:

f %(ri—f) v + f SdV = (FA d—qb)e - (rA d—¢)w +5AV =0 (8)

dx dx
AV AV
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onde A é a drea da secdo transversal da face do volume de controle, AV é o volume e

e S é o valor médio da fonte S sobre o volume de controle
A forma discretizada das derivadas da Equacdo 8 podem ser obtidas, conforme

Equagbes 9 e 10:

(128), =1 ()
(128), = o (F52)

Na pratica o termo fonte S pode ser uma fungao da varidavel dependente. Nesses

casos, o método de volume finito aproxima o termo fonte por meio de uma forma linear
[16], conforme Equacdo 11.

Substituindo as Equacgdes 9, 10 e 11 na Equacdo 8 obtemos a equacao algébrica

discretizada (Equacdo 12).

(12)

<F6A+FWA s) —( ) ( )+s
6xPE e 5pr w P d)P 5.XWP ¢W xPE d)E

Os coeficientes da Equacdo 12 podem ser identificados algebricamente

conforme Equacgdo 13.

appp = awdw + agdpg + Sy (13)
onde
ay = AW (14)
w Sxwp
_TeAe (15)
g 8xpg
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ap =ay +ag — Sp (16)

A Equacdo 12 discretizada é montada para cada ponto nodal para a solugdo do
problema. Para volumes de controle que sdo adjacentes aos contornos do dominio, as
equacOes sdao modificadas para incorporar as condi¢cbes de contorno. O ANSYS CFX
utiliza uma fatoracdao LU incompleta para resolver o sistema de equacdes algébricas
lineares e assim obter a solucdo do escoamento estudado. O mesmo método é utilizado

com sucesso em diversas aplicacdes em CFD [17-19].
2.2.2.2. Modelos de Turbuléncia

Flutuagdes instantaneas de velocidade e grandezas escalares como temperatura,
caracterizam o fluxo turbulento e devido a essas flutuagdes, a turbuléncia contribui
significativamente no transporte de momento, calor e massa [20]. Devido a sua natureza
aleatdria, o fluxo turbulento impede uma definicdo do movimento das particulas de um
fluido. Desta forma, a velocidade, como apresentada na Figura 6 é decomposta em um
valor médio constante U com uma componente flutuante u'(t), conforme Equagio 17,

chamada de decomposicao de Reynolds [16].

Figura 6: Varia¢do da velocidade ao longo do tempo em um escoamento turbulento [16].
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u(t) =U +u'(t) (27)

Segundo Souza et al. [21], na maioria dos estudos de escoamento de fluidos ter
conhecimento do comportamento médio do escoamento é suficiente. Entretanto,
Reynolds [22], sugeriu que o escoamento instantdaneo fosse separado em uma
componente média e outra componente flutuante e inseridas nas equacdes das
flutuacdoes médias de Navier-Stokes, conforme Equacgbes 18, 19 e 20. Esse conjunto de

equacoes é chamado de Equacdes de Reynolds Average Navier-Stokes (RANS).

d(pu) _ Op a(pu’z) a(pv'u’) a(pw D)
5t o + div(u grad u) + Fp 3y pp + Sy
d(pv) _ Op . apuv’) a(pv'?) a(pv'w)
5t @ + div(u grad v) + Ep 3y Ep + Sumy
d(pw) op dpu'w’) a(pv'w’) a(pw'?)
5t + div(pwil) = — P + div(u grad w) + [ P T— + Sy,

onde t é o tempo; p é densidade; p € a pressao; X, y, e Z sao as trés diregcdes cartesianas;
u, v e w sdo as velocidades médias e u’, v' e w’ sdo as flutuacdes das velocidades nas
direcdes X, y, e z, respectivamente; U é o vetor de velocidade tridimensional; 1 é a

viscosidade do fluido; e Sy, Sy, € Sy, sdo os termos de origem do momento nas

dire¢es X, y, e z, respectivamente.

Da mesma forma que foi gerada a Equagao 5, substituindo as velocidades u, v e
W por uma variavel genérica ¢, uma forma conservativa para todas as equagcdes RANS,
incluindo, por exemplo, velocidade em uma dada dire¢ao pode ser escrita na forma da

Equacdo 21, equacdo de transporte escalar.

a(pe) _d(pue) 9(pv'e) d(pw'e")
5t + div(ppu) = div(T grad ¢) + Fp 3y PP

+S¢
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onde t é o tempo; p é densidade; U é o vetor de velocidade; I" é o coeficiente de difusdo;

@ € uma variavel escalar e Sy € o termo fonte para a variavel genérica.

O tratamento estatistico da turbuléncia por meio das equacdes supracitadas
acrescenta termos desconhecidos que contém o produto de quantidades flutuantes no
tempo, agindo como esforcos adicionais no fluido. Esses termos, chamados de tensores
de Reynolds, composto por trés tesdes normais e trés tensdes de cisalhamento, ndo sao
faceis de serem encontrados diretamente e, por conta disso, se tornam varidveis a
serem resolvidas. Essas tensdes sdao esforcos turbulentos e precisam ser modelados por
equacOes adicionais para o sistema de equacdes resultantes ser determinado.

Existe, atualmente, uma gama de modelos de turbuléncia desenvolvidos e
aplicados em simulagao numérica. Entretanto, ndao existe um modelo que seja 0 mais
adequado para todos os tipos de escoamento. Desta forma, se faz necessario analisar as
condigdes sensiveis ao escoamento a ser simulado e a partir disso, escolher o modelo
gue melhor descreva a turbuléncia desse escoamento.

Os trabalhos correlatos apresentados na sessao 2.3 deste documento
encontram-se algumas aplicacées de modelos de turbuléncia. Os trabalhos de Asgari B
e Amani E [32], Pinilla JA, Asuaje M e Ratkovich N [35], Zhang H et al. [36] e Bede KM,
Kalata W e Schick RJ [38] utilizaram o modelo k—€. J3, Ishak et al. [34] e Delele et al. [37]
utilizaram o modelo SST k — w. Hariharan et al. [31] utilizaram os trés modelos k—¢, k —
w e SST k — w. No presente estudo foi utilizado o modelo de turbuléncia SST k — w, por
ser o modelo que melhor descreve a turbuléncia do escoamento estudado. Para um
melhor entendimento da escolha desse modelo de turbuléncia, a seguir serd feita uma
breve explanacdo do y*, varidvel de extrema importancia em simulacbes de
escoamentos turbulentos.

Na Figura 7 é ilustrada a localizacdo do y* do escoamento caracteristico em uma
superficie plana e, de forma associativa, podemos identificar essa localizacdo também

em um escoamento interno, a exemplo de um tubo.
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Figura 7: Localizacdo do y+ em uma superficie plana [23].
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A Figura 8 apresenta o perfil de velocidade em regido muito proxima a uma

superficie sdlida, onde é obtido o y*, uma relacdo adimensional para a velocidade e

distancia normal a parede da superficie sélida. As trés camadas ilustradas na Figura 8

fazem parte da lei de parede, sendo a primeira camada (subcamada viscosa) muito fina,

com y* =5 [24], regido onde os efeitos viscosos sdao predominantes. A segunda camada

(camada de transicdo) regido onde tanto o efeito viscoso quanto o turbulento sdo

importantes [21], com y* variando entre 5 e 30. Por fim, a terceira camada (camada

logaritmica) regido onde os efeitos de turbuléncia sdo mais influentes, com valores de

y*acima de 30 [24].

Figura 8: Perfil de velocidade junto a uma superficie sélida [21].
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Em uma regido proxima de uma superficie sdlida, Prandtl observou
caracteristicas importantes referente ao escoamento do fluido sobre esta superficie e
criou a hipotese de que o comprimento de mistura nesta regido é proporcional a

distancia normal a parede, conforme Equacdo 22.

bn =1y (22)

onde y é a distancia perpendicular a parede e k é a constante de Von Karman, igual a
0,4.

A subcamada viscosa da camada limite turbulenta é caracterizada pela condicdo
de nenhum deslizamento, onde a velocidade do fluido é nula proximo a parede sélida.
Desta forma, integrando a equagao da tensao de cisalhamento na superficie, de acordo

com a lei da viscosidade de Newton, temos que o perfil de velocidade é dado por:
u=—y (23)

onde 7, é a tensao de cisalhamento na superficie.
A velocidade de atrito é uma importante relacdo no estudo da camada limite e é

expressa da seguinte forma:

u 7:O/P (25)

Obtendo assim, a equacdo para obtencdo do valor de y*.
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Na subcamada turbulenta da camada limite é possivel obter uma equacdo para

o perfil da velocidade, que pode ser descrita da seguinte maneira:

u 1
R + 2
” k*lny +C (26)

*

onde k = 0,4 e C = 5. C é uma constante de integracdo cujo o valor foi obtido
experimentalmente por Kundu & Cohen [24]. Substituindo os valores é possivel notar
que a Equacdo 26 é igual a equagdo da subcamada turbulenta presente na Figura 8.

A camada de transigdo é de dificil determinagao, sendo assim, nao possui uma
equacdo que determine o comportamento da sua curva caracteristica. Desta forma,
dependendo do tratamento numérico dado a camada limite, os modelos de turbuléncia
tém diferentes faixas adequadas para os valores de y*. O modelo k — £ padrdo, por
exemplo, requer um valor y* na parede entre aproximadamente 30 a 300. De acordo
com Salim e Cheah [20] para valores y* abaixo de 30, o modelo de turbuléncia k — € ndo
é adequado, sendo o modelo SST k — w mais adequado, por se tratar de um modelo
hibrido entre o k— € e k— w [25]. Na Equacdo 27 é representado o modelo matematico

do y*.

y*= (27)

onde u, é a velocidade de fricgdo, y € a distancia absoluta da parede e v é a velocidade
cinematica.

Como o modelo utilizado SST k — w é uma combinacdo das melhores
caracteristicas dos modelos k — € e k — w, ou seja, se ajusta automaticamente a melhor
alternativa para calcular a turbuléncia de acordo com a regidao do fluido a qual esta
sendo aplicado esse modelo de turbuléncia. A seguir serdo apresentados os modelos de

turbuléncia k—¢, k—w e SST k — w.
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2.2.2.2.1. Modelo k—¢

Jones e Launder [26] desenvolveram o modelo k — € baseado no conceito de
viscosidade turbulenta (u:), no qual os termos de tensdes de Reynolds sdo tidos como
proporcionais a uma viscosidade cinematica, de forma analoga ao conceito original de

viscosidade. Estes termos sdo contabilizados, conforme Equacdo 28.

3
du, Oduy 2 duc
e v ReC ARl 28
Py = i <6xb + axa) 3 Sab (pk +utZaxc> (28)
C:
onde,

Osea #b
8ab :{ (29)

lsea=0»>b

O segundo termo do lado direto da Equacgdo 20 é uma adequacdo para torna-la
valida para o calculo de tensdes normais.

Nesse modelo, o k é considerado a energia cinética turbulenta e € a dissipacao
turbulenta. A viscosidade turbulenta (u:) € dependente, no modelo em questdo, destes

dois parametros como mostra a Equagao 30.

k2
Ue = pCu; (30)

onde Cu € uma constante.

Os valores de k e € sdo encontrados diretamente a partir das suas equacdes

diferenciais 31 e 32.

a(pk
(Pk) + div(pku) = div [(v + ﬂ) grad k] + Py — pe (31)
at Ok
d(pe) . - . He €
5% + div(peu) = div [(V + U_s) grad s] + % (Ce1 Py — Ceype) (32)
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onde C¢q, Cgy, Ox € 0, sdo constantes do modelo de turbuléncia e P, é a produgdo de

turbuléncia devido a forgas viscosas. P, € modelado de acordo com a Equagdo 33.

3 3 3
du, Ouy\ du 20u, du, )
-7 _< 33
ZZZ[ <6xb axa>6xb 36xc(3ﬂt8x +’0k] (33)

As constantes do modelo proposto por Launder e Sharma [27] sdo apresentadas

na Tabela 2.

Tabela 2: Constantes do modelo k — € [27].

Constante Valor
Ce1 1,44
Ce, 1,92
Oy 1,0
o, 1,3
Cy 0,09

2.2.2.2.2. Modelo k- w

Wilcox [28] desenvolveu o modelo k — w também baseado no conceito de
viscosidade turbulenta (p), e suas tensoes de Reynolds calculadas pelas EquacOes 18 a
20.

Nesse modelo, o k é considerado a energia cinética turbulenta e w frequéncia

turbulenta e sua viscosidade turbulenta é calculada através da Equacdo 34.

pe=p_ (34)

Os valores de k e w sdo encontrados diretamente a partir das suas equacdes

diferenciais 35 e 36.
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d(pk) . = 1 U '
——— + div(pku) = div||v + —)grad k| + P, — B'pkw (35)
ot Ok
d(pw) . o Mt w 2
5% + div(pwu) = div [(V + a) grad a)] + a;Pk - fpw (36)

onde B’, a, B, o) e dg, sdo constantes do modelo e P, é a produgdo de turbuléncia
devido a forgas viscosas. P, € modelado de forma semelhante ao modelo k — €, através
da Equagao 33.

As constantes do modelo proposto por Wilcox [28] sdo apresentadas na Tabela

Tabela 3: Constantes do modelo k — w [28].

Constante Valor
! 9
B /100
a 5/9
g 340
O 1/2
Oy 1/2

2.2.2.2.3. Modelo SST k — w (Shear Stress Transport)

Menter [29] elaborou o modelo SST k — w fazendo a unido da modelagem k — w
para as regioes proximas as superficies e k — € para as regiées mais distantes da parede.
Para esta combinacdo foi utilizado o modelo k — w de Wilcox [28], conforme Equacdes
37 e 38, e realizada uma transformacdo do modelo k — € em uma formulagdo k — w,

conforme Equacgdes 39 e 40.

d(pk) . - . U ,
——— + div(pku) =div||v + — ) grad k| + P, — B’ pkw (37)
at Of1
d
(g:)) + div(pwi) = div [(v + ﬁ) grad a)] +ay %Pk — BLpw? (38)
wl

48



wl

ot

Ow2

ot

d(pw)
+ div(pwil) = div (v + —) grad w| + Zp w2
w2

ACL) + div(pwu) = div [(V + M—) grad w] +a; - 2 Pk Prpw? (39)

(ak 60;) aszk B2pw? (40)

0x, 0x

As constantes do modelo proposto por Menter [29] sdo apresentadas na Tabela

Tabela 4: Constantes do modelo SST k — w [29].

Constante Valor
B’ 0,09
aq 0,31
By 0,075
01 0,85
Ow1 0,5
a, 0,44
B 0,0828
Ok2 1
O w2 0,856

O modelo k—w é multiplicado por uma fungdo de mistura F; o modelo k—¢

transformado é multiplicado por (1 — F;), e os produtos sdo entdo somados nas

EquacOes 41 e 42.

M + div(pku) = div [(V + He
ot Og3

d(pw)
5t + div(pwil) = div (v + —) grad w| + Zp
0w3

)grad k] + P, — B'pkw (41)
0k Jw
Oz 4 (6x Ox ) 3 kPk Papo? (42)

onde, B’ e g,,, sdo constantes que tém os mesmos valores indicados na Tabela 3. As

constantes do modelo SST k— w que possuem o indice “3” sdo encontrados por meio

das constantes exibidas na Tabela 3 com o auxilio da Equagao 43.
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¢3 =Fip1+ (1 - F)o,
(43)

onde ¢ é uma constante, podendo ser qualquer uma das seguintes constantes: gy, g,
aoup.

A fungao de mistura F; presente na Equagao 43 é definida pela Equagdo 44.

F, = tanh(arg?) (44)

onde arg, é obtida pela Equagdo 45.

N _500v>_ 4pk ]

arg, = min |max | —; ; ;
[ <IB (‘)YP yz?w CDKwO-(uZyz?

(45)

Na Equacdo 45, Y, ¢ a distancia a parede mais préoxima e o termo CD,, é definido pela

Equacao 46.

3
1 Jx dw
- — E ~10 46
CDy,, = max( a 4 (axa ) 1,0X10 ) (46)

No modelo SST k — w apresentado por Menter [29] a modelagem da viscosidade
turbulenta ndo é idéntica aquela proposta por Wilcox [28] no modelo k— w. Para o
modelo SST k—w utiliza-se o conceito de viscosidade cinematica turbulenta vy,

fornecida pela Equacgdo 47.

_Hu
Ut - t/p (47)
A viscosidade cinematica turbulenta é entdo obtida pela Equacao 48.
_ a k
Ve = max(a,w; SF,) (48)

50



onde S é a taxa de deformagdo e F, é dada pela Equagdo 49.

F, = tanh(arg3) (49)

sendo arg, dado pela Equagao 50.

N 500v>] (50)

arg, = |max ( 5—;
= o 5

2.3. Trabalhos Correlatos

Com base em simulacdes CFD, Joshi [30] desenvolveu uma cdmara para
realizacdo de testes RT-PCR em pacientes para deteccdo do novo coronavirus, onde o
paciente é quem entra na camara e apos a coleta, é realizada a desinfeccdo da mesma
por meio de aspersdo de agente biocida, reduzindo, segundo o autor, o uso de EPIs pelos
profissionais de saude que realizam o teste. No entanto, ndo foi apresentada a
metodologia utilizada nas simulagdes CFD como por exemplo, o método de discretizagao
e modelo de turbuléncia. As propriedades do agente biocida utilizadas nas simulacdes
foram as mesmas da dgua. Na Figura 9 sdo apresentadas imagens de simula¢cdo CFD da

camara.
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Figura 9: Simulagdo CFD da cdmara e posi¢Ges de bicos de pulverizagdo (a), apds aspersdo em tempos de
1, 3 e 12 segundos [30].

Hariharan et al. [31] realizaram ensaios experimentais e simulagdes CFD
utilizando volumes finitos e aplicaram modelos de turbuléncia SST k—w, k—w e k—¢
em um modelo de bico da Food and Drug Administration (FDA) com objetivo de ilustrar
técnicas de validacdo de simulagdes CFD. Os resultados apresentaram que o modelo SST

k — w foi o que mais se aproximou dos resultados experimentais, conforme Figura 10.
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Figura 10: Comparacdo de erro dos modelos de turbuléncia e experimental [31].
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Asgari, B. e Amani, E. [32] desenvolveram um modelo computacional apropriado
para avaliar a interacdo entre spray e parede utilizando volumes finitos com uma
abordagem Euleriana para o meio continuo (fase gasosa) e Lagrangeana para o meio
disperso (gotas do spray) e modelo de turbuléncia k—¢. Eles também aplicaram
coeficientes normal de restituicdo, para avaliar a parcela de gotas respingadas.

Fathinia, F., Khiadani, M., e Al-Abdeli Y.M. [33] realizaram investigacdes
experimentais e matematicas para avaliacdo do angulo de pulverizacdo e tamanhos de
gotas de um sistema de dessalinizacao por evaporacao flash. As medicdes de angulo de
pulverizacdo e tamanhos de gotas foram realizadas por meio de capturas de imagens
utilizando uma camara de alta velocidade acoplada a um microscépio de longa distancia,
onde as imagens foram tratadas e em seguida calculados os dngulos de formacdo do
spray e tamanhos de gotas. A Figura 11 apresenta uma imagem do angulo formado pelo

spray na saida do bico.
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Figura 11: Medicdo de angulo (a) do spray a partir da captura de imagem [33].

Ishak et al. [34] realizaram simula¢des CFD aplicando um modelo de fase discreta
(DFM) para estudar o injetor de combustivel processo de cavitacdo e a caracteristica de
macro spray de trés tipos diferentes de formato de bico de spray com mistura de diesel
e biocombustivel hibrido para varias pressées de injecdo e contrapressdes. O
escoamento multifasico foi descrito utilizando o modelo de mistura, que considerou que
as fases de vapor e liquido foram misturadas uniformemente. Para uma interacao de
duas vias, a fase continua foi calculada baseado no modelo Euleriano, enquanto as
trajetdrias das particulas foram calculadas com base no resultado de o fluxo continuo.
O modelo SST k — w foi escolhido por ter vantagens para problemas de camada limite na
fronteira, além de ser mais preciso e robusto em comparacdo com outros modelos de
turbuléncia.

Pinilla, J.A., Asuaje, M. e Ratkovich, N. [35] realizaram simula¢des CFD para
representar os fendmenos de resfriamento evaporativo usando o sistema de
nebulizacdo. Os modelos fisicos da fase continua (ar) e da fase dispersa (gotas de agua)
foram simulados de acordo com o modelo de Lagrange e aplicado o modelo de
turbuléncia k — €. Os resultados foram comparados com as mesmas variaveis retiradas
dos dados experimentais do tunel de vento e considerados semelhantes no que diz

respeito ao comportamento da temperatura e da umidade relativa, concluindo que os

54



resultados obtidos na simulacdo foram proximos aos reportados experimentalmente
com diferencas de 3 a 6%.

Zhang H. et al. [36] realizaram simulagdes CFD para avaliar a influéncia do angulo
e velocidade de injecdo de bicos nebulizadores na perda de carga do duto de entrada de
uma turbina a gas. Baseada em um fluxo de duas fases, as simulacdes foram realizadas
por uma abordagem Euleriana-Lagrageana, sendo o ar definido como fase continua e a
gota de agua como fase dispersa. O modelo de turbuléncia aplicado foi o k—¢€. Além
disso, para se obter a distribuicdo do diametro das gotas, os pesquisadores aplicaram a
fungao de distribuigao de Rosin-Rammler.

Delele et al. [37] realizaram simulagdes CFD baseadas em um modelo de fluxo
multifasico Euleriano-Lagrageano para avaliar o desempenho de um sistema de
nebulizagdo de fungicida em ambiente de armazenamento de frutas com variagao de
taxa de circulagdo de ar. Os erros relativos médios gerais das simulagcdes em comparacdo
aos valores medidos foram menores para o modelo de turbuléncia SST k — w, sendo este
utilizado no estudo. Além disso, as paredes foram consideradas como no-slip,
desprezando a possibilidade de re-arrastamento e ressalto de particulas em contato
com as paredes.

Bede, K.M., Kalata, W. e Schick, R.J. [38] realizaram ensaios experimentais e
simulacdes CFD de um spray em multiplos angulos de injecdo utilizando volume de fluido
(VOF) com uma abordagem lagrangeana para rastreamento da particula (gotas de dgua)
e modelo de turbuléncia k — €. Além disso, aplicaram a fungdao de Rosin-Rammler para

gerar a distribuicdo do tamanho de gotas do spray.
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Neste artigo foi avaliado, por meio de ensaios experimentais, a eficacia de uma
camara de desinfeccdo desenvolvida para descontaminacdo de superficies de EPIs.
Hipoclorito de sddio 0,25% foi utilizado como agente biocida e os EPIs, contaminados
com microrganismos vivos foram expostos ao agente biocida em dois tempos de
exposicdo. Os resultados mostraram que a tecnologia desenvolvida pode ser uma
alternativa para controle da biocarga evitando a contaminacdo de diversos
microrganismos, incluindo o SARS-CoV-2.

Por ser um trabalho interdisciplinar, o artigo contou com o apoio de algumas
areas do SENAI CIMATEC, sendo: Area de Eficiéncia Energética, contribuiu para o projeto
e desenvolvimento da camara de desinfeccdo, metodologia e realizacdo de ensaios
experimentais. Instituto SENAI de Inovagao em Sistemas Avangados em Saude,
contribuiu com a metodologia, ensaios experimentais e avaliagdo da eficacia da
tecnologia na inativacdo de microrganismos vivos. No final do artigo sdo apresentadas

as contribuicdes da cada um dos autores no desenvolvimento do trabalho.
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Abstract

The use of personal protective equipment (PPE) has been considered the most effective
way to avoid the contamination of healthcare workers by different microorganisms, including
SARS-CoV-2. A spray disinfection technology (chamber) was developed, and its efficacy in
instant decontamination of previously contaminated surfaces was evaluated in two expo-
sure times. Seven test microorganisms were prepared and inoculated on the surface of
seven types of PPE (respirator mask, face shield, shoe, glove, cap, safety glasses and lab
coat). The tests were performed on previously contaminated PPE using a manikin with a
motion device for exposure to the chamber with biocidal agent (sodium hypochlorite) for 10
and 30s. In 96.93% of the experimental conditions analyzed, the percentage reduction was
>99% (the number of viable cells found on the surface ranged from 4.3x10 to <10 CFU/
mL). The samples of E. faecalis collected from the glove showed the lowest percentages
reduction, with 86.000 and 86.500% for exposure times of 10 and 30 s, respectively. The
logo reduction values varied between 0.85 log. (E. faecalis at 30 s in glove surface) and
9.69 log (E. coliat 10 and 30 s in lab coat surface). In general, E. coli, S. aureus, C. freun-
dii, P. mirabilis, C. albicans and C. parapsilosis showed susceptibility to the biocidal agent
under the tested conditions, with >99% reduction after 10 and 30s, while E. faecalis and P.
aeruginosa showed a lower susceptibility. The 30s exposure time was more effective for the
inactivation of the tested microorganisms. The results show that the spray disinfection tech-
nology has the potential for instant decontamination of PPE, which can contribute to an addi-
tional barrier for infection control of healthcare workers in the hospital environment.

PLOS ONE | https://doi.org/10.1371/journal.pone.0250854  June 4, 2021 1/24

62



PLOS ONE

Potential application of novel technology developed for instant decontamination

Introduction

Contaminated surfaces are a potential source for the spread of many bacterial and fungal path-
ogens [1]. These microorganisms can be considered important vectors for the dissemination
of diseases and, consequently, the increase in mortality and morbidity rates, causing overload
of the health system worldwide [2]. There is currently growing concern that the environment
may be an underestimated source for the spread of emerging viruses, including of the influ-
enza virus [3], Ebola virus [4], and coronaviruses, especially the severe acute respiratory syn-
drome named SARS-CoV-2 [5]. SARS-CoV-2 is the causative agent of novel coronavirus 2019
disease (COVID-19) which was isolated and identified for the first time in humans in the city
of Wuhan, Hubei Province, China [6]. Based on evidence of an increasing incidence of infec-
tions [7] and the possibility of transmission by asymptomatic carriers [8], it was demonstrated
that SARS-CoV-2 can be effectively transmitted between humans through droplets (aerosols)
or direct contact with contaminated surfaces, which facilitated its rapid spread worldwide [9,
10].

Healthcare workers (HCWs) are one of the most vulnerable populations to microbial con-
tamination, mainly because they work in close physical contact with patients [11]. This vulner-
ability was demonstrated at times of emergency in health systems, such as during the outbreak
caused by SARS-CoV [12], Ebola virus [13] and currently with SARS-CoV-2 [14], where a
high rate of infection among HCWs has been reported. The high prevalence of COVID-19
among HCWs is mainly associated with the execution of the procedures involved in airway
management for oxygen supplementation of many patients with severe COVID-19 pneumonia
presenting with pronounced arterial hypoxemia (major generators of aerosol) [12, 15], which
increases the viral load in which these professionals are in contact [16, 17]. The risk of viral
transmission to HCWs has been a concern since the beginning of the outbreak in China,
where more than 3,300 HCWs were infected, with a mortality rate of 1.1% [18]. In Europe,
approximately 20% of HCWs were infected by SARS-CoV-2 in Italy and 26% in Spain, the two
epicenters of the disease in the European continent between March and April [19, 20]. In Bra-
zil, currently considered the epicenter of the disease in Latin America [21], data from the Min-
istry of Health indicate that at least 257,156 HCWs were infected by SARS-CoV-2 by August
of this year [22].

The use of personal protective equipment (PPE) by HCWs has been considered the most
effective way to avoid contamination by different microorganisms of high epidemiological
concern [23-25], including SARS-CoV-2 [26], as they have the ability to act as a barrier to
pathogens [27]. Studies have shown that the use of PPE and actions to decontaminate their
surfaces are crucial to reduce the infection rate among HCWs in direct contact with patients
diagnosed with COVID-19 and other contagious diseases [23, 28]. The step of PPE removal
(doffing) by HCWs can be thus considered critical since there may be contact between the
contaminated surface of the PPE and the HCWs, leading to an increased chance of self-con-
tamination through the mucous membranes of the nose, eyes or mouth [29]. Therefore, this
step should be performed following well-established biosafety protocols [30], It has been dem-
onstrated that doffing PPE is among others an important risk factor associated with HCWs
contamination with SARS-CoV-2 [31].

Several devices with different technologies have been developed for the inactivation or
reduction of bioburden on surfaces and environments [1], and the use of such devices has
gained popularity for presenting a response to the global demand created for the control of
possible environmental surfaces contamination [32]. Examples include devices with ultravio-
let-C (UV-C) or xenon UV light for disinfection of hospital environments [33, 34], portable
equipment with a disinfectant spraying system [35] or hospital air disinfection systems [36]
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and disinfection chambers [37]. Faced with increased production and demand, health regula-
tory agencies recommend that studies be presented to prove the performance of these devices
in the face of decontamination effectiveness [38, 39]. Although there are few studies demon-
strating the efficacy of disinfection chambers [40], their use becomes interesting for the decon-
tamination of surfaces, including personal protective closes and equipment (PPE), since it is
not mandatory that the contaminated material undergoes to manual cleaning mainly at the
moment before the doffing step for previous elimination of the microorganisms [37]. Thus,
disinfection chambers can be a practical alternative for bioburden control in environments
with a high rate of pathogenic microorganisms, such as hospitals. In addition, the disinfection
chambers can help mitigate the possibility of an accident self-contamination of the HCW's dur-
ing the processing of hand manipulation of the disposable PPEs.

Different disinfecting agents have been studied and suggested to act in these devices as bio-
cidal agents against different pathogens of hospital importance (such SARS-CoV-2, multi-
drug-resistant bacteria and fungi). Examples include physical agents such as UV light [41] and
chemical agents such as alcoholic solutions [5, 42], quaternary ammonium compounds [43,
44], ozone gas [45] and sodium hypochlorite [46]. Sodium hypochlorite is one of the most
well-known and used biocidal agents worldwide due to its broad-spectrum microbicidal prop-
erties [47]. Compared with other chlorine-containing biocides, the use of sodium hypochlorite
is characterized by a relatively lower toxicity when in contact with mucous membranes, the
equipment required for its synthesis are simpler, its handling is safer, and its operation and
preparation costs are lower, which makes its use feasible in hospitals [48]. In addition, the use
of sodium hypochlorite is recommended by the World Health Organization (WHO) for the
disinfection of environmental surfaces related to health care in the context of COVID-19, in
concentrations between 0.1 and 0.5% (1000 and 5000 ppm, respectively) [49].

Despite being a promising alternative, especially considering the current situation, there are
still few reports in the literature on the efficacy of disinfection chambers and/or devices using
sodium hypochlorite as a biocidal agent for reducing or inactivating the burden of different
pathogens on contaminated surfaces, more specifically for PPE, and on its potential use in
emergency and public health situations. [38, 50, 51]. The use of disinfection chambers in con-
trolled environments, such as hospitals and health units, could help to reduce the risk of self-
contamination by health workers during the doffing step, since the instantaneously dispersed
solution could significantly reduce the pathogens present on surfaces and contribute to greater
safety of these HCWs self-contamination. Nevertheless, this approach has not yet been
reported by any earlier study.

Through the use of the disinfection chamber it is possible to decontaminate the surfaces of
all PPEs used in clinical practice at the same time, making the doffing step safer for the HCWs.
This can be considered an advantage over the PPE disinfection technologies mentioned in the
literature [52-54], since the proposed decontamination processes do not reduce the risk of
self-contamination. Indeed, the objective of this study was to develop a disinfection chamber
for instantaneous dispersion of a biocidal solution (0.25% sodium hypochlorite) and to deter-
mine its efficacy on previously contaminated surfaces at different exposure times, aiming at its
possible application as an additional barrier against pathogens, such as SARS-CoV-2, to pro-
tect HCWs during the withdraw procedure prior PPE disposal.

Materials and methods

Fig 1 shows the general scheme of the method applied in this study to evaluate the efficacy of
the chamber for instant disinfection of the surfaces of seven PPE previously contaminated
with different microorganisms and subjected to different exposure times to the biocidal agent
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Fig 1. Schematic illustrating the method used in this study to eval the spray disinfection technology for

instant dec ination of personal protective equipment.

https://doi.ora/10.1371/journal.pone.0250854.9001

(0.25% sodium hypochlorite). To evaluate the efficacy of the disinfection process, tests were
performed in two distinct steps with quantitative and qualitative analyses using a manikin that
moved through a linear and rotary motion system to simulate the passage of an individual in a
hospital environment (before the doffing step), an environment well known for presenting a
high burden of infectious agents [55].

Development and installation of the disinfection chamber

The chamber consisted of a modular framework constructed of aluminum and carbon steel,
with dimensions of 240 x 150 x 250 cm (height x depth x width), with an open entrance and
exit. The design of the disinfection chamber allows the framework to be easily transported,
installed and uninstalled. The nebulization system for the chamber comprised six nebulizer
nozzles (Senninger, USA) installed on the inner side and top of the chamber to promote a bet-
ter homogeneity in the spraying of the biocide agent. In addition, a water filter, a submerged
pump and a 1-m? storage tank (1000 L capacity) with lid, with flow rate of 10 L/h were used to
complete the system. The command and control system was installed by means of an electrical
panel with voltage of 220 V, was responsible for the activation and operation of the entire sys-
tem and contained a sensor for the activation of the nebulizers.

Biocidal agent: Preparation and stability analysis

The biocidal agent (bleach) was prepared at a concentration of 0.25% [49, 56] by diluting an
initial solution with 2.38% active chlorine [57]. A total volume of 1,000 L was prepared directly
in the storage tank of the chamber for the experiments. All experiments to evaluate the disin-
fection potential of PPE were performed during the first three days after preparation of the
biocidal agent (bleach). The stability of the biocidal agent (0.25% sodium hypochlorite) was
evaluated on days 0, 3, 6, 9, 13 and 20 by determining the percentage of active chlorine present
in the solution and through pH analysis. The use of the biocide agent in the concentration of
0.25% was based on the WHO recommendation for the disinfection of environmental sur-
faces, which ranges from 0.1 to 0.5% [49]. Thus, an intermediate concentration was chosen.
The amount of active chlorine was evaluated by iodometric titration [58], and the pH was
determined through the hydrogen ionic activity using a standard electrode (pH meter, Met-
tler-Toledo). The analyses were performed in triplicates.
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Experimental standard strains

The standard reference strains used in this study were Escherichia coli (ATCC 8739), Staphylo-
coccus aureus (ATCC 6538), Pseudomonas aeruginosa (ATCC 27853), Enterococcus faecalis
(ATCC 29212), Citrobacter freundii (ATCC 43864), Proteus mirabilis (ATCC 29906), Candida
albicans (ATCC 18804) and Candida parapsilosis (ATCC 22019), which were obtained from
Microbiologics (St. Cloud, Minnesota) or from the Culture Collection of the Institute of
Health Sciences, Federal University of Bahia (Universidade Federal da Bahia-UFBA), located
in Salvador, Brazil. The selection of test strains was based on studies of microorganisms com-
monly causing nosocomial infections, as well as on the recommendations of regulatory agen-
cies for evaluating the efficacy of chemical disinfectants [57, 59-65]. The suspensions of the
test microorganisms were prepared by transferring cells from the pure culture to plates con-
taining 15-20 mL of plate count agar: agar (9 g/L); dextrose (1 g/L); tryptone (5.0 g/L) and
yeast extract (2.5 g/L). To evaluate the disinfection profile in the chamber against the test
microorganisms, the inocula were prepared by suspending 1-5 colonies in 5 mL of 0.85%
saline solution and the turbidity was adjusted to McFarland No. 0.5 tube [66].

Preparation of study surfaces (PPE)

The PPE items used to evaluate the effectiveness of the disinfection chamber were selected
according to the recommendations for prevention and control of the spread of SARS-CoV-2
and other infectious agents transmitted mainly by aerosols in health services (Table 1) [24, 67,
68]. To ensure the sterility of the surface of the selected items before contamination with the
standard strains, the items were exposed to UV light for 40 minutes using a laminar flow
(model LA2000T, LOGEN) after being sanitized with 70% ethanol [69]. Surface samples from
each item were collected using sterile swabs, and their contents were seeded in nutrient agar
(37°C for 24 hours) to confirm sterility.

Assay for evaluation and distribution of the biocidal agent for spray
disinfection during exposure in the chamber

The assays for evaluating the disinfection potential of the biocidal agent in the chamber devel-
oped in this study were based on the method used to monitor viable particles on surfaces [70,
71] and qualitative analysis of the biocidal agent distribution on the surfaces [72]. The disinfec-
tion process was performed by spraying the biocidal agent (0.25% sodium hypochlorite) in the
chamber using a suitably dressed manikin with a motion system that allowed the manikin to
pass through the chamber automatically and to perform a 360° turn, for 10 and 30 s of expo-
sure. The manikin was chosen so that there would be a simulation closer to what would be the
use of the disinfection chamber by healthcare workers in nosocomial environment. In the first

Table 1. Items used to evaluate the efficacy of instantaneous spraying of biocidal agent (0.25% sodium hypochlorite) in a disinfection chamber against the test
microorganisms.

Selected item Brand Composition Surface type

Respirator face mask Air Safety Polypropylene Porous

Professional shoe Soft Works Ethylene vinyl acetate Nonporous

Procedure glove Supermax Nitrile (nitrile) Porous

Disposable Cap Descarpack Polypropylene Porous

Face shield CIMATEC Polycarbonate Nonporous

Safety glasses Carbography Polycarbonate Nonporous

Disposable lab coat (apron) Jarc Smart Products Polypropylene and Polyethylene Porous
https://doi.org/10.1371/journal.pone.0250854.t001
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step, the surfaces were contaminated using a sterile swab immersed in the test tube containing
the test microorganism.

Previously demarcated areas of 30 cm” [70] were used for contamination, with the right
side used for the control (without exposure to the biocidal agent by spraying, in other words,
these surfaces were sampled before the manikin (and PPE) was decontaminated) and the left
side used for each test microorganism (Fig 2). The surface of the contaminated item was sam-
pled with a swab immersed in 10 mL of buffered peptone water (Swab-Samplers - 3M, USA),
and its content was used to analyze the number of viable particles on the surface for the control
and after exposure to the disinfection chamber. For the control test, swabbing for microorgan-
ism collection was performed immediately after contamination; for the exposure tests to the
biocidal agent, after 10 and 30 s. The control surfaces of each PPE analyzed were associated
with both exposure experiments (10 and 30 s exposure). The antimicrobial action of sodium
hypochlorite was neutralized by sodium thiosulphate (73, 74]. Sterile PPE items were used for
each experiment, with a new item used for each microorganism or exposure time. In the sec-
ond step, water-sensitive papers (WSP) (76x26 mm and 19.76 cm” area; Syngenta) were labeled
from 1 to 6 and applied to the left side of the manikin (Fig 2) for exposure to the biocidal agent
using the same exposure times and contamination sites of the first experiment. After each
experiment, the papers were immediately stored in a desiccator with silica gel, and then images
were recorded for qualitative analysis (observation of the paper color profile) of the deposition
of biocidal agent on the surfaces of the PPE items.

g e o
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. SF A\
/// \\\\
o )
e o 1

®
® o 9 e

Fig 2. Demarcated areas for ¢ ination by the test microorganisms for ion of the potential of instantaneous
disinfection by the spray biocidal agent (0.25% sodium hypochlorite). The red circles represent the inoculation area (30 cm?)
used as control (right side), the blue circles represent the inoculation area (30 cm?) used as test (left side), and the numbers in
the blue circles represent the positions of the water-sensitive papers for each experiment: (1) cap; (2) safety glasses; (3) respirator
face mask; (4) lab coat; (5) glove; and (6) shoe. For the control, the surface of the items was swabbed for microorganism
collection immediately after surface contamination, while for the tests, the surfaces were swabbed after predetermined exposure
times to the biocidal agent.

https://doi.org/10.1371/journal.pone.0250854.q002
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Monitoring of viable particles on the surface

Viable microorganisms in the swabbed samples were determined using a nutrient agar culture
method specific for each type of microorganism, which were quantified from their growth in
the plate [75]. The tests were performed immediately after the swabbed samples were collected.
The samples were vigorously shaken to extract the microorganisms from the swab and release
them into the saline solution so that they could be serially diluted (107" to 107%). The dilutions
were inoculated into the specific culture media and incubated according to the type of method.
For E. coli, P. mirabilis and C. freundii, the VRBA count method was used; for P. aeruginosa, S.
aureus, C. albicans and C. parapsilosis, the count of the total number of mesophilic microor-
ganisms; and E. faecalis were counted by the EPA (US Environmental Protection Agency)
method [70, 76, 77]. After quantification of the colonies under an optical microscope (Nikon
Instruments), the results were expressed as log,, CFU/mL and CFU/cm”. The number of
CFUs was determined after incubation, and the number of CFUs per milliliter was calculated.
The logarithmic scale (log;o) reduction factor was calculated using the formula RF = log;, (A)
—log; (B) (where A is the number of colonies recovered from the unexposed (control) sur-
faces and B is the number of colonies recovered from the exposed (test) surfaces) [56, 78]. The
decimal percentage reduction in CFU/mL was calculated using the formula %R = [(A—B)/A]
100 [79).

Statistical analysis

Statistical analysis was performed using GraphPad Prism 8 (San Diego, CA, USA), where anal-
ysis of variance and Student’s t-test were used to compare the means of the two groups (10 and
30s), according to each test condition (microorganism x PPE item), with significance level of
p <0.05. Principal component analysis (PCA) was performed using PAST version 3.26 (Oslo,
Norway) with the means of the logarithmic reductions of each test condition to obtain the cor-
relation between the analyzed variables (PPE-cap, safety glasses, respirator face mask, lab coat,
glove, shoe and face shield-or surface type).

Results

Table 2 shows the results for the number of viable cells (CFU/mL and CFU/cm?), the logarith-
mic reduction factor (log;o) of each assay compared to the respective control (without expo-
sure to the biocidal agent), and the percentage reduction (%) after exposure to the biocidal
agent in the disinfection chamber for 10 and 30 s for each test microorganism and for each
individual PPE item evaluated in this study. Fig 3 shows the graphs of the logarithmic reduc-
tion (log;) of each test microorganism per individual PPE item.

In total, 147 experimental conditions were studied, considering the two exposure times for
each test microorganism (n = 98) and control (n = 49), as well as for the seven different types
of PPE evaluated. In general, there was a significant reduction in the investigated microorgan-
isms after exposure of the previously contaminated items in the disinfection chamber, regard-
less of the item, which demonstrated the efficacy of the biocidal agent spraying system for
instantaneous disinfection of PPE for some of the microorganisms evaluated. In addition, the
results showed that at 10 and 30 s, there was only a significant difference in the microbial load
reduction factor during exposure of the biocidal agent to the microorganisms E. faecalis and P.
aeruginosa (p >0.05). In this case, the exposure time of 30 s was more efficient for the inactiva-
tion of the studied microorganisms in terms of log;¢ and percentage reduction for all studied
PPE (Table 2 and Fig 3).

A percentage reduction of >99% was determined for 96.93% (n = 95) of the tested condi-
tions when compared to the control, while a percentage reduction of between 86.00-99% was
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Fig 3. Logarithmic reduction of the analyzed test microorganisms after exposure to the biocidal agent for 10 and 30 s
according to the PPE item: (a) face shield; (b) respirator face mask; (c) safety glasses; (d) cap; (e) glove (f) lab coat and
(g) shoe. Bars followed by the same letters are not significantly different at p <0.05 according to Student’s t test with
95% confidence.

https://doi.org/10.1371/journal.pone.0250854.9003

found for 3.07% (n = 3) of the tested conditions. The lowest percentage reductions identified
were 86.500 and 86.000% for the test with E. faecalis when the glove was evaluated at exposure
times of 10 and 30 s, respectively. In general, the exposure time of 10 s to 0.25% sodium hypo-
chlorite under the investigated conditions effectively reduced the microbial load by >99% for
all investigated microorganisms, except for E. faecalis. For these microorganism, percentage
reduction >99% at 10 s and 30 s of exposure was identified for all PPE, except for the glove
and respirator face mask. It is noteworthy that the results related to the percentage reduction
for the exposure time of 30 s were similar to the time of 10 s, except for E. faecalis (Table 2).

The percentage reduction is also reflected in the total number of viable cells, where 78.57%
(n = 77) of the analyzed conditions corresponded to <10 CFU/mL or <0.33 CFU/cm? at 10
and 30 s of exposure to spraying of 0.25% sodium hypochlorite. In general, there was a reduc-
tion in the number of viable cells for all analyzed conditions when compared to the results
found for the control group. The resistance to the biocidal agent under the investigated condi-
tions of the microorganisms E. faecalis and P. aeruginosa was demonstrated in this parameter,
since they were the only ones that showed viable cells in the concentration >10 CFU/mL or
>0.33 CFU/cm? after the disinfection process in the chamber, with the exception of samples of
P. aeruginosa collected from the face shield, glove and lab coat, at exposure times of 10 and 30
s, in addition to the shoe after 30 s of exposure. The exposure time of 10 s was able to reduce
the number of viable cells for <10 CFU/mL or <0.33 CFU/cm? in 38 experimental conditions,
while for the time of 30 s, this reduction occurred in 39 experimental conditions. The differ-
ences related to the recovery of microorganisms may be associated with resistance to the bio-
cidal agent under the conditions tested, as well as the inoculum concentration.

Fig 3 shows that E. coli was the microorganism with the highest log,, reduction values,
regardless of the analyzed experimental condition (PPE item/surface and exposure time), with
values >9 log;o. The microorganisms S. aureus, C. albicans, C. parapsilosis, C. freundii and P.
mirabilis showed the same log;, reduction at the tested exposure times, without significant dif-
ference regardless of the surface analyzed. It is important to highlight that for Candida species
the log;, reduction value was lower than the bacterial species and this effect may be due to the
lower initial inoculum used. With regard to the PPE items, the lab coat showed the highest
log, o reduction values, varying between 4.30 log,, (C. parapsilosis at 10 and 30 s) and 9.69 log;o
(E. coli at 10 and 30 s). The surface of the glove was the only one in which the log;, reduction
of E. faecalis was similar (p >0.05) at the exposure times of 10 and 30 s, with 0.87 and 0.85
log,, respectively, and was the lowest when compared to the reduction in the other analyzed
surface.

Fig 4 shows the results of the PCA applied to the different study variables, which in this
study were related to the type of PPE (cap, safety glasses, respirator face mask, lab coat, glove,
shoe and face shield). In PCA, the clustering of the samples defines the structure of the data
through graphs of scores and loadings whose axes are principal components (PC) on which
the data is projected. The scores provide the composition of the PCs in relation to the samples,
while loadings provide that same composition in relation to the variables. The total variance of
principal component 1, mainly influenced by the respirator face mask, was 78.31% and that of
principal component 2, mainly influenced by the glove, was 16.01%, totaling 94.32% (Fig 4A).
The graph of the principal components shows that the microorganisms E. faecalis and P. aeru-
ginosa were the only ones for which the samples from the 10 and 30 s exposure times did not
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Fig 4. Principal component analysis of the samples of the test microorganisms analyzed at 10 and 30 s: (a) cumulative
variance according to the quantity of components (PPE-cap, safety glasses, respirator face mask, lab coat, glove, shoe
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and face shield—or surface type) (%); (b) graph of scores of principal components 1 (respirator face mask) and 2
(glove) and (c) graph of variable loadings of principal component 1.

https:/doi.org/10.1371/journal.pone.0250854.9004

overlap (Fig 4B). In addition, the graph shows the formation of clusters for all tested microor-
ganisms at different exposure times. Clustering is important because it can indicate similar
behavior among the samples evaluated according to the study variables. Note that the only
analyzed fungi (C. albicans and C. parapsilosis) formed a cluster in the lower left quadrant, as
well as the samples from 10 and 30 s of E. faecalis, having no influence on the type of surface/
item tested. However, the microorganisms S. aureus, E. coli, C. freundii and P. mirabilis clus-
tered together in the lower right quadrant, being influenced by the type of surface/item tested
(safety glasses, cap, respirator face mask and shoe), indicating that these microorganisms had
similar behavior at the evaluated experimental conditions.

P. aeruginosa was the only microorganism whose samples from 10 and 30 s were allocated
in the upper right quadrant, not being influenced by the main analyzed variable, the PPE item.
Note also that there was no negative correlation between the porous and nonporous surface
variables for principal component 1, where all PPE correlated positively with each other (Fig
4¢). Thus, from the PCA analysis, it is observed that the type of microorganism analyzed influ-
enced the results, since there was formation of clusters. In addition, even for the microorgan-
isms that did not have overlapping values for the exposure times of 10 and 30 s, the behavior in
response to the variables was similar since they remained in the same quadrant.

Fig 5 shows images of WSP discoloration due to the absorption of sodium hypochlorite
droplets sprayed in the disinfection chamber after 10 and 30 s of exposure. Each image was

Fig 5. Discoloration of the WSPs exposed to spraying of the biocidal agent in the disinfection chamber in the study
areas: (a) WSPs collected after 10 s of exposure; (b) WSPs collected after 30 s of exposure. WSPs position: (1) cap; (2)
safety glasses; (3) respirator face mask; (4) lab coat; (5) glove; and (6) shoe. Blue areas represent the deposition of the
biocidal agent, while yellow areas indicate no deposition.

https://doi.org/10.1371/journal.pone.0250854.9005
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difference at p <0.05 between values followed by the same letter according to Student’s t test with 95% confidence.
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observed ex situ after the WSPs were removed from the study surface areas (positions 1 to 6—
Fig 2). In general, there was good dispersion of the biocidal agent across the study area when
using the disinfection chamber composed of the six nebulizer nozzles. The areas of the WSP
with bluish tones show that there was deposition of the biocidal agent during the passage of
the manikin through the disinfection chamber, while areas with yellowish tones indicate the
absence of deposition of the studied agent.

In general, when comparing the distribution of the biocidal agent at the investigated expo-
sure times, similar good deposition coverage of the agent on the WSPs was observed, which
may be associated with the log,, reduction profile of the studied microorganisms, where the
exposure time to the biocidal agent had no significant influence on the reduction factor (except
for E. faecalis and P. aeruginosa) (Table 2 and Fig 3). Thus, the amount of biocidal agent that
reaches the study areas during the 10 s exposure would be sufficient to inactivate most of the
investigated microorganisms. Qualitatively, greater deposition is observed in some points of
the WSPs for the time of 30 s and this may explain the greater efficacy of the longer exposure
time for the two most resistant microorganisms (E. faecalis and P. aeruginosa). In addition, the
lower deposition of the biocidal agent on the respirator face mask (area 3), indicated by the
yellowish tone, may have interfered with the reduction efficiency of these microorganisms.

Fig 6 and S1 Table shows the results obtained for the stability analysis of the biocidal agent
at a concentration of 0.25% by determining the pH (Fig 6A) and the percentage of active chlo-
rine (Fig 6B). The results showed that the sodium hypochlorite solution was stable over the
evaluated period, with no significant difference (p >0.05) between the means determined for
the pH and for the active chlorine concentration (%). These results demonstrate the viability
of using the sodium hypochlorite solution with adequate active chlorine concentration
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(0.25%) for at least 20 days for application in the disinfection chamber, with maintenance of
its disinfectant capacity.

Discussion

In this study we demonstrated the high rates of microbial load reduction after exposure to the
sodium hypochlorite biocidal agent used in the personal protective closes and equipment
(PPE) disinfection chamber at the two analyzed times (10 and 30 s) regardless of the type of
surface/PPE item investigated. Some studies [80, 81] and standards [79, 82] indicate that disin-
fection methods with >5 log,o CFU reduction are considered effective and, consequently,
appropriate for clinical use, which reinforces the importance of our results for the instant dis-
infection of PPE, especially during the SARS-CoV-2 pandemic. This logarithmic reduction
implies the elimination of 99.999% of the microbial load [79, 82]. Considering these values as a
reference, the microorganisms P. aeruginosa and E. faecalis showed the lowest sensitivity to
sodium hypochlorite under the tested conditions (for some PPE items) when compared to the
other microorganisms, although the results were quite satisfactory in relation to the reduction
factor found for these bacteria under the studied conditions.

There are reports in the literature on the resistance of P. aeruginosa and E. faecalis to
sodium hypochlorite at concentrations <0.3% and <0.22%, respectively [83, 84]. This mecha-
nism may be associated with the bacterial ability to remove or discharge the charge of hypo-
chlorous acid (HCIO), which is a strong oxidizing agent that damages the permeability of the
bacterial cell wall and its genetic material [85]. However, Lineback et al. [86] showed that the
use of sodium hypochlorite at a concentration of 1.312% against P. aeruginosa was more effec-
tive than quaternary ammonium, while Yoo et al. [87] reported that this biocidal agent at
0.031% showed activity against clinical isolates of E. faecalis. In this study, the concentration of
0.25% of sodium hypochlorite was effective in reducing the load >99% for P. aeruginosa and
>86.000% for E. faecalis.

Regarding the analyzed fungal strains, the percentage reduction value was >99% and the
number of viable cell was <10 CFU/mL or <0.33 CFU/cm” for all experimental conditions,
indicating that C. albicans and C. parapsilosis are sensitive to sodium hypochlorite under the
tested conditions, which shows that spraying of the biocidal agent may be an effective alterna-
tive for the inactivation of these microorganisms when compared to other methods [62]. Infec-
tions caused by Candida species are classified as one of the main contaminants in the hospital
environment because these pathogens can lead to systemic infection [88]. Although C. albicans
is still the species most frequently isolated from nosocomial fungal infections [89], cases associ-
ated with C. parapsilosis have increased significantly in recent years [90] due to the resistance
of Candida species to antifungals and disinfectants [91]. Thus, it is important to note that
spraying systems have been used to control bioburden in nosocomial environments, especially
for combating multidrug-resistant strains [81].

The study by Ishikawa et al. [37] demonstrated that the efficacy of a small disinfection
chamber using a spray system with 5.00% sodium hypochlorite solution for the inactivation of
Bacillus subtilis spores. The authors reported that the disinfection system used is a "test cham-
ber", which does not have the physical structure for the passage of a person, being able only to
perform the sporicidal effect in a small area [37]. However, unlike Ishikawa et al. [37] work,
our study demonstrates the efficacy of a spray system (disinfection chamber) containing
sodium hypochlorite for the instant disinfection of different PPE items (at 10 or 30 s) against
Candida species and Gram-positive and Gram-negative bacteria on different types of surfaces
at the same time. The efficacy demonstrated by the biocide agent in the concentration of
0.25% against the microorganisms tested suggests that new studies can be conducted using a
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lower concentration of the chemical agent, such as 0.1%, which is also in the concentration
range recommended by WHO for the disinfection of environmental surfaces [49].

Hospital infections are caused by factors such as environmental contamination, frequent
handling of contaminated material, and the ability of microorganisms to survive for prolonged
periods on different types of surfaces [1, 92]. Within the hospital environment, sodium hypo-
chlorite is the most widely used disinfectant because it has broad-spectrum antimicrobial
activity, considering Gram-positive and Gram-negative bacteria and fungi [83] as well as dem-
onstrated virucidal activity [93]. Kohler et al. [94] showed that sodium hypochlorite effectively
reduced the concentration of multidrug-resistant Gram-positive bacteria (Pseudomonas, Aci-
netobacter and Klebsiella) after exposure times of 1 to 15 min, longer exposure time than those
studied in this work. Regarding the activity against viral agents, It has been demonstrated that
sodium hypochlorite in concentrations between 0.01 and 0.5% is capable of inactivating the
SARS-CoV-1 on stainless steel surfaces [95, 96]. In addition, Ma et al. [97] showed that instant
hand hygiene using disinfecting wipes containing 0.05 or 0.25% active chlorine removed
96.62% and 99.98%, of the influenza virus, respectively, which causes avian influenza. The
authors also point out that, although they have not tested with SARS-CoV-2, hand cleaning
with the disinfecting wipes can help to control the spread of COVID-19. Similarly to the study
by Ma et al. [97], one limitation of our study was not to use SARS-CoV-2 as a test microorgan-
ism. However, based on the promising results identified in this study, which showed that the
biocide capacity of sodium hypochlorite was maintained under the conditions tested, the eval-
uated concentration of 0.25% has the potential for disinfecting surfaces contaminated by dif-
ferent microorganisms and can be extrapolated to enveloped viruses based on results in the
literature, being a potential agent against SARS-CoV-2. The choice of evaluating different bac-
teria and fungi as biological indicators stemmed from the need to accelerate the confirmation
of the disinfectant action of the proposed technology, since some of these microorganisms are
resilient compared to viruses [98], have a relatively faster growth and can be manipulated in
laboratory environments with a lower level of biosafety.

Other studies have already demonstrated the effect of different biocidal agents against the
microorganisms tested in this study, showing that the efficacy of the disinfection process varies
with the type of disinfectant [99, 100] or according to the application method used [101, 102].
There are few reports in the scientific literature on the efficacy of PPE decontamination after
exposure to pathogens, as was analyzed in this study. Among them, Lemmer et al. [103]
showed that disinfection with 2% peracetic acid with 0.2% surfactant through a spray system
was able to inactivate B. thuringiensis spores in high density polyethylene protective coveralls
after 5 min of exposure. Compared to our study, sodium hypochlorite was more effective than
peracetic acid because the exposure time required was shorter to reduce the microbial load on
the surface, considering the polyethylene surface and other analyzed materials. In addition, the
instantaneous decontamination demonstrated by the results obtained in 10 and 30 s exposure
times shows the potential of the disinfection chamber application in places with intense or
moderate people flow, such as the exits of intensive care units and wards in hospitals. In addi-
tion, reducing the microbial load on the surface of PPE can help reduce the risks associated
with handling and exposure to biomedical waste, an important source of environmental con-
tamination [104].

The results also suggest that the use of sodium hypochlorite may be recommended due to
the stability of its solution in terms of pH and concentration of active chlorine over the 20
days, since the exchange or replacement of the biocide agent solution does not need to be per-
formed, for example, on a daily basis. The dissociation of NaOCl into HOCI-, its main active
agent, is pH-dependent [105]. Thus, it is important that the solution remains stable so that the
levels of the active agent do not decrease. The critical issue raised by health authorities’
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agencies are sodium hypochlorite toxicity when in contact with mucous membranes and may
lead to tissue damage or allergic reactions [106, 107]. Therefore, we are aware of the possibility
of episodes of clinical toxicity caused by the sodium hypochlorite, especially in persons that
are known to be allergic to bleaches, and that this can be considered as a limitation of the
study. In addition, we re-emphasized that the disinfection chamber with 0.25% sodium hypo-
chlorite be used only by fully trained workers (considering its installation, the preparation of
the biocide agent in the correct concentration, and for its correct use), thus promoting an
effective disinfection process against bacteria and potential emerging pathogens, such as
SARS-CoV-2, that is safe for users.

The use of the proposed disinfection technology becomes an attractive alternative, espe-
cially for middle-income countries such as Brazil [38]. This occurs due to factors such as the
material used in the chamber framework, which are widely used in the industry for the manu-
facture of different items, its modular design that allows scalable production as well as the low-
cost of sodium hypochlorite. These factors can make production cheaper and facilitate trans-
port and installation in different health facilities. In addition, the results obtained related to
WPS showed that the nebulizer nozzles disposition promoted a satisfactory spraying of the
biocide agent.

Indeed, disinfection chamber could be considered as an interesting disinfection technology
for use in emerging countries, since it can improve the control cases of nosocomial infection
in those places that usually have the most overloaded health systems.

Conclusions

The disinfection chamber proved to be a potential technology for the rapid and effective disin-
fection of the surface of PPE, regardless of the evaluated item, routinely used by HCWs for
protection against infectious agents. The spraying system with the biocidal agent was effective
in reduce the microbial load, where the percentage reduction equal to >99% and, conse-
quently, bringing the number of viable cells to <10 CFU/mL and <0.33 CEU/cm?” after expo-
sure times of 10 and 30 s in 96.93% of the experimental conditions analyzed. The lowest
percentages reduction were found for the sample of E. faecalis collected from the glove, where
the values obtained were 86.000 and 86.500% for the exposition of 10 and 30 s, respectively,
while the highest amount of viable cells was found for P. aeruginosa sample at 10 s in the cap,
with 7.7x10° CFU/mL or 2.6x10* CFU/cm? The log,o reduction values varied between 0.85
logy (E. faecalis at 30 s in glove surface) and 9.69 log,, (E. coli at 10 and 30 s in lab coat
surface).

Thus, the bacterial species E. coli, S. aureus, C. freundii and P. mirabilis and the fungi C.
albicans and C. parapsilosis showed susceptibility to 0.25% sodium hypochlorite under the
evaluated experimental conditions independent of the exposure time or PPE item evaluated,
while the microorganism E. faecalis was less susceptible to the biocidal agent under the tested
conditions. In general, a 30-s exposure time was more efficient in reducing the investigated
microbial load.

The results of this study show that the disinfection chamber with 0.25% sodium hypochlo-
rite may be an alternative to control the bioburden in nosocomial environments, especially to
prevent the self-contamination of HCWs in the doffing step. The importance of the use of the
chamber by properly attired HCWs is also emphasized in order to avoid direct contact with
the tested biocidal agent. In addition, because this is a novel study, these results may contribute
to the development and safe use of disinfection equipment in environments where the envi-
ronmental bioburden must be controlled. It is also important to highlight that the experimen-
tal design of the study was carried out in order to have a simulation of how the disinfection
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chamber would be used by HCW in the nosocomial environment. Thus, the manipulation of
viral strains would not be appropriate in the conditions tested, since the handling of these
microorganisms requires a laboratory environment with a higher level of biosafety. However,
although virucidal efficacy was not directly determined, the chamber may be an alternative to
reduce the contamination rates among HCWs in front of different types of emerging microor-
ganisms, reducing the impacts in the area of public health.
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S2 Fig. Images of the manikin suitably dressed with PPEs used to simulate the use of the

disinfection chamber by healthcare workers in nosocomial environments

S1 Table. Raw data of stability of sodium hypochlorite regarding pH and active chlorine
analysis (mean * standard deviation).

Time (days) pH Active chlorine (%)
0 12.3+£0.02 0.259 +£0.01
3 12.2+£0.01 0.252 £ 0.001
6 12.3+0.05 0.251 £ 0.001
10 12.3+0.07 0.251 £ 0.001
13 12.3+0.05 0.252 +0.005

87



4. ARTIGOIII

Numerical and experimental analyses for the improvement of surface instant
decontamination technology through biocidal agent dispersion: Potential of application

during pandemic

Artigo publicado em PloS ONE 16(5): e0251817, 2021.

Paulo Roberto Freitas Neves?!, Turan Dias Oliveira?, Tarcisio Faustino Magalhdes?, Paulo
Roberto Santana dos Reis?, Luzia Aparecida Tofanelil, Alex Alisson Bandeira Santos?,
Bruna Aparecida Souza Machado®?", Fabricia Oliveira Oliveira?, Leone Peter Correia da

Silva Andrade’?, Roberto Badard? and Luis Alberto Bréda Mascarenhas'?

1 SENAI CIMATEC, National Service of Industrial Learning — SENAI, Computational
Modeling and Industrial Technology, University Center SENAI/CIMATEC, 41650-010,
Salvador, Bahia, Brazil.

2 SENAI CIMATEC, National Service of Industrial Learning — SENAI, SENAI Institute of

Innovation (ISI) in Health Advanced Systems (CIMATEC ISl SAS), University Center
SENAI/CIMATEC, 41650-010, Salvador, Bahia, Brazil.

DOI: 10.1371/journal.pone.0251817

Este artigo e de propriedade da PloS ONE.

Copyright: © 2021 Freitas Neves PR, et al. This is an open access article distributed under
the terms of the Creative Commons Attribution License
(https://creativecommons.org/licenses/by/4.0/), which permits unrestricted use,

distribution, and reproduction in any medium, provided the original author and source

are credited.

88



Neste artigo foi avaliado, por meio de simulagdes CFD e ensaios experimentais,
o desempenho de uma camara de desinfeccdo projetada para aspersdo instantdnea de
solucdo de agente biocida, e proposto ajustes na configuracdao melhorando a aspersao
do agente biocida sobre as superficies de contato e, consequentemente, a eficacia do
equipamento desenvolvido. O detalhamento das condigdes de contorno da modelagem
computacional desenvolvida, estd disposto no Apéndice A.

Por ser um trabalho interdisciplinar, o artigo contou com o apoio de algumas
areas do SENAI CIMATEC, sendo: Area de Eficiéncia Energética, contribuiu para o projeto
e desenvolvimento da nova configuragdo da camara de desinfeccdo, metodologia,
realizacdo de ensaios experimentais e simulacdes CFD. Instituto SENAI de Inovagdo em
Sistemas Avancados em Saude, contribuiu com a metodologia e ensaios experimentais.
No final do artigo sdo apresentadas as contribuicdes da cada um dos autores no

desenvolvimento do trabalho.

89



PLOS ONE

Check for
updates

E OPENACCESS

Citation: Freitas Neves PR, Oliveira TD, Magalhaes
TF, dos Reis PRS, Tofaneli LA, Bandeira Santos AA,
etal. (2021) Numerical and experimental analyses
for the improvement of surface instant
decontamination technology through biocidal agent
dispersion: Potential of application during
pandemic. PLoS ONE 16(5): 0251817. https:/doi.
0rg/10.1371/journal.pone.0251817

Editor: Amitava Mukherjee, VIT University, INDIA
Received: February 9, 2021

Accepted: April 28, 2021

Published: May 19, 2021

Copyright: © 2021 Freitas Neves et al. This is an
open access article distributed under the terms of
the Creative Commons Attribution License, which
permits unrestricted use, distribution, and
reproduction in any medium, provided the original
author and source are credited.

Data Availability Statement: Al relevant data are
within the paper.

Funding: The author(s) received no specific
funding for this work.

Competing interests: The authors have declared
that no competing interests exist.

RESEARCH ARTICLE

Numerical and experimental analyses for the
improvement of surface instant
decontamination technology through biocidal
agent dispersion: Potential of application
during pandemic

Paulo Roberto Freitas Neves', Turan Dias Oliveira', Tarcisio Faustino Magalhaes', Paulo
Roberto Santana dos Reis’, Luzia Aparecida Tofaneli', Alex Alisson Bandeira Santos’,
Bruna Aparecida Souza Machado'2*, Fabricia Oliveira Oliveira®, Leone Peter Correia da
Silva Andrade', Roberto Badaré?, Luis Alberto Bréda Mascarenhas'2

1 SENAI CIMATEC, National Service of Industrial Learning-SENAI, Computational Modeling and Industrial
Technology, University Center SENAI/CIMATEC, Salvador, Bahia, Brazil, 2 SENAI CIMATEC, National
Service of Industrial Learning—SENAI, SENAI Institute of Innovation (ISl) in Health Advanced Systems
(CIMATEC ISI SAS), University Center SENAI/CIMATEC, Salvador, Bahia, Brazil

* brunam @fieb.org.br, brunamachado17 @hotmail.com

Abstract

The transmission of SARS-CoV-2 through contact with contaminated surfaces or objects is
an important form of transmissibility. Thus, in this study, we evaluated the performance of a
disinfection chamber designed for instantaneous dispersion of the biocidal agent solution, in
order to characterize a new device that can be used to protect individuals by reducing the
transmissibility of the disease through contaminated surfaces. We proposed the necessary
adjustments in the configuration to improve the dispersion on surfaces and the effectiveness
of the developed equipment. Computational Fluid Dynamics (CFD) simulations of the pres-
ent technology with a chamber having six nebulizer nozzles were performed and validated
through qualitative and quantitative comparisons, and experimental tests were conducted
using the method Water-Sensitive Paper (WSP), with an exposure to the biocidal agent for
10 and 30 s. After evaluation, a new passage procedure for the chamber with six nozzles
and a new configuration of the disinfection chamber were proposed. In the chamber with six
nozzles, a deficiency was identified in its central region, where the suspended droplet con-
centration was close to zero. However, with the new passage procedure, there was a signifi-
cantincrease in wettability of the surface. With the proposition of the chamber with 12
nozzles, the suspended droplet concentration in different regions increased, with an aver-
age increase of 266%. The experimental results of the new configuration proved that there
was an increase in wettability at all times of exposure, and it was more significant for an
exposure of 30 s. Additionally, even in different passage procedures, there were no signifi-
cant differences in the results for an exposure of 10 s, thereby showing the effectiveness of
the new configuration or improved spraying and wettability by the biocidal agent, as well as
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in minimizing the impact caused by human factor in the performance of the disinfection
technology.

Introduction

COVID-19, a disease characterized by a severe acute respiratory syndrome and caused by
coronavirus-2 (SARS-CoV-2), first occurred in Wuhan, China and spread worldwide in a few
weeks [1-4]. On March 11, 2020, the World Health Organization (WHO) declared COVID-19
to be a pandemic [5-7]. The United States, India, and Brazil are the three countries with the
highest number of reported cases, representing 51% of the total SARS-CoV-2 infections world-
wide [8].

Although there have been warnings about the threat of viruses that cause respiratory dis-
eases [9], the SARS-CoV-2 virus has spread at an unprecedented rate, and there is an urgent
need to formulate various approaches to face this pandemic [10-13]. The transmission of
SARS-CoV-2 can occur through direct contact with contaminated surfaces or by air, mainly
through direct contact with contaminated people and biological secretions [14-20]. Since the
beginning of the pandemic, different countries adopted different challenging measures to
reduce infection rates and avoid the collapse of health systems [21, 22]. A variety of non-phar-
maceutical interventions were adopted, such as complete regional blockages, closing of non-
essential activities/commerce, mass testing of the population, quarantine measures, tracking
the infected, construction of hospitals for the treatment of COVID-19, and development of
new disinfection technologies [23, 24]. Transmission through contact with contaminated sur-
faces or objects has been described as an important form of transmissibility [25, 26], which has
even been demonstrated for SARS-CoV-2 (27, 28]. The search and evaluation of the efficacy of
some biocidal agents and technologies that disinfect contaminated environments and surfaces
is based on previous studies, mainly with related viruses, such as SARS-CoV (Severe Acute
Respiratory Syndrome Coronavirus) and MERS (Middle Eastern Respiratory Syndrome Coro-
navirus) [29-31]. To date, there is no specific treatment for SARS-CoV-2, however, since the
beginning of the pandemic, a race against time has begun to make a vaccine for disease preven-
tion available quickly. Currently, the vaccination against COVID-19 could be achieved mainly
through emergency approvals for use by the regulatory agencies in each country. These
approvals are mechanisms to facilitate the use of medicines in emergency situations, that may
be used (even if not officially approved), but if certain statutory criteria have been met, includ-
ing for example, that there are no other available alternatives [32]. The disinfection measures
are also part of this race for preventive methodologies, especially at the time when vaccines
were not yet available and also during the vaccination process, since this process has not yet
been able to cover the entire population.

Disinfection measures can help inhibit the transmissibility of the virus, provided that they
are safe for use. When it comes to transmissibility, it is important to emphasize that several
studies have been bringing more and more data about the importance of disinfection mea-
sures, given the virus’ ability to stay alive in the environment for considerable periods of time.
The environmental risks associated with COVID-19, such as the waste generated and contami-
nated by the virus, have been receiving great attention from researchers [33]. Hospitals, home
care and quarantine facilities, for example, are generating a large amount of waste. Face masks,
personal protective equipment (PPE), nitrile gloves, disposable caps, among others, despite the
importance of their use for individual protection, are considerable sources of contamination.
And for this reason, the concern with the disinfection measures applied to these residues is
also important in the context of the pandemic [34, 35]. Still, it is worth to note that the search
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for new disinfection measures can not only be applied to the current pandemic of COVID-19, but
also to other situations that may occur in the future, since the growth in the number of infections
associated with new diseases may become an increasingly frequent factor in the future.

Since the beginning of the pandemic, new technologies and protocols have been developed
with the purpose of exercising microbial control efficiently, thereby targeting a reduction in
the infection rate [36, 37]. Here, we discuss technologies that have been adopted to help com-
bat contamination by SARS-CoV-2. For example, previous studies have demonstrated the ben-
efits of using ultraviolet light devices for disinfecting hospital environments [38], portable
devices with spray systems for surface decontamination [39], and disinfection chambers with
different biocidal agents [40]. These new developments have been shown to assist in the con-
trol of microbial load based on evidence from tests on different microorganisms and have
mainly been applied in nosocomial environments, which are one of the main public health
problems worldwide [41, 42] and therefore have considerable potential for application during
and after the COVID-19 pandemic.

An equipment was recently developed to disperse a solution containing biocidal materials
for the instant disinfection of personal protective equipment (PPE), worn by healthcare work-
ers when leaving hospital areas intended for treatment of patients with SARS-CoV-2 in some
of the reference hospitals for the treatment of COVID-19 in Brazil. The evaluation of its effec-
tiveness, safety, and acceptance among professionals was carried out through experimental
tests using previously contaminated surfaces and qualitative analysis of the deposition of parti-
cles in the study regions [43], as well as by collecting information using structured question-
naires involving more than 400 professionals who have used it. This equipment, called
disinfection chamber, was designed as an alternative strategy to the current possibilities of pro-
tection against COVID-19, and its objective is to decontaminate potential surfaces, such as
PPE, which may contribute to the high transmission of SARS-CoV-2 among health profession-
als during the process of doffing step. It is worth mentioning that the use of this equipment
may also be applied in other situations, not only in nosocomial environments, increasing the
scope of protection to individuals.

In addition to the disinfection properties of the solution, the effectiveness of this technology
is also dependent on the configuration and form of use of the equipment. The nozzle arrange-
ment and passage procedure can influence the wettability of the surfaces and thus the disinfec-
tion performance [44].

Numerical simulations have been shown to be useful for assessing air flow and particulate
trajectory, where it is important to understand the physical phenomenon for medical and
research purposes [45-48]. Some studies have shown the development of disinfection cham-
bers using CFD and have illustrated validation techniques using such type of simulations [44,
49]. Hence, CFD can be an interesting alternative for evaluating existing technologies or new
propositions [49, 50].

Thus, this study evaluated the performance of a disinfection chamber designed for instanta-
neous dispersion of biocidal agent solution. We proposed the necessary adjustments in the
configuration to improve the dispersion on surfaces and the effectiveness of the developed
equipment. Therefore, different exposure times, passage procedures inside the chamber, and
nebulizer nozzle configurations were evaluated to improve the application of the technology as
an additional barrier against contamination by SARS-CoV-2.

Materials and methods

Experiments and numerical simulations were used to test a previously developed disinfection
chamber [43]. The experimental tests were conducted with the objective of providing input
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Description
disinfection technology and
spray of nebulizer nozzle
Propositions
— New procedure
v New technology configuration
Experimental Tests
Fixed rods
Moving person v
CFD Simulation
Using validated methodology
A 4
CFD Simulation
Current technology
configuration Y
Experimental Tests
Moving person
Comparative analysis of
current configuration vs. new
CFD validation configuration
Comparative analysis —
Experiment vs. Simulation

Fig 1. General scheme of the methodology used in this study to evaluate the performance of the disinfection
technology (chamber) in relation to the dispersion of the biocidal agent.

https://doi.org/10.1371/journal.pone.0251817.q001

information for the simulations and comparative analyses, applying flow measurement meth-
ods, thermography, and water sensitive paper (WSPs) [33, 35, 51-55]. The simulations were
carried out in two stages. The first stage involved the nebulizer nozzle to gain a proper under-
standing of the dispersion behavior in the nozzle, and the second stage was related to the effec-
tiveness of the biocidal agent dispersion in the disinfection system (chamber). Fig 1 presents
the scheme of the methodology applied in this study to evaluate the dispersion of the biocidal
agent solution (aqueous solution of sodium hypochlorite with a concentration of up to 0.25%).

Disinfection technology (chamber)

The disinfection chamber used in this study was developed as a modular structure, with the
dimensions 2,4 x 1,5 x 3,0 m (HxWxL), composed of aluminum profiles and closure in mate-
rial acrylic and PVC (polyvinyl chloride). Internally, the chamber had a nebulization system
composed of six nebulizer nozzles installed on the sides (horizontal position), ceiling (vertical
position), a water filter, submerged pump, and storage tank with a capacity of 1000 L (Fig 2). A
control unit was responsible for activating the system, with the presence sensor for activation
of the nebulizer nozzles if an individual passed through the chamber [56, 57].

Characterization of the spray formed by the nebulizer nozzle

The spray formed by the nebulizer nozzle had different angles, droplet sizes, and flow rates.
These variables were used as input data in the numerical simulations [47, 58-60]. Hence, the
nozzle volumetric flow was determined by collecting three samples of solution volumes (one
minute per sample) and then calculating the average volumetric flow.
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Tank

Inlet
Fig 2. Rep ion of the disinfection chamber developed for instant decontamination of surfaces using
biocidal agents.

https://doi.org/10.1371/journal.pone.0251817.g002

The angle formed by the spray was measured by collecting thermal images of the spray using
a thermographic camera, according to the methodology proposed by Jiao et al. [60] obtained
images to visualize the spray due to the difference between the temperatures of the fluid and the
internal walls of the disinfection chamber. For the measurement of this parameter, six thermal
images were captured at vertical and horizontal positions of the nozzle at different instants.

The measurement of the spray particle size was performed thrice, collecting droplets of the
spray formed by the nebulizer nozzle using WSPs positioned in front of the nozzle at a distance
of 65 mm. After collection, the WSPs were read using WSP reading technology (DropScope,
Brazil). Thus, it was possible to detect overlapping droplets [61], with a minimum recorded
size of 24.18 pm. The obtained data were compiled and adjusted to a Rosin-Rammler distribu-
tion function, suitable for representing the distribution of particles and droplets [62-64]. This
distribution is characterized by a scale factor d, and form factor y.

Wettability analysis

Wettability analysis was performed using the WSP method in two different ways. Initially, 18
WSPs were applied to rods fixed in the ranges identified as 1, 2, and 3 arranged in the central
area of the disinfection chamber, as shown in Fig 3A. Thus, the WSPs were exposed for a

period of 10 s and then analyzed using DropScope technology, and the percentage of wet area
of each WSP was calculated. In the second step, 44 WSPs were applied to different regions of
the body of a person previously dressed with PPE (cap, glasses, mask, gloves, coat, and shoes)
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Fig 3. Illustration of the regions where WSPs were applied. (A) Experiment with the rods in the central area of the chamber; (B) experiment with the
properly dressed individual in PPE.

https://doi.org/10.1371/journal.pone.0251817.9003

(Fig 3B) in order to qualitatively assess the wettability of the surfaces in different regions of the
PPE during exposure in the disinfection chamber. For this analysis, two exposure times to the
biocidal agent, 10 and 30 s, were used, where the individual made a 360° rotation during the
passage through the chamber. Additionally, for 10 s exposure, the direct passage through the
chamber was also evaluated (without turning in the center). All experimental tests for wettabil-
ity analysis were performed twice.

Computational fluid dynamics

Simulation of nebulizer nozzle. To study the flow in the disinfection chamber, it was
necessary to conduct simulations of the nebulizer nozzles to determine the speed of injection
of the droplets. Here, ANSYS CFX 17.1 software was used to simulate the flow of nozzles. The
modeled computational domain presents the geometric characteristics in which there is con-
tinuous flow of the solution before it leaves the nebulizer nozzle, as shown in Fig 4. The green
region represents the internal part of the nebulizer nozzle, and the red extension is modeled
for numerical stability.

The Eulerian approach through the finite volume method [65] was adopted to obtain the
solution of the equations that describe the flow through the continuous medium of the nozzle.
The method in question solves the equations of conservation of mass (continuity) and
momentum (Navier-Stokes), described by Eqs 1-4:

dp .

T +div(pu’) =0 (1)

d(pu) , —\ dp .
= div(pun’) = — T div(p grad u) + S,,, (2)

pv) ., ¢ ;
(é)_t +div(pvi') = — a—i +div(ugrad v) + S, (3)

Aow) o Op
ot +div(pwu') = B2 + div(pu grad w) + S, (4)
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Fig 4. Computational domain illustration of the nebulizer nozzle.

https://doi.org/10.1371/journal.pone.0251817.9004

where p is the pressure; t is time; p is density; x, y, and z are the three Cartesian directions; u, v,
and w are the speeds in the x, y, and z directions, respectively; % is the three-dimensional
velocity vector; pu is the viscosity of the fluid; Syyy, Smy» and Syy, are the source terms of momen-
tum in the directions x, y, and z, respectively. n the present simulation, the Shear Stress Trans-
port (SST) k-w turbulence model was used. The application of this model requires the
solution of two more transport equations (one for turbulent kinetic energy, k, and another for
turbulent frequency, w), as shown in Eqs 5 and 6:

d(pk
‘)((;’t )t div(pk@) = div(T grad k) +S, (5)
0 —
‘ (S;D) +div(pwd’) = div(T grad ») + S, (6)
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where Sy and S, are the source terms of k and w, respectively. In the simulation of the flow of
the nozzle to a stationary regiment, the derivatives in time are treated as zero.

In order to know if the turbulence model is being used appropriate, it is necessary to evalu-
ate Yplus. The Yplus represents a dimensionless distance from the first node to the wall and,
depending on the numerical treatment given to the boundary layer, turbulence models have
different ranges suitable for Yplus values. The standard k- € model, for example, requires an
Yplus value on the wall between approximately 30 to 300. According to Salim and Cheah [66]
for Yplus values below 30, the k—e turbulence model is not suitable, being the SST k—w
model more appropriate, as it is a hybrid model between ok—e and K-w [67].Once the nozzle
computational domain was modeled, it was discretized into control volumes for the applica-
tion of the discretized governing equations. Fig 5 shows the computational mesh of the simu-
lated geometry with 8,856,031 elements composed of tetrahedrals and pyramids.

For the developed dispersion chamber, it is possible to use different types of products with
biocidal properties as well as different concentrations (for example, percentage of dilution in
water). For this study, all experiments were performed using sodium hypochlorite at concen-
trations up to 0.25% as a biocidal agent [68]. Sodium hypochlorite is considered to be one of
the most relevant and prevalent disinfectants for disinfecting surfaces against SARS-CoV-2
[69]. For the proposed numerical model, the physical properties were considered as identical
to that of water [44]. Thus, they were valid for aqueous solutions of sufficiently low concentra-
tions such that the properties were not significantly impacted. Table 1 shows the boundary
conditions (according to the regions named in Fig 4) applied for the simulations with the six

Fig 5. Computational mesh of the nebulizer nozzle.

https://doi.org/10.1371/journal.pone.0251817.9005
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Table 1. Contour conditions of the disinfection chamb buli 1
Locations Boundary Conditions
Inlet Average flow rates for each nebulizer nozzle
Outlet Atmosferic Pressure
Wall No-slip wall

https://doi.org/10.1371/journal.pone.0251817.t001

nebulizer nozzles in the disinfection chamber. For this study, the flow was considered isother-
mal and incompressible.

Simulation of the disinfection technology (chamber). The disinfection technology
(chamber) is represented by a fluid domain that contained the arrangement of the six nebulizer
nozzles, as shown in Fig 6. The flow was analyzed through an Eulerian-Lagrangian approach,
in which the internal region of the disinfection chamber (continuous medium-ambient air)
interacts with the fluid particles (disperse medium) that are generated through the nebulizer
nozzles [70, 71].

For the simulation of the disinfection chamber, the continuous medium (air) was treated
with an Eulerian approach, using the same mass and moment conservation equations previ-
ously presented (Eqs 1-4) but in a transient regime. The biocidal agent solution was treated
using a Lagrangian approach as a dispersed fluid (droplets). In this approach, the resulting
force on each particle is the sum of the drag (Fp) and thrust (Fp) forces due to gravity [72]. The
particle trajectory can be described according to Eqs 7 and 8:

F,=F,+F, (7)
v, 1 n
mpa—: =g C,,ijp(vf - vp)|vf -, +5* di(pp - pf) xg (8)

Nozzles

N

1.21m

Fig6. C tonal donain of the disinfection chagab

P

https://doi.org/10.1371/journal.pone.0251817.9006
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where findicates the value for the fluid, p indicates the value for the particle, m is the mass, Cp,
is the drag coefficient, p is the density, A is the frontal area, v is the speed, d is the diameter,
and g is the gravity.

The drag coefficient is calculated using the Schiller-Naumann model (73], according to Eq
9:

24 .
Cy= max<E % (14 0.15Re*™ f),o‘44> 9)

where Re is the Reynolds number.

Three meshes were evaluated for the disinfection chamber with different number of ele-
ments (approximately 6.6x10°, 1.3x10°% and 3.0x10°). Each nozzle was considered as a punctual
injection of droplets, with mass flow rates defined according to the experimental results. The
speeds were set such that they maintained the moment flow resulting from the nozzle simula-
tions. The nozzle dispersion angle value was adopted as determined experimentally. The
adopted particle size distribution was described by adjusting the Rosin-Rammler distribution
function, which was also evaluated experimentally. All disinfection technology walls were con-
sidered “no-slip” with restitution coefficients equal to zero.

Ethics approval and consent to participate

This study was conducted after its approval by the Ethics and Research Committee of Univer-
sity Center SENAI/CIMATEC (No. 4,132,735), and by following the ethical principles and a
written informed consent was obtained.

For this study, only one volunteer was recruited to perform the WSP tests. During the tests,
the participant was properly dressed, using all PPE. To avoid contact of the biocidal agent with
mucous membranes and skin, as well as to avoid inhalation of the spray formed, the partici-
pant used all PPE, including N95 mask, goggles, waterproof coat, gloves, protective shoe and
cap.

The participant was followed throughout the study on any type of adverse event. The partic-
ipant did not manifest or reported any adverse effects related to the use of the disinfection
chamber and had no previous allergy to the tested biocidal agent.

The consent form was read and signed by the study volunteer. In addition, participant was
also made aware of possible risks, such as the occurrence of an adverse event during or after
the use of the chamber, and the benefits, such as reducing the SARS-CoV-2 spread rate.

Results and discussion
Spray characterization

Table 2 shows the flow rates for each nozzle and their respective standard deviations. The max-
imum relative deviation is 3.34%, showing that the individual measured values are slightly dif-
ferent from the average.

The angle formed by the spray in the two positions is 60°. The captured thermal images
(Fig 7) show profiles similar to the characteristic angle.

Bian et al. [74] performed experiments with the orientation angles of the nebulizer nozzle
varying from 0° to 90°. The spray cone angles measured through images varied between 60°
and 62°, showing that the angle formed by the spray was not affected by the nozzle orientation
angle [74].

Fig 8 shows the cumulative particle size distribution (average of the data collected from the
WSPs) and the Rosin-Rammler distribution function curve with d, = 78.6 ym and y = 1.87.

PLOS ONE | https://doi.org/10.1371/journal.pone.0251817 May 19, 2021 10/27
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Table 2. Flow rates of the nebulizer nozzles.

Flow rates Nozzles [L/h]

Measurement Nozzle 1 Nozzle 2 Nozzle 3 Nozzle 4 Nozzle 5 Nozzle 6
Ml 5.58 5.70 7.50 7.80 5.52 6.72
M2 5.70 5.64 7.50 7.68 5.40 6.84
M3 5.70 6.00 7.50 7.74 5.34 6.90
Average 5.66 5.78 7.50 7.74 5.42 6.82
Standard deviation 0.07 0.19 0.00 0.06 0.09 0.09
1.22% 3.34% 0.00% 0.78% 1.69% 1.34%

https://doi.org/10.1371/journal.pone.0251817.t002

The adjusted curve shows a coefficient of determination R* = 0.998, characterizing that the
adjustment is valid for the representation of the experimental data.

Wettability analysis

The samples of the experiment carried out with WSPs applied to the three ranges inside the
disinfection chamber and exposed to the biocidal agent for 10 s are shown in Fig 9. The per-
centages of the wet area for each WSP are also shown.

In the two samples, the areas affected by the solution of the biocidal agent were similar,
showing that the method used for evaluation is acceptable. It should be noted that it was not
possible to read the WSP with number 12 from sample 1 (Fig 9A). When comparing the WSPs
numbered 12 of the two samples, a large difference is visually observed in the area affected by
the biocidal agent during exposure. Thus, for this study, the WSP 12 obtained for sample 1 is
not considered in the qualitative and quantitative analyses.

In range 2, corresponding to the central region of the disinfection chamber, no significant
deposition of particles is observed. Therefore, this can be considered as a limitation of the
functionality of the developed equipment and may compromise its effectiveness, regardless of
the biocidal agent used (Fig 9).

In a study carried out by Joshi [44], it was observed (side view of the chamber) that even
after 12 s of disinfectant dispersion, at regions close to the ends of the structure, the concentra-
tion of droplets in the suspension was lower than that in the regions close to the nebulizer noz-
zles. Thus, it can be guessed that if Joshi [44] experimentally evaluated the dispersion of
droplets using the WSP method, the results would be close to those of the samples presented in
Fig 9. However, the central region would have a higher concentration of suspended droplets in
relation to the ends of the developed chamber.

Simulation

Fig 11A illustrates the Yplus contours for the walls of the simulation for the nebulizer nozzle
and represents the dimensionless distance to the first computational node. The maximum

1 2
(A)I H
I . -

3 4

5
ted in the neb

Fig 7. Measurement of the angle formed by the spray g li les. (A) Vertical position; (B)
Horizontal position.
https://doi.org/10.1371/journal.pone.0251817.9007
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Fig 8. Rosin-R ler distribution function for the data collected from the WSPs.

https:/doi.org/10.1371/journal.pone.0251817.9008

value of Yplus is 14, thus validating the methodology used for the treatment of the turbulence.
This is because the use of the SST model presents good solutions in the treatment close to the
wall for a wide range of Yplus [67].
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Fig 9. WSPs exposed to the biocidal agent for 10 s and their percentage wet area values. (A) Sample 1; (B) Sample 2.
https://doi.org/10.1371/journal.pone.0251817.9009
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Table 3. Flow rates and velocities of the fluid at the exit of the disinfection chamb buli 1
Nozzles
1 2 3 4 5 6
Guidance Horizontal Horizontal Vertical Horizontal Vertical Horizontal
Mass Flow (g/s) 1.57 1.61 2.08 2.15 1.51 1.89
Velocity (m/s) 35.5 339 42.6 49.1 35.8 44.5
https:/doi.org/10.1371/journal.pone.0251817.1003
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Fig 10 WSPs applled to the body of an individual properly dressed in PPE and exposed to the biocidal agent in
the disinfection ch composed of six (A) Exposure for 10 s without turning in the central area of the
chamber; (B) exposure for 10 s with 360" rotation in the central area of the chamber; (C) exposure for 30 s with 360"
rotation in the central area of the chamber.
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Fig 11. Contours of the nebulizer nozzle. (A) Yplus; (B) Streamline.
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Fig 13. Dispersion of the droplets generated by the six nebuli les in the disinfection chamber during the

exposure time of 10 s.

https://doi.org/10.1371/journal.pone.0251817.9013

where p,, is the specific mass, Vi, is the maximum relative speed, dj,qx is the maximum
droplet diameter, o is the surface tension, and Oh is the Ohnesorge number.

In the calculation of the critical Weber number (We,,;), only positive values greater than 12
can be achieved. However, in the calculation of the maximum Weber number, consideration
of the maximum values for velocity V;,; and droplet diameter dj, results in a value of 7.12,
thereby meeting the criterion of no secondary rupture.

Fig 13 shows the dispersion of the particles over a time of 10 s for the current configuration
of six nozzles of the disinfection chamber. As previously described, the intensity of the flow of
droplets is evaluated in the ranges 1, 2, and 3 (Fig 3A), and it is observed that the intensity of
the flow increases up to 10 s (Fig 13). It is verified that, in the region of range 2, even within
the time of 10 s, there is insignificant concentration of suspended droplets. From the results, a
new procedure is proposed for the passage/use of the disinfection chamber, where the need for
360° rotation is modified compared to the central region of the chamber (more specifically in
range 2). Thus, based on the simulation results, a new method is proposed with two 360° turns
in two different regions of the disinfection chamber (with six projected nozzles). The turning
positions should be fixed in the regions with the highest volume of droplets dispersed inside
the chamber, i.e., in the regions identified as ranges 1 and 3. It is noted that the droplets that
hit the ground at t = 9 s and t = 10 s (Fig 13) stop recirculating within the environment. This
occurs because the restitution coefficients are zero, similar to the physical phenomenon in
which droplets adhere to solid surfaces [75, 76].
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Fig 12. Mesh convergence study.
https://doi.org/10.1371/journal.pone.0251817.9g012

Fig 11B shows the representation of the current lines of flow inside the nebulizer nozzles. It
is observed that, owing to the geometric characteristics of the nebulizer nozzle, the highest
speeds occur when the flow is redirected to the circular section outlet, causing “swirl” zones.

Table 3 shows the results obtained for the speeds with each average flow of the nebulizer
nozzles, which are the boundary conditions for the simulation. The Reynolds number (Re)
assumes a minimum value of 4,484 and a maximum value of 6,403, varying according to the
average flow of the nozzles.

To analyze the mesh convergence (an important parameter for the stability of the simula-
tion), the wet area results were used in the simulation, along with varying the mesh refinement.
Fig 12 shows the results of the wet area in the central plane of the studied device for three dif-
ferent meshes at each instant of time up to a total of 10 s. Meshes 1, 2, and 3 have approxi-
mately 6.6x10%, 1.3x10° and 3.0x10° elements, respectively. The average relative discrepancy
between the results of meshes 2 and 1 is 9.38%, and that between meshes 3 and 2 is 9.36%.
Hence, we used mesh 2 to obtain a good relationship between processing time and accuracy.

The injection of particles can occur in two atomization regimes. These include primary
atomization, which occurs in the initial conditions for the droplets that leave the nozzle, and
secondary atomization, which occurs when the external forces act on the droplets and generate
smaller droplets. The secondary rupture of the particles occurs when their Weber number is
greater than the critical Weber number [73]:

We, .. < We

crit
For the evaluation of the maximum Weber number, Eqs 10-12 are used.

2 r
Par * Viotnar * 4

We,,,, = ————=—"== (10)

[
We,,, = 12 % (1 + 1,077  Oh*®) (11)
Oh = HPsotugao (12)

\/ Patucio * 0 % d,
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In another study, Joshi [44] presented the results of CFD simulations based on 12-s disper-
sion times within the developed chamber. However, it was not informed whether the droplets
that touched the solid walls of the structure or the floor were discarded. This information is
important because, in practice, when a droplet touches a solid surface, it is not dispersed in air
(for negligible air velocity on the surface). Without this consideration, the result of the disper-
sion of droplets in a certain time may be erroneous because some droplets may hit solid sur-
faces and no longer recirculate in that region.

Comparative analysis of simulation and experimental tests

The angle of the spray formed by the nebulizer nozzle in the simulation shows a behavior close
to the angle measured in the experiment, as shown in Fig 14. In Fig 15, the average percentages
of the wet area in each of the three ranges are shown, according to the experimental results
(Fig 9) and the percentages of the numerical simulation. The results show an agreement
between the experiment and simulation. Once again, it is identified that in range 2, there is no
dispersion of droplets and that the greatest dispersion occurs in the region of range 3. The
experimental results thus confirm that the simulation yields results that identify the need for
proposals to achieve improvements in the configuration of the disinfection chamber for better
performance, which is the objective of this study. In Fig 16, the dispersion contours of the
droplets for nozzles N1 (horizontal) and N2 (vertical) are shown. Distance d1 (Fig 16A) is
greater than d3 (Fig 16C) in the front view, and distance d2 (Fig 16B) is greater than d4 (Fig
16D) in the side view of the camera. A greater dispersion of the droplets for the nozzle is

(A) (B)

Fig 14. Angle formed by the spray on the nebulizer nozzles in the vertical and horizontal positions. (A) Thermal
image; (B) CFD simulation.

https://doi.org/10.1371/journal.pone.0251817.9014
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observed in the horizontal position compared to the vertical position. Hence, a new configura-
tion of the chamber is proposed in this study. The nozzles must be positioned horizontally to
improve the dispersion of droplets in the environment and consequently the effectiveness of
the disinfection chamber.

Particle
Diameter

272

(©) (©)

Fig 16. Contours of the nozzles N1 and N2. (A) Front view and (B) Side view of the horizontal nozzle (N1); (C) Front
view and (D) Side view of the vertical nozzle (N2).

https://doi.org/10.1371/journal.pone.0251817.9016
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Fig 17. Newly proposed passage procedure for using the disinfection chamber.
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Proposed new procedure of using the disinfection chamber

From the experimental and simulation results obtained for the dispersion of the biocidal agent
solution in range 2 of the previously developed disinfection chamber, a new passage procedure
can be proposed, as shown in Fig 17. According to the proposal, the individual performs two
complete 360° turns in the regions of ranges 1 and 3, where there is a higher concentration of
suspended droplets. Hence, there is greater possibility of the biocidal agent adhering to the sur-
face of the PPE. This can improve the performance of the disinfection chamber, considering
that the proposed use is to promote the instant disinfection of PPE before the doffing step.

The proposed new procedure was tested experimentally, and improvement was confirmed
with an increase in WSP wettability. Fig 18 shows the results obtained for the analysis with the
WSPs (two samples from the experiment carried out under the same conditions). From the
comparative analysis between the tests performed within the passage procedure with a 360°
turn in the central area of the chamber (range 2) (Fig 10C) and with two turns in ranges 1 and
3 of the chamber (Fig 18), the improvement in the use of the disinfection chamber is demon-
strated. However, to increase the operational reliability of the system and to ensure that users
utilize the technology in the best possible manner, a new configuration for the equipment itself
is also proposed with 12 nozzles. It is worth mentioning that the proposed new construction
configuration addresses the understanding of the functioning and influence of human factors
in human-machine interaction. This is because, in integrated and complex systems, reducing
failures requires an understanding of the complexity of human functioning and its cognitive
processes 77, 78].

1 2 3 4
o I = .
s ) I -
27 I -
5L - -
s I O T I -
a1

42 ;3 ) a4
(A) (B)

Fig 18. WSPs applied to different regions of the body of an individual properly dressed with PPE and exposed to

the biocidal agent during passage through the disinfection chamber with six les in 30 s. (A) Sample 1; (B)
Sample 2.
https://doi.org/10.1371/journal.pone.0251817.g018
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Fig 19. New proposed confi ion for the disinfection chamber designed with 12 nebuli 1

5!

https://doi.org/10.1371/journal.pone.0251817.g019

New proposed configuration for the disinfection chamber

Geometry. After the simulation analysis, a new configuration is proposed for the cham-
ber, using 12 horizontally mounted nozzles, which allows greater wettability capacity of the
exposed area. The new proposed configuration is shown in Fig 19. The wettability allows the
uniform and homogeneous action of the biocidal agent in the application of the chamber and
its use for instant disinfection of contaminated surfaces. In the proposed configuration, all 12
nozzles are positioned horizontally, with two nozzles at different heights for each side of ranges
1,2, and 3 (Fig 19). The proposed configuration also aims to minimize possible interference
related to human factors. Thus, even if the user passes through the interior of the chamber
without making a complete 360° turn in the center of the chamber, the arrangement can
ensure that droplets of the biocidal agent solution are deposited on the surface of interest.

Simulation. Fig 20 shows the dispersion of the solution over time (10 s) for the new con-
figuration proposed for the disinfection chamber, i.e., with 12 nebulizer nozzles. Thus, the
intensity of the flow of droplets is evaluated in the ranges 1, 2, and 3 for 10 s, and an increased
flow intensity is observed for this new configuration, as compared to the previous configura-
tion of six nozzles. Significantly improved droplet deposition behavior is observed in the
region of range 2 (Figs 13 and 20). It is noteworthy that in this configuration, the region of
range 2 behaves similar to the ranges 1 and 3, and the suspended droplets are capable of reach-
ing the surfaces of all areas evaluated in this study.

Fig 21 presents the results for the percentage of wet area in the ranges 1, 2, and 3 obtained
from the simulations of chamber configurations with six and twelve nebulizer nozzles. The
comparative analysis in relation to the percentage of the wet area shows that the proposed new
configuration significantly increases the suspended droplet configuration in all the studied
ranges. It is important to highlight that, with the new configuration, range 2 represents the
region with the highest concentration of suspended droplets (39.94%) (represented by the
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Fig 20. Dispersion of the droplets generated by the 12 nebulizer nozzles according to the new configuration of the
disinfection chamber.
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central area of the disinfection chamber), thus demonstrating the potential for application of
the proposed new configuration.

Experimental tests. To confirm the simulation results with the new configuration, experi-
ments were also carried out to analyze the wettability using WSPs, and the results are shown in

451
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Fig 21. Percentage of wet area in the configurations analyzed for the disinfection chamber with 6 and 12 nebulizer
nozzles.

https://doi.org/10.1371/journal.pone.0251817.9021
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Fig 22. WSPs applied to the body and exposed to the biocidal agent (12 nozzles). (A) Exposed for 10 s without
turning; (B) Exposed for 10s with turning in the center; (C) Exposed for 30 s with turning in the center.
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Fig 22. From this analysis, a similar wettability pattern is observed. This pattern is justified by
WSPs 1, 16, 17, 19, 20, and 40, which wet more intensively in all samples, even with different
exposure times and passage procedures. It is also observed that the WSPs exposed to the bio-
cidal agent for 30 s (Fig 22C) have the highest droplet deposition. Another important detail is
that, for the same time of 10 s, the WSPs in Fig 22A and 22B show similar wettability.

Comparison of wettability between the chambers with six and 12 nozzles. From the
comparative analysis between the chambers with six nozzles (Fig 13) and twelve nozzles (Fig
20), the configuration with greater number of nozzles shows better performance with respect to
the dispersion of droplets, covering all the equipment. In this way, and as previously mentioned,
even if users perform turns in different regions between ranges 1 and 3, greater wettability is
achieved when compared to the procedure of turning in the center of the equipment in the con-
figuration with six nozzles. In Fig 21, it is evident that there is a significant increase in the con-
centration of suspended droplets in the regions between the ranges 1 and 3. In addition,
comparing the WSPs of the experimental tests shown in Figs 10 and 22, it is observed that there
is an increase in the wet area (blue color) in all experiments. This increase is more significant
for the exposure time of 30 s (Figs 10C and 22C). Another important detail is that even though
the passage procedure was performed differently (Fig 22A and 22B), the WSPs show similar
behavior. This is in contrast to the WSPs obtained for the chamber with six nozzles (Fig 10A
and 10B). Thus, with the new configuration, the human factor can be significantly minimized.

This study demonstrated the effectiveness of aspersion the disinfection chamber. Thus,
these technical parameters and data found can help subsidize an increase in scale for the equip-
ment tested, in future development studies, since the technical characteristics of construction
and application of the equipment were amply explained in this research. This may allow a
greater expansion of the application of this equipment through its distribution to other sites,
covering a larger number of hospitals, for example, or other areas where the principle of the
technology can be applied for the decontamination of potential surfaces.
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Conclusion

The experimental tests were carried out twice and showed similar results, thus demonstrating
that the applied methodology is adequate for the proposed study. It is important to say that the
evaluation performed was for the passage of one person at a time inside the chamber. How-
ever, the possibility of more than one person at a time may be considered in future studies,
applying the same evaluation of the new configuration performed in this study to affirm the
non-interference in the results by passing through the chamber in a shared manner.

The mesh of the geometry used in the numerical simulations shows good convergence, and
its parameters are within the reported range in literature. Comparing the experimental and
simulation results of the current configuration, it is concluded that the use of the CFD tool is
sufficient to understand the flow behavior within the chamber. A good agreement between the
numerical and experimental results was observed. This model can be used to propose new con-
figurations for the disinfection technology.

The mathematical model was validated, and simulations of the proposed new configuration
were performed. The simulation results confirm that the proposed configuration increases the
wettability of the human body. In this new configuration, it is possible to considerably increase
the suspended droplets in ranges 1, 2, and 3. The droplet concentration increases from 12.53%
to 34.11% in range 1, from 0.51% to 39.94% in range 2, and from 16.65% to 35.05% in range 3.

The experimental results of the new configuration prove that there is an increase in wetta-
bility at all exposure times, and it is more significant for an exposure time of 30 s. Even with
different passage procedures, there are no significant differences in the results, thus demon-
strating the effectiveness of the new configuration in minimizing the impact of human factors
on the disinfection technology.

The present study is limited to the geometry conditions of the disinfection chamber and the
operational parameters studied (either through simulation or experimentally). Conclusions
about other conditions need to be evaluated since the flow profiles may undergo significant
changes.
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5. CONCLUSAO

Uma camara de desinfecgdo foi projetada e construida em estrutura modular
com dimensdes 2,4 x 1,5 x 3,0 m (AxLxC) com de aluminio e fechamento em material
acrilico e PVC. Para armazenamento e transporte do agente biocida, foi utilizado um
reservatoério de 1000 L, uma bomba submersa e um filtro de disco. Além disso, na parte
interna da camara foram instalados, na proposta inicial, um sistema de aspersdo
composto por 6 bicos nebulizadores instalados nas laterais (posicdo horizontal), teto
(posicdo vertical). Ap6s avaliacdo e proposicdo de nova configuracdo, o sistema de
aspersao foi alterado para 12 bicos nebulizadores todos instalados nas laterais da
camara (posicao horizontal).

Ensaios experimentais foram realizados em duplicata para avaliagdo da eficacia
da camara de desinfeccdo e andlise de molhabilidade com uso de papeis sensiveis a agua
(WSPs). As amostras apresentaram resultados semelhantes, demonstrando que a
metodologia aplicada foi adequada para o estudo proposto. E importante dizer que a
avaliacdo realizada foi para a passagem de uma pessoa por vez dentro da camara.

A camara de desinfeccdo mostrou-se uma tecnologia potencial para a
desinfec¢do rapida e eficaz da superficie dos EPls, independente do item avaliado,
utilizada rotineiramente pelos profissionais de saude para protecao contra agentes
infecciosos. O sistema de pulverizacdo com o agente biocida foi eficaz na reducdo da
carga microbiana, sendo a redugdao percentual igual a> 99% e, consequentemente,
trazendo o nimero de células vidveis para <10 UFC / mL e <0,33 UFC / cm? apds tempos
de exposi¢ao de 10 e 30 s em 96,93% das condigbes experimentais analisadas.

Os resultados deste estudo mostram que a camara de desinfeccdo com
hipoclorito de sédio a 0,25% pode ser uma alternativa para o controle da biocarga em
ambientes nosocomiais, principalmente para evitar a autocontaminagdo dos
profissionais de salde na etapa de desparamentac¢dao. A importancia do uso da camara
por profissionais de salde devidamente vestidos também é enfatizada para evitar o
contato direto com o agente biocida testado. Além disso, por se tratar de um estudo

inédito, esses resultados podem contribuir para o desenvolvimento e uso seguro de

117



equipamentos de desinfeccdo em ambientes onde a biocarga ambiental deve ser
controlada. E importante destacar também que o delineamento experimental do estudo
foi realizado com o objetivo de simular como a camara de desinfec¢ao seria utilizada
pelos profissionais de saude em ambiente hospitalar, antes da etapa de
desparamentacdo. Desse modo, a manipulacdo de cepas virais ndo seria adequada nas
condic¢Oes testadas, visto que o manuseio desses microrganismos requer um ambiente
laboratorial com maior nivel de biosseguranca. Porém, embora a eficdcia virucida ndo
tenha sido determinada diretamente, a cdmara pode ser uma alternativa para reduzir
as taxas de contaminagao entre os profissionais de saude diante de diferentes tipos de
microrganismos emergentes, reduzindo os impactos na area de saude publica.

Comparando os resultados experimentais e de simulacao da configuracao atual,
conclui-se que o uso da ferramenta CFD é suficiente para entender o comportamento
do fluxo dentro da camara, havendo concordancia entre os resultados numéricos e
experimentais. Este modelo pode ser usado para propor novas configuragdes para a
tecnologia de desinfeccdo.

O modelo matematico foi validado e simulagdes da nova configuragao proposta
foram realizadas. Os resultados da simulacdo confirmam que a configuracdo proposta
aumenta a molhabilidade do corpo humano. Nesta nova configuragdao, camara com 12
bicos nebulizadores instalados nas laterais (posicdo horizontal), foi possivel aumentar as
gotas suspensas nas faixas 1, 2 e 3. A concentragdo de goticulas aumenta de 12,53%
para 34,11% na faixa 1, de 0,51% para 39,94% na faixa 2 e de 16,65% para 35,05% na
faixa 3.

Os resultados experimentais da nova configuragao evidenciaram um aumento na
molhabilidade em todos os tempos de exposicao, e é mais significativo para um tempo
de exposicdo de 30 s. Mesmo com diferentes procedimentos de passagem, nao havendo
diferencas significativas nos resultados, demonstrando a eficacia da nova configuracao

em minimizar o impacto de fatores humanos na tecnologia de desinfecc¢ao.
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5.1. Sugestdo para Trabalhos Futuros

O presente estudo limita-se a passagem de apenas uma pessoa por vez e as
condicOes de geometria da cdmara de desinfeccdo com 6 e 12 bicos e aos parametros
operacionais estudados, como por exemplo, a vazdo do agente biocida na saida dos
bicos (por simulacdo ou experimentalmente). Desta forma, sugere-se os seguintes

tépicos a serem abordados em trabalhos futuros:

e Realizar ensaios experimentais prevendo a passagem de pessoas de forma
continua, onde se possa avaliar a eficacia da tecnologia com mais de uma pessoa
passando por dentro da camara;

e Caracterizar bicos de aspersdo utilizando tecnologias 6ticas de medicdo de
tamanho de gotas;

e Variar a vazao do agente biocida na saida dos bicos e avaliar o comportamento
do perfil de molhabilidade;

e Avaliar novas geometrias de camaras de desinfeccdo com a pessoa parada em
seu interior;

e Correlacionar ainativagao de virus e bactérias com a molhabilidade da superficie

atingida pelo agente biocida.
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APENDICE A - Condicbes de Contorno da Modelagem

As condicOes de contorno determinam as caracteristicas inicias do dominio
computacional a ser simulado. Dentre essas caracteristicas sdo necessarias inserir
informagdes como, condicdes de parede, velocidade do fluido, pressdo e outras
varidveis relevantes para o caso.

Na Figura A.1 é apresentado o dominio computacional do bico nebulizador.

Figura A.1: llustracdo do dominio computacional do bico nebulizador [1].

» Saida

Nas simulacGes o dominio esta parado e o fluido (agua) se movimenta dentro
dele, formando o escoamento caracteristico de swirl em sua saida. A regido verde
representa a parte interna do bico nebulizador, e a extensdo vermelha é modelada para
estabilidade numérica (evitar recirculacdo na regido de contorno).

A abordagem euleriana por meio do método dos volumes finitos [2] foi adotada
para se obter a solucdo das equacdes que descrevem o escoamento pelo meio continuo

do bico.
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Para o modelo numérico proposto, as propriedades fisicas foram consideradas
similares as da agua [3]. Assim, eles eram vdlidos para solugdes aquosas de
concentracles suficientemente baixas de modo que as propriedades ndo fossem
significativamente impactadas.

A Tabela A.1 mostra as condicdes de contorno de acordo com as regides
nomeadas na Figura A.1 aplicado para as simulagées das camaras de desinfec¢do com 6

e 12 bicos nebulizadores. Para este estudo, o fluxo foi considerado isotérmico e

incompressivel.
Tabela A.1: Condigdes de contorno do bico nebulizador [1].
Localizagbes Condigées de contorno
Entrada Fluxo de massa médio para cada bico nebulizador
Saida Pressdo Atmosférica
Parede Condigdo de ndo deslizamento

Na Figura A.2 sdo apresentados os dominios computacionais das camaras de

desinfec¢do com 6 e 12 bicos nebulizadores.

Figura A.2: llustragdo do dominio computacional das cdmaras de desinfecgdo (A) 6 bicos nebulizadores;
(B) 12 bicos nebulizadores [1].

1.21m

(A) (8)
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A cdmara de desinfeccdo é representada por um dominio de fluido continuo em
duas configuracdes com 6 e 12 bicos nebulizadores, conforme mostrado na Figura A.2.
O fluxo foi analisado por meio de uma abordagem Euleriana-Lagrangeana, na qual a
regido interna da cdmara de desinfeccdo (meio continuo - ar ambiente) interage com as
particulas de fluido (meio disperso) que sdo geradas através dos bicos nebulizadores
[4,5].

Para a simulacdo da camara de desinfec¢do, o meio continuo (ar) foi tratado com
uma abordagem Euleriana, usando as mesmas equagdes de conservacdao de massa e
momento apresentadas no capitulo 2 (Equagdes 1-4), mas em regime transiente, devido
a necessidade de se analisar de forma quantitativa o percentual de drea molhada na
regidao central da camara. A solugao do agente biocida foi tratada usando uma
abordagem Lagrangeana como um fluido disperso (goticulas).

Cada bico foi considerado como uma injecdo pontual de particulas (gotas), com
taxas de fluxo de massa definidas de acordo com os resultados experimentais. As
velocidades foram ajustadas de forma que mantivessem o fluxo de momento resultante
das simulagdes dos bicos nebulizadores. O valor do angulo de dispersao do bico foi
adotado conforme determinado experimentalmente. A distribuicdo de tamanho de
particula adotada foi descrita ajustando a funcao de distribuicdo de Rosin-Rammler [1],
gue também foi avaliada experimentalmente. Todas as paredes da tecnologia foram

consideradas como sem deslizamento e com coeficientes de restitui¢ao iguais a zero.
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